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Abstract

The combustion chemistry of tetramethylethylene (TME) was studied in a premixed laminar low-pressure
hydrogen flame by combined photoionization molecular-beam mass spectrometry (PI-MBMS) and photoelectron
photoion coincidence (PEPICO) spectroscopy at the Swiss Light Source (SLS) of the Paul Scherrer Institute in
Villigen, Switzerland. This hexene isomer with the chemical formula CsH12 has a special structure with only allylic
C-H bonds. Several combustion intermediate species were identified by their photoionization and threshold
photoelectron spectra, respectively. The experimental mole fraction profiles were compared to modeling results
from a recently published kinetic reaction mechanism that includes a TME sub-mechanism to describe the TME/H>
flame structure. The first stable intermediate species formed early in the flame front during the combustion of TME
are 2-methyl-2-butene (CsHio) at a mass-to-charge ratio (m/z) of 70, 2,3-dimethylbutane (C¢H14) at m/z 86, and 3-
methyl-1,2-butadiene (CsHs) at m/z 68. Isobutene (CsHs) is also a dominant intermediate in the combustion of
TME and results from consumption of 2-methyl-2-butene. In addition to these hydrocarbons, some oxygenated
species are formed due to low-temperature combustion chemistry in the consumption pathway of TME under the
investigated flame conditions.
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1. Introduction

Tetramethylethylene (TME), also known as 2,3-
dimethyl-2-butene, has the chemical formula CeHi2
and is the simplest tetra-substituted alkene. Its special
structure opens the opportunity to study the
combustion of a hydrocarbon that has only allylic C-
H bonds. In total, tetramethylethylene has 12 allylic
C-H bonds, in which the hydrogen atom is bound to a
sp? carbon atom in vicinity to a C-C double bond. Any
hydrogen abstraction results in the same resonance-
stabilized Ce¢Hi1 radical and allylic C-H bonds are
significantly weaker than primary (alkylic) or vinylic
C-H bonds [1]. Despite its interesting structure,
combustion of TME is not well-studied. Hydrogen
abstraction of TME to form the 2,3-dimethyl-2-buten-
1-yl radical (C¢H11) was investigated by Kriiger et al.
[2] in previous work and compared to different Cz
(ethane) and Cs4 (n-butane, isobutane, 1-butene, and
isobutene) hydrocarbons under similar conditions
utilizing doped hydrogen flames. They found a clear
hydrogen abstraction order of tertiary > primary,
secondary > primary, and allylic > non-resonance-
stabilized for the investigated hydrocarbon fuels.
McEnally and Pfefferle [3] studied the decomposition
of tetramethylethylene and all other hexene isomers in
methane/air laminar non-premixed flames by
photoionization mass spectrometry. They showed that
isomerization is a minor decomposition step of TME
in contrast to all other hexenes and instead formation
of 2,3-dimethyl-1,3-butadiene (C¢Hio) by scission of
allylic C-H bonds is favored. For the hexene isomers,
and for alkene fuels in general, it can be concluded
that the more allylic CH bonds present, the less
reactive the fuel is [4] and TME is the only hexene
isomer which has only allylic and no vinylic C-H
bonds. Wu et al. [5] used TME in a five components
surrogate gasoline fuel to cover the alkene content of
commercial gasoline. Baldwin et al. [6] investigated
the addition of HO: radicals to ethylene (C2H4) and
TME (Ce¢Hi2) by formation of oxirane and
tetramethyloxirane, respectively. They found that
tetramethylethylene has a significantly lower
activation energy for this addition reaction. Absolute
rate constants for the addition of oxygen atoms to
tetramethylethylene, which showed a strong negative
temperature dependence, were investigated by Biehl
et al. [7] in the temperature range of 200 to 370 K.
Some authors [8-11] have also studied the ozonolysis
of tetramethylethylene.

We report the investigation of the chemical
structure of a TME-doped H> flame. Several
combustion intermediates were identified by their
photoionization or photoelectron spectra and
quantified to present mole fraction profiles.
Decomposition of tetramethylethylene is discussed
based on the experimental results and the kinetic
modeling results of the recently published high-
temperature mechanism NUIGMechl.l HT from
NUI Galway [12-14]. For main intermediates in TME
decomposition, additional modeling results from a

modified version of NUIGMechl.1 HT and the new
NUIGMechl.2 [15] with detailed high- and low-
temperature chemistry are also considered.

2. Experiment

The total gas flow of the TME-doped hydrogen
flame was 4067 sccm (1.65 mol-% TME, 44.26
mol-% Hz, 29.50 mol-% Oz, and 24.59 mol-% Ar).
This fuel-rich flame with an equivalence ratio of 1.25
was stabilized at 40 mbar on a water-cooled
McKenna-type burner with a porous sintered bronze
matrix that has a diameter of 60 mm. Combustion
gases were sampled by a quartz nozzle with an orifice
diameter of about 300 um directly from the flame.
Due to the large pressure drop between the flame
chamber and the first pumping stage, a molecular
beam is formed. The central core of this molecular
beam is skimmed and sampled molecules were
analyzed by photoelectron photoion coincidence
spectroscopy (PEPICO), i.e., ions and electrons are
measured after the ionization event in coincidence
[16]. The molecular-beam technique prevents a
change of the gas composition during the sampling
process and even allows for the detection of very
elusive and reactive species such as radicals.
Experiments were realized at the VUV beamline of
the Swiss Light Source (SLS), where vacuum
ultraviolet (VUV) synchrotron radiation enables the
identification of isomers due to the high energy
resolution and the tunability of the photon energy. A
more detailed description of the flame experiment and
the beamline was given by OBwald et al. [17] and in a
recently published review article by Hemberger et al.
[18].  Photoionization  (PI) and  threshold
photoelectron (TPE) spectra were obtained by
scanning the photon energy at a constant burner
position of 1.75 mm in the reaction zone of the flame.
Isomer-resolved mole fraction profiles were measured
by sampling the gas composition at heights above the
burner (HAB) between 0.25 and 30.25 mm for several
photon energies.

3. Results and discussion

A study by Kriiger et al. [2] investigated the
hydrogen abstraction from TME to produce the fuel
radical C¢Hi1 (2,3-dimethyl-2-buten-1-yl radical) in
the same flame and compared it to the first hydrogen
abstraction reaction in other alkane- and alkene-doped
H> flames. In our study, more than 30 combustion
species were identified in the TME-doped H> flame,
and their mole fraction profiles determined. All mole
fraction profiles and the temperature profile are
available for download as supplementary material.
General uncertainty of the mole fractions is 15-20%
for main species, 30-50% for combustion
intermediates with known photoionization cross
section (PICS), and a factor of 2-4 for species with
unknown, i.e., estimated, PICS [19, 20]. The
uncertainty of the flame temperature determination



using thermocouples is comparable to optical methods
and is estimated to be 5-10% [20].

Figure 1 shows the measured mole fraction profiles
of the main species, i.e., the fuels TME and Hz, the
oxidizer Oa, the diluent gas Ar, and the combustion
products H2O, CO, and H2O, in comparison to the
modeling results. Unless otherwise noted, the high-
temperature  version of the NUIGMechl.1
(NUIGMechl.1_HT with release date October 2",
2020) [12-14] was used for simulations, which were
done with the software library Cantera [21] and with
the Cantera flame reactor module for burner-
stabilized flames within the Chemical Workbench
[22]. The exhaust gas concentrations and mole
fractions in the reaction zone of the flame are within
the uncertainty of the experiment. However, there are
larger deviations in the preheating zone, where the
observed consumption of the fuels and the oxidizer is
more pronounced than predicted by the model. Hence,
higher concentrations of H2O, CO, and CO: are
already detected.
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Fig. 1. Mole fraction profiles of the main combustion species
and the diluent gas (symbols: experiment; solid lines:
simulation) as well as the temperature profile (dashed line).

Fig. 2. Flame temperature measurement by a thermocouple
in presence of the sampling nozzle.

The temperature profile that was used as input for
the kinetic modeling is also presented in Fig. 1. The
profile was determined from the temperature
dependence of the sampling rate through the quartz
nozzle [23] by using the exhaust gas temperature of a
propane-doped hydrogen flame with an identical

C:H:O ratio to the TME/H: flame. It was shown by
Kriiger et al. [2] that the hydrocarbon-doped hydrogen
flames have identical temperature profiles under the
investigated conditions so that it is appropriate to use
the measured exhaust temperature from the
propane/H: flame. The used thermocouple had a small
bead diameter of 130 um and was coated by non-
catalytic SiO;. It was positioned very close to a quartz
sampling nozzle as shown in Fig. 2 to consider the
influence of the nozzle on the flame temperature. The
radiation correction was done according to
Gonchikzhapov and Kasper [24] and the entire
procedure for obtaining the temperature profile is
described in detail in the supplementary material.
Sensitivity of the simulation results on the
temperature profile was evaluated by using profiles
with increased (+10%) and decreased (-10%)
temperature. Results for main species and selected
intermediates that are discussed below are presented
in Fig. S1 and S2, respectively. Exhaust gas
concentrations of Hz, H2O, CO, and CO: are still
within the uncertainty range of +20% for main
species. For mole fraction profiles of intermediate
species, changes in absolute concentrations are minor
and mainly spatial shifts are observed. Overall, the
peak positions of many intermediate species are well
predicted by simulations with the original temperature
profile from Fig. 1, which also best predicts the
consumption of TME and Oz in the reaction zone.
Figure 3 shows the mole fraction profiles of typical
Ci1-Cs combustion intermediates (CHs, C2H2, C2Ha,
CH20, Cs3Hs, and CsHe) often formed during
combustion of hydrocarbons and some specific
species (CsHs, CsHs, and CsHio) directly related to the
fuel structure. Literature photoionization cross
sections exist for all species presented in Fig. 3, and
the resulting maximum experimental uncertainty of
50% 1is indicated. Considering the experimental
uncertainty and the general uncertainty of the
modeling, most species are satisfactorily reproduced
and the wused high-temperature mechanism
NUIGMechl.1 HT appears suitable to predict the
decomposition of TME under the investigated
conditions. Contrasting the results for the
aforementioned species, formation of isobutene
(C4Hs) is substantially underestimated by this model
and that of propene (CsHe¢) and 2-methyl-2-butene
(CsHio) are overestimated. Reactions with H atoms
are key reactions in alkene oxidation [4] and
particularly —important in the hydrogen-rich
environment studied here. Updating the rate constants
for reactions of H atoms with C2-Cs alkenes (ethylene,
propene, isobutene, 1-butene, and 2-butene) and
pentene isomers (2-methyl-1-butene, 2-methyl-2-
butene, and 3-methyl-1-butene) from the theoretical
work of Power et al. [25, 26] substantially improve the
prediction of the isobutene mole fraction as shown in
Fig. 3, where the modified mechanism is denoted as
NUIGMechl.1_ HT mod. Predictions of ethylene and
propene are also improved, while the mole fraction of
2-methyl-2-butene is even more overestimated.
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Fig. 3. Mole fraction profiles of some C;-Cs combustion intermediates measured in the TME/H, flame and comparison to the
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Fig. 4. Rate of production (ROP) analysis of the total carbon
flux in the entire TME/H, flame. Only carbon fluxes higher
than 8% are shown.

For most intermediates, improved agreement with
the experimental mole fraction profiles can be
achieved with the latest NUI Galway mechanism
(NUIGMech1.2) by Sahu et al. [15]. This mechanism
has also implemented the previously mentioned
updates by Power et al., but also includes detailed
low-temperature chemistry. As seen in Fig. 3, the
three main intermediates 2-methyl-2-butene (CsHio),
isobutene (CsHs), and propene (Cs3Hs), whose
formation is directly linked to the fuel decomposition
over the reaction channel TME — 2-methyl-2-butene
— isobutene — propene as discussed below, are now
well predicted. On the other hand, predictions for the

isomers CsHs4 and CsHs that have lower
concentrations on the order of 10~ deteriorate. Given
that NUIGMech1.2 was used without modifications
and was not previously validated for TME, the overall
agreement between experimental mole fraction
profiles and modeling results is very good.

To further investigate the fuel decay, a rate of
production (ROP) analysis was done for the entire
flame and is presented in Fig. 4, where the thickness
of the arrows represents the carbon flux between
species. Three main consumption pathways of TME
(XC6D2) can be identified: (R1) Hydrogen atom
addition reaction to yield the CeHis radical 2,3-
dimethylbut-2-yl (XC6-2)

XC6D2 +H = XC6-2 (R1)
with a decay rate contribution of 34.9%, (R2)
hydrogen atom induced substitution to yield 2-
methyl-2-butene (BC5H10) and the methyl radical

XC6D2 +H=BC5HI10 + CHs (R2)
with a contribution of 55.3%, and (R3) hydrogen atom
abstraction reaction to yield the resonance-stabilized

CeHii radical 2,3-dimethyl-2-buten-1-yl (XC6D1-3)

XC6D2 +H = XC6D1-3 + Ha (R3)



with a contribution of 9.6% to TME decay. Its
resonance structure is the 2,3-dimethyl-1-buten-3-yl
radical. The 2,3-dimethylbut-2-yl radical (XC6-2)
also contributes significantly to the formation of 2-
methyl-2-butene (BC5H10) by B-C-C-scission

XC6-2 = BCSH10 + CHs (R4)

making this species an important intermediate in the
combustion of TME with a maximum mole fraction
of about 1-10% in both the experiment and
simulations. Mole fraction profiles of the two fuel
radicals formed by H abstraction (CeHii) and H
addition (CsHi3) reactions are presented in Fig. S3 in
the supplementary material. Quantification is based
on estimated cross sections and absolute values are
therefore affected with high uncertainties, but the
modeling results show that the predicted
concentration of C¢Hi3 by NUIGMech1.2 is one order
of magnitude smaller than the predictions of the high-
temperature mechanisms and in better accordance to
the experiment.

Figure 5 presents the measured photoelectron
spectra at a mass-to-charge ratio (m/z) of 70 in the
TME-doped hydrogen flame. 2-Methyl-2-butene at
m/z 70 is unambiguously identified by its threshold
photoelectron spectrum (TPES). The spectrum shows
the vibrational fine structure of the first band
corresponding to the C=C stretching mode with a
vertical ionization energy of 8.86 eV [27] at the
highest intensity transition and is well reproduced by
two reference photoelectron spectra from the work of
Pieper et al. [28] and Mintz and Kuppermann [27].
According to the rate of production analysis in Fig. 4,
direct formation of isobutene (IC4H8) from 2-methyl-
2-butene (BC5H10) by substitution reaction

BC5H10 + H =1C4HS8 + CH3 (RS)

is a main pathway in the TME/H: flame. Isobutene
formation by B-CC-scission of the tertiary 2-
methylbut-2-yl radical (BC5H11), which is itself
formed by H atom addition to 2-methyl-2-butene, may
also be likely, but is less pronounced in the used
mechanism. Ruwe et al. [29] detected isobutene and
2-butene in a rich 2-methyl-2-butene laminar
premixed low-pressure flame by photoionization
mass spectrometry in comparably high concentrations
and concluded that their formation occurs via the
CsHii radicals formed by H addition from the fuel. In
the TME/H: flame, we have only observed the
formation of isobutene as verified by the
photoelectron spectrum of m/z 56 from this flame in
comparison to the spectrum of the neat substance (see
Fig. 6). A TPE spectrum of trans-2-butene from direct
calibration is also presented in Fig. 6 and further
confirms the absence of 2-butene in the TME/Ha
flame. The TPE spectrum of 2-butene looks similar in
shape, but is shifted to a ca. 100 meV lower photon
energy. Depending on the model, the maximum mole
fraction of isobutene is 6.2-10.6 times higher than that

of 2-butene and generally corroborates a dominance
of isobutene.
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Fig. 6. Assignment of isobutene to m/z 56 by photoelectron
spectroscopy in the TME/H, flame.

A second decomposition product of the CsHiz
radical (XC6-2) is 2,3-dimethylbutane (XC6) formed
by a further hydrogen atom addition

XC6-2 + H=XC6 (R6)

as shown in the reaction path analysis in Fig. 4. At m/z
86, the hydrocarbon 2,3-dimethylbutane (CeHia),
which has an ionization energy of 10.02 eV [30],
cannot be identified with confidence from the PI or
TPE spectrum. No increase in photoion yield is
observed at the ionization energy of this species.
Instead, the photoionization curve stagnates at about
10.5 eV (see Fig. 7) which is in accordance with the
reference spectrum of 2,3-dimethylbutane measured
by Wang et al. [31]. An onset in the PI spectrum is
measured at a significantly lower photon energy of
about 8.1 eV and a second increase of the signal
between 9.25 and 9.3 eV is observed. lonization
energies of other C¢Hi4 isomers are in the range of
10.06 and 10.18 eV [30] so that their presence can be
excluded and oxygenated species must be considered



instead. One possibility is the ketone 3-methyl-2-
butanone (CsHi10O) with an ionization energy of
9.31 eV [32]. It is predicted by the high-temperature
models with a maximum mole fraction of about
4.1-107 and in higher concentration of 1.7-10* by the
NUIGMechl1.2. It is formed by unimolecular
decomposition of the 1,1,2-trimethylpropoxy radical
(C6H130). The latter radical is formed in the
mechanism via reaction of the CsHi3 radical 2,3-
dimethylbut-2-yl (indicated as XC6-2 in the ROP
analysis) with HO2 and CH30: radicals, respectively.
Our calculation of the adiabatic ionization energy for
3-methyl-2-butanone at the G4 level of theory [33]
with Gaussian 16 [34] gives a value of 9.29 eV close
to the literature value 0f 9.31 eV from [32]. A Franck-
Condon simulation (FCS) was performed at the
B3LYP\6-311G(2d,d,p) optimized geometries. This
spectrum is also presented in Fig. 7 and confirms the
presence of 3-methyl-2-butanone in the investigated
flame. Franck-Condon simulations were also
performed for 3,3-dimethyl-2-butanone (Fig. 8) and
2,3-dimethyl-1,3-butadiene (Fig. 9) at the same level

of theory.
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A possible oxygenate that may explain the onset at
about 8.1eV is the enol 3-methyl-2-buten-2-ol
(CsHoOH) with an ionization energy of 8.15 eV [35].
It is not included in the mechanism, but could be
directly formed from 2-methyl-2-butene (BC5H10)
by a substitution reaction:

BC5H10 + OH = CsHyOH + H (R7)

It has to be noted that several more CsHi0O isomers
exist, but the presence of both the enol 3-methyl-2-
buten-2-ol and its keto tautomer 3-methyl-2-butanone
is plausible in the investigated TME/H2 flame.
Formation of these oxygenates may be enhanced by
low-temperature oxidation chemistry, which has
already been observed in other hydrocarbon-doped
hydrogen flames with the identical C:H:O ratio [36]

and can be more pronounced due to probe
perturbations [37]. Probe perturbations have been
extensively studied [19, 20, 38, 39] and the cooling
effect of the sampling nozzle is sufficiently
approximated for our 1D simulations using the
perturbed temperature profile. However, there are
other probe-induced effects that may affect the flame
structure and can only be covered by 2D simulations.
In particular, the distortion of the streamlines by the
suction effect of the probe can explain deviations very
close to the burner, but can be reduced by small orifice
diameters [39].

Concentrations of many oxygenates are already
near their maximum for the first 1.25 mm in the flame,
where the measured temperature is below 740 K and
falls into the low-temperature regime. They are better
predicted by the NUIGMechl1.2 as shown in Fig. S4
for ketene (C:H20), acetaldehyde (CH3CHO),
acetone  (C3HeO), and  3-methyl-2-butanone
(CsH100). Figure S5 shows two mass spectra recorded
at a HAB of 1 mm for photon energies of 10.6 and
9.6 eV. This position corresponds to a flame
temperature of about 690 K. The presence of methyl
hydroperoxide (CH3;OOH) in the TME/H: flame can
be clearly demonstrated by the measured
photoionization spectrum at m/z 48 in comparison to
a reference spectrum of the methyl hydroperoxide
measured by Moshammer et al. [40] as shown in Fig.
S6 in the supplementary material, which hints at the
participation of the low-temperature oxidation
chemistry in this flame. Formation of alkyl
hydroperoxides was also observed in other alkane-
and alkene-doped hydrogen flames in [36]. Other
larger oxygenated species could be detected in the
TME/H: flame, e.g., butanone at m/z 72 is clearly
identified by comparison of the measured TPE
spectrum with the reference spectrum of the neat
substance by Kercher et al. [41] as presented in Fig.
S7 in the supplementary material. The calculated
maximum mole fraction of this oxygenated species,
based on the PICS of butanal [42], is 3.1-10* and all
used mechanisms strongly underestimate the
concentration.

A species with a significant higher mass than the
hydrocarbon fuel TME was observed at m/z 100 as
presented in Fig. 8 (see also the mass spectrum in Fig.
S5). The onset of the PI spectrum is found at 8.6 eV.
The signal slope increases at 9.1 eV, which may be
caused by the oxygenate 3,3-dimethyl-2-butanone
(also known as pinacolone), as suggested by the
comparison of the measured photoelectron spectrum
with a Franck-Condon simulation. The adiabatic
ionization energy of 9.14 eV from the literature [32]
closely matches our calculated value of 9.09 eV. A
possible formation pathway can be found in the low-
temperature chemistry according to Fish and Wilson
[43], i.e., the oxidation of the 2,3-dimethylbut-2-yl
radical by molecular oxygen to yield the 2-
hydroperoxy-2,3-dimethylbut-3-yl radical (CsH1302),
which then decomposes to 3,3-dimethyl-2-butanone
(C6H120) and OH according to R8:
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Consumption of 3,3-dimethyl-2-butanone by H
abstraction, followed by B-CC-scission would then
yield ketene (C2H20) and fert-butyl radicals (C4Ho).
tert-Butyl radicals have the lowest ionization energy
of all butyl radicals and were clearly identified in the
TME/H: flame by the onset at about 6.9 eV in the PI
spectrum (see Fig. S8 in the supplementary material).
They are also formed by hydrogen addition reaction
from isobutene as presented in the ROP analysis (see
Fig. 4) and their presence in the flame cannot be taken
as confirmation for the formation of 3,3-dimethyl-2-
butanone. In principle, the formation of O-
heterocycles by decomposition of hydroperoxyalkyl
radicals (C¢H1302) and ring closure, e.g., 2,2,3-
trimethyloxetane or 2,2,3,3-tetramethyloxirane, is
also possible under low-temperature conditions as
observed in the oxidation of 2,3-dimethylbutane [31,
43]. Experimental ionization energies of branched
heptanes (C7His) are unknown, their formation,
however, is less likely, e.g., 2,2,3-trimethylbutane
may be formed by recombination of the 2,3-
dimethylbut-2-yl radical with methyl radicals.
However, neither 3,3-dimethyl-2-butanone nor 2,2,3-
trimethylbutane are included in the reaction
mechanism.

The fuel radical, i.e., the CsHi1 radical (XC6D1-3
in the ROP analysis) decomposes to 3-methyl-1,2-
butadiene (B12DE3M) and methyl radicals:

XC6D1-3 = B12DE3M + CH; (R9)

In Fig. S9 (see supplementary material), the measured
photoionization spectrum at m/z 68 is well reproduced
by both reference spectra of the CsHs isomers 3-
methyl-1,2-butadiene [42] and isoprene [44] up to a
photon energy of 9.5 eV. Although the spectrum of
the former species better represents the measured PI
curve at higher photon energies, the presence of
isoprene cannot be excluded. Hydrogen atom assisted
isomerization of 3-methyl-1,2-butadiene to isoprene
is also included in the reaction mechanisms.
Therefore, the presented mole fraction of CsHs in Fig.
3 is the sum of both discussed isomers and was
calculated with the known photoionization cross
section of 3-methyl-1,2-butadiene by Yang et al. [42].
Note that a higher mole fraction of isoprene is
predicted by the model than for its isomer 3-methyl-
1,2-butadiene. Instead of formation of 3-methyl-1,2-
butadiene (CsHs) by B-CC-scission from the fuel
radical (Ce¢Hii), 2,3-dimethyl-1,3-butadiene (Ce¢Hio)
can also be formed by B-CH-scission. Its presence can
be confirmed by the onset in the PI spectrum of m/z
82 at about 8.6eV (see Fig. 9) that fits to the
ionization energy of 8.62 eV for 2,3-dimethyl-1,3-
butadiene measured by Bieri at al. [45] and the

Franck-Condon simulation also fits to the measured
TPE spectrum. The measured PI spectrum of the
CeHi1 radical is presented in Fig. S10.
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Fig. 8. Photoionization and threshold photoelectron
spectra of m/z 100 measured in the TME/H, flame and
comparison with a Franck-Condon simulation of 3,3-
dimethyl-2-butanone.
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Fig. 9. Photoionization and threshold photoelectron spectra
of m/z 82 measured in the TME/H, flame and comparison
with a Franck-Condon simulation of 2,3-dimethyl-1,3-
butadiene.

4. Conclusions

A laminar premixed low-pressure hydrogen flame
doped with tetramethylethylene (TME) was
investigated by photoionization mass spectrometry
and photoelectron photoion coincidence
spectroscopy. TME was chosen due to its special
structure (i.e., it only contains allylic C-H bonds) and
its decay is described based on the experimental and
modeling results. Overall, three fuel consumption
pathways can be identified. At m/z 70, 2-methyl-2-
butene (CsHio) with an ionization energy of 8.69 eV
is clearly identified by its photoelectron spectrum and
is found in significant concentration in the flame. The
formation of this species is directly linked to fuel
decay by hydrogen addition to initially form the 2,3-
dimethylbut-2-yl radical (C¢Hi3) and by subsequent
B-CC-scission of this radical. The reaction mechanism



also shows that this decomposition step is the most
important one regarding the total carbon flux in the
reaction path analysis and 2-methyl-2-butene is also
formed directly from the fuel by a substitution
reaction. The formation of 2-methyl-2-butene can
explain the observation of isobutene in the
investigated flame since it is a decomposition product
of 2-methyl-2-butene. As expected, hydrogen
abstraction by H and OH at one of the equivalent C-H
bonds is also possible and results in the formation of
the resonance-stabilized 2,3-dimethyl-2-buten-1-yl
radical (C¢Hi1) at m/z 83. This radical can decompose
to 3-methyl-1,2-butadiene (CsHs) by B-CC-scission
and 2,3-dimethyl-1,3-butadiene (CsHio) by B-CH-
scission, respectively. Both species are identified in
the investigated flame. The presence of isoprene (2-
methyl-1,3-butadiene) at m/z 70 cannot be excluded
since its ionization energy is very close to the
ionization energy of 3-methyl-1,2-butadiene and
rapid isomerization to isoprene by 1,2-H-shift
reaction is known. The experimental results confirm
the formation of a species with higher mass than the
fuel at m/z 100. The photoionization spectrum at this
mass-to-charge ratio has a distinct increase at about
9.1 eV, which agrees with 3,3-dimethyl-2-butanone
(CsH120). A plausible formation route proceeds via
the 2-hydroperoxy-2,3-dimethylbut-3-yl radical due
to low-temperature oxidation chemistry in the flame.
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