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Abstract

Complex reactive processes in the gas phase often proceed via numerous reaction steps and
intermediate species that must be identified and quantified to develop an understanding of the
reaction pathways and establish suitable reaction mechanisms. Here, photoelectron-photoion
coincidence (PEPICO) spectroscopy has been applied to analyse combustion intermediates
present in a premixed fuel-rich (¢=1.7) ethene-oxygen flame diluted with 25% argon, burning at a
reduced pressure of 40 mbar. For the first time, multiplexing fixed-photon-energy PEPICO
measurements were demonstrated in a chemically complex reactive system such as a flame in
comparison with the scanning "threshold" TPEPICO approach used in recent pioneering
combustion investigations. The technique presented here is capable of detecting and identifying
multiple species by their cations' vibronic fingerprints, including radicals and pairs or triplets of

isomers, from a single time-efficient measurement at a selected fixed photon energy. Vibrational
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structures for these species have been obtained in very good agreement with scanning-mode
threshold photoelectron spectra taken under the same conditions. From such spectra, the
temperature in the ionisation volume was determined. Exemplary analysis of species profiles and
mole fraction ratios for isomers shows favourable agreement with results obtained by more
common electron ionisation and photoionisation mass spectrometry experiments. It is expected
that the multiplexing fixed-photon-energy PEPICO technique can contribute effectively to the

analysis of chemical reactivity and kinetics in and beyond combustion.

Keywords: Photoelectron-photoion coincidence spectroscopy, electron imaging, synchrotron

radiation, ethene flame, multiplex
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1. Introduction

Understanding of complex chemical reaction processes in the gas phase must often rely on
accurate information regarding the compounds involved in the reaction, including their respective
structure and abundance. Such involved multi-step or multi-channel reaction processes may play
a role, for example, in atmospheric and photo-induced chemistry,"™ in combustion science,”™ in
interstellar space”'® and in chemical vapour deposition.'" To derive reaction mechanisms for
these and other systems, structure-specific identification of stable and radical intermediate
species is needed, and it is desirable to measure their concentrations quantitatively as a function
of the relevant reaction conditions. Species measurements in such complex reaction systems, as a
function of time, location, temperature, pressure or of other relevant variables must often be
performed without prior in-depth knowledge of the changing composition along the reaction
progress. Analytic challenges under such conditions include unambiguous detection of ideally all
intermediates, in mixtures that may contain several dozens of species, with individual
concentrations varying from the percent to the ppb level, in a time-economic way which ensures

that physico-chemical conditions will not have changed significantly during the experiment.

Not many techniques are capable to meet these requirements. Highly sensitive and selective
laser methods can be applied in different gas-phase environments to detect a number of
intermediates non-invasively, and they have found widespread use, especially to measure

=13 For a limited number

concentrations of radicals and molecules with a small number of atoms.
of pre-selected species, typically with large concentrations, multiplex detection of several
chemical compounds at the same time is possible, for example by Raman scattering'* and multi-
sensor diode-laser' or multi-mode absorption spectroscopy.'® Laser diagnostic approaches, while

undoubtedly advantageous because of their ability to probe gas-phase chemistry without

perturbing the system, are not of the universally applicable nature that is necessary, for example,
3
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to probe the 40-50 most abundant intermediates simultaneously that are typically encountered
even in a simplified laboratory flame. For many gas-phase reaction systems, in sifu molecular-
beam mass spectrometry (MBMS), typically using electron ionisation (EI) in its laboratory-based
variants, offers the decisive advantage that basically all species, including reactive radicals, can
be ionised and therefore detected, even simultaneously, by their mass-to-charge ratio.'” This
universal applicability regarding the number and nature of species probed with high sensitivity
and selectivity comes at the cost of potential spectral overlaps and fragmentation, however. A
highly successful development concerns MBMS instruments for gas-phase diagnostics that rely
on photoionisation (PI) with synchrotron-generated tuneable vacuum ultraviolet (VUV) light.'®
These experiments use the high photon flux and very good (<50 meV) energy resolution
available from such advanced light sources in the chemically interesting 6-20 eV range. They
have been instrumental in providing additional structure information not available from EI-
MBMS in that they have permitted isomer separation in favourable, but significant cases.'”* !

Combustion-related research has thus enabled further development of the synchrotron-based

species detection methods such as this now-established isomer-selective PI-MBMS approach.?

As one of its key features, photoionisation efficiency (PIE) spectra can be obtained with VUV-
PI-MBMS by scanning the photon energy with high resolution; these spectra enable, at a given
mass, by comparison to databases or spectra of pure compounds, detection of isomer-specific
ionisation thresholds. Especially in combustion where reaction systems can involve hundreds of
elementary steps, the VUV-PI-MBMS technique has proven invaluable to newly detect
previously elusive species,”’ to better understand fuel-specific reaction pathways> and to assess
the predictive capability of reaction models.”**' Multiplexed VUV-PI-MBMS has been

24,25

demonstrated in flow reactors and flames™ " to provide an image of the ongoing chemistry in the

system under study: multiple-mass detection and scans of the photon energy can be performed

4
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following reaction time to study the reaction progress in a slow-flow reactor®* or as a function of
height above the burner (HAB) to provide species composition profiles in premixed low-pressure

flames.?

While the powerful capabilities of synchrotron-based photoionisation molecular-beam mass
spectrometry have been widely demonstrated, especially in combustion research,'” the technique
utilises only the generated mass-resolved ion signals as a means to identify the detected species.
Photoelectron-photoion coincidence (PEPICO) spectroscopy offers the potential to make use of
the additional and complementary information encoded in the electron formed in the same
ionisation event, and the first demonstrations of this technique in combustion-related experiments
have recently been reported.?*** The PEPICO technique, which extracts both electrons and ions
from the ionisation volume and correlates them in time, is well known and has been applied
widely to spectroscopic, dynamic and thermochemical investigations.”* > Coupling PEPICO
spectrometers to synchrotron light sources has enabled investigations with high signal intensity

and high energy resolution and the use of imaging techniques.’” >’

The continuously tuneable
VUV light — as in the VUV-PI-MBMS experiments mentioned before — permits access to the
ionisation energies of numerous chemical species and their first excited electronic states,
typically in the 6-12 eV range. Additionally some important species such as CO with an
jonisation potential (IP) of 14.014 eV,*® CO, (IP: 13.777 ¢V)*’; H,O (IP: 12.621 ¢V)*®, H, (IP:
15.426 eV)36 and Ar, often used as a reference, with an IP of 15.759 eV>% can be ionised in the
range from 12-20 eV. Photoionisation for a given mass can be performed with high sensitivity
and selectivity by scanning the photon energy in "threshold", i.e. TPEPICO experiments®’, at
fixed zero kinetic energy of the electrons. Imaging schemes permit recording electron velocity

maps and ion mass spectra with high efficiency, and the additional correlation of the ion position

is possible with recent refinement of synchrotron-based instruments.”**>*® Detection of stable
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39-42

and radical compounds has been demonstrated in pyrolysis and, most recently, in flame

experiments.”’*®

In such applications, photoelectron spectra (PES) offer the benefit of much higher intrinsic
selectivity than PIE spectra, because electronic states of the ion appear as distinct peaks while
they are detected as changes of the slope in PIE spectra. For smaller molecules like they are
discussed in this work, a decisive vibrational fingerprint can often be observed in the
photoelectron spectra. Although vibrational information will be lacking in the PES of larger
molecules, well-defined, structured photoelectron spectra have also been observed for
combustion-relevant larger molecules as e.g. furan® and isoprene.** For example, such
characteristic features assisted identification of the CsHg isomers cyclopentene, isoprene,
1-pentyne and 1,4-pentadiene in a prepared gas mixture by their structured PES® that offered
more information than the commonly used PIE spectra. We would thus like to remark that the
electronic structure, even without the vibrational structure, constitutes a fingerprint if the photon

energy is chosen high enough to reach several electronic states of the ion.

However, scanning the photon energy with meV energy resolution over a large number of
species ionisation thresholds is time-consuming. PEPICO measurements at a fixed photon energy
above the IPs of the species of interest, in contrast, provide the opportunity of mass-resolved
multiplexed detection of species in a gas mixture with a decisive sampling time advantage. In this
paper, we provide the first demonstration of fixed-energy multi-species isomer-resolved PEPICO
spectroscopy in a combustion experiment with a low-pressure, flat premixed fuel-rich ethene
flame as the target. The specific flame conditions have been chosen so that comparisons with
previous measurements using established MBMS techniques are possible. Results from both
scanning TPEPICO and fixed-photon-energy PEPICO schemes are provided. From vibrationally

resolved PES spectra of the detected methyl radical, the temperature in the ionisation region has
6
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been determined to assess the potential influence of this quantity for concentration measurements
of flame intermediates. From the PEPICO experiment, species fingerprints have been obtained
that are expected to provide enhanced detection reliability of isomers in complex mixtures. Such
expectations have been raised as a consequence of a recent experiment performed in gas mixtures
of some stable C4 and C5 compounds,’® where the need to scan the photon energy for the
analysis of many-component mixtures in a mass- and isomer-selective manner is identified as a
disadvantage, shared by both PI-MBMS and threshold photoelectron spectroscopy. In the present
contribution we now overcome this disadvantage by demonstrating the potential of the fixed-
photon-energy PEPICO technique in the reactive, chemically complex environment of a flame for

the first time.

2. Experiment

Experiments have been performed at the undulator-based DESIRS beamline®™ of the third-
generation synchrotron SOLEIL using the SAPHIRS endstation equipped with the double-image
spectrometer DELICIOUS L.°° A transportable burner chamber was adapted to this endstation.
DESIRS supplies finely tuneable VUV radiation in the 5-40 eV range with high flux, high
spectral resolution and adjustable polarisations. A windowless gas filter filled with argon was
employed to block radiation of higher harmonics from the undulator, providing a spectrally pure
window of 8-15 eV for the present investigation. After passing the 6.65 m normal incidence
monochromator, where a low dispersion (200 grooves/mm) grating was chosen, providing a
typical bandwidth of 2-20 meV with a flux of the order of 10'*-10" photons/sec, the VUV beam
is focused into the ionisation chamber, where it is crossed at right angles with the molecular
beam that is formed by extracting a gas sample from the flame. The VUV focus spot at this

intersection has a diameter of roughly 100-200 um depending on the monochromator exit slit
7
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size. The VUV polarisation is linear in the direction parallel to the molecular beam. For
normalisation of the spectra, the photon flux is recorded with a calibrated photodiode
(AXUV100, IRD). A schematic of this set-up is shown in Fig. 1. In all experiments, the VUV

wavelength was either kept constant or has been step-scanned in the 9-12 eV range.

A fuel-rich (¢=1.7) laminar premixed ethene-oxygen flame with 25% argon dilution was
stabilized at 40 mbar on a homebuilt porous plug (McKenna type) burner with a diameter of
65 mm. Gas flows were regulated by calibrated mass flow controllers (MKS and Aera). The
pressure was regulated by a pressure controller (MKS, 600 Series) that was connected via a
throttle valve (MKS, 253B) and a manometer (MKS, Baratron 626A) to a diaphragm pump. Gas

flows and flame conditions are presented in Table 1.

Samples from the flame were extracted with a quartz nozzle with 500 um aperture diameter
that was mounted on a water-cooled flange. The burner could be translated with a stepper motor
to sample at different heights above the burner. Flame gases were continuously expanded into a
first-stage chamber evacuated to ~10~ mbar by turbomolecular pumps. The pressure difference
between the burner chamber and first pumping stage supports the formation of a molecular beam,
the central part of which is cut off by a copper skimmer and further expanded into the ionisation
chamber at ~10"® mbar. The distance between the skimmer and nozzle apertures is ~1 cm. In the
ionisation chamber, the molecular beam is crossed with the ionising VUV radiation. The distance

between the VUV beam and the skimmer aperture is about 55 cm.

The double-imaging PEPICO spectrometer DELICIOUS III recorded in coincidence the
electrons and ions generated by the photoionisation of the molecules present in the sampled
flame. While the electrons were detected via a velocity map imaging spectrometer (VMI), the

cations were recorded by a Wiley-McLaren time-of-flight ion imaging analyser (WM-TOF). The
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set-up is evident from the schematic in Fig. 1. Upon ionisation of a molecule from the flame gas
sample by the VUV beam, the resulting photoelectron is almost instantly detected by the VMI
detector due to a continuous electric field applied to the ionisation region. The set-up uses a
multi-start/multi-stop analysis for electron and ion detection, where the electrons serve as time
zero for coincidence events. The PEPICO spectrometer set-up, image inversion and data analysis

have been described in detail in the literature.>*3>%

The combination of the TPEPICO approach — with scanning the photon energy across the IPs
of the species under investigation — and the fixed-energy PEPICO mode of operation were

applied and compared here in a flame experiment.

3. Results and discussion

As a proof of principle, we will show the methodology of using PEPICO at a fixed energy for the
separation of isomers in a flame. The operation modes and the resulting spectra will be discussed
first, followed by a comparison of information from spectra generated with VUV-PI-MBMS and
TPEPICO. Sensitive multiplex spectra with the time-economic fixed-energy-photon PEPICO
approach will then be demonstrated to provide isomer-separating capacity in a flame. Next,
temperature will be determined from the analysis of flame radical PE spectra. Finally, an
exemplary flame species profile evaluation will be presented in comparison with EI-MBMS and

VUV-PI-MBMS results.

3.1 PEPICO and TPEPICO spectra in a flame

A visualisation of the multidimensional spatio-temporal data provided by the DELICIOUS III
spectrometer is displayed in Fig. 2 for the investigated ¢=1.7 ethene-oxygen-argon flame at a

sampling height of 4 mm, a position determined to be in the flame zone where most intermediate

9
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species are found. All coincidence events between ions and electrons are registered so that
simultaneous detection of all species present in the intersection of the molecular beam with the
photoionising VUV radiation is possible. Figure 2a (lower trace marked as "unfiltered") shows
the raw time-of-flight spectrum for the ions detected at the fixed photon energy 10.2 eV. The raw
ion and electron images are given in Fig. 2b and c, respectively. The raw total ion image of Fig.
2b deserves a comment: Due to the large distance between the last skimmer and the photon beam
and the mild expansion conditions, the length of the cylindrical interaction region, equivalent to
the molecular dimension along the photon axis, is very large. This long cylindrical volume,
which manifests itself as a visible elongation along the north/south direction of the photoion
image shown in Fig. 2b, would lead to a degradation of the mass and particle energy resolution
due to severe off-axis effects in the inhomogeneous field of the extraction region. Therefore, all
the data shown hereafter have been filtered in ion position so that only the ionisation events
correlated to the central region of the ion image have been included into the treatment, which
essentially amounts to a virtual skimming of the molecular beam. This filtering appears here to be
a major advantage of the ion imaging capability of DELICIOUS III, without which the quality of
the data would prevent any quantitative information to be retrieved. The advantages of this
approach are readily observed in the comparison of Fig. 2c and 2d, the latter corresponding to the
filtering of the raw electron image of Fig. 2c by taking into account only the coincident ions
located in the region of interest (ROI) delineated in Fig. 2b. A time-of-flight spectrum for the
ions detected at the fixed photon energy of 10.2 eV, filtered with respect to the ROI, with several

mass/charge (m/z) ratios of interest marked, is included as the upper ("filtered") curve in Fig. 2a.

The spectrometer can be set to record electron and ion images and mass spectra as a function
of the photon energy, which allows, among other things, to obtain the mass-filtered photoelectron

spectra as a function of the photon energy, the so-called photoionisation (PI) matrix. In Fig. 3

10
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(top) a mass-selected PI matrix for m/z=15 is presented for the acquisition in which the photon
energy has been scanned between 9-12 eV with 3.5 meV steps and an acquisition time of
120 seconds per step. The PI matrix carries a wealth of information that can be reduced in many
ways. For instance, by integrating this PI matrix from 0 to 0.015 eV electron kinetic energy
(Ele KE), the threshold photoelectron spectrum (TPES) in Fig. 3 (bottom) is obtained. In this
TPE spectrum, only detected photoelectrons with near zero kinetic energy are displayed against
the photon energy, revealing finer structures corresponding to the excitation of particular ionic
states in different levels of vibrational excitation. The integration of the PI matrix over the
complete electron kinetic energy range provides the total electron yield as a function of the
photon energy. Because every detected electron corresponds to a detected ion in the mass
spectrum, this integration result corresponds also to the total ion yield (TIY) that is obtained in
PI-MBMS experiments. The resulting TIY from integration of the image of the PI matrix in
Fig. 3 (top) is included in Fig. 3 (bottom). It is immediately evident that the TPES spectrum with
its much more distinct and sharp features is highly advantageous for species identification; a fact

2628

that has already been highlighted before, also in combustion-related studies as well as in

biomimetic molecular spectroscopy studies.*’

Due to energy conservation, the information carried on a single column of the PI matrix, i.e.
the PES at a fixed photon energy hv corresponding to that particular column, should be
equivalent to the TPES from threshold up to hv. In practice, however, the dependence of the
partial cross sections and the resolution on the particle's kinetic energy gives way to clear
differences. In order to compare the scan and fixed-photon-energy approaches and to better
understand the time/resolution compromise, we have also recorded mass-filtered photoelectron
spectra at fixed photon energies. As an example, the mass-selected velocity map image for

m/z=15 observed in the ethene-oxygen flame at HAB=4 mm is shown in Fig. 4; the 2D image is

11
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split with the left side displaying the raw data. In order to recover the actual velocity distribution,
the raw VMI data were inverted by applying the pBasex inversion algorithm®® that performs an
inverse Abel transformation to reconstruct, from the two-dimensional projection measured upon
photoionisation, a 2D cut in the original three-dimensional Newton sphere of the expanding
charged particles. After this inversion, concentric rings are obtained for the selected kinetic
energy range of the photoelectrons that correspond to the various states of the cation, here
vibrational progressions of the electronic ground state of CH;". The right half in the 2D image of
Fig. 4 consequently presents the mass-selected PES for detection of m/z=15 — which corresponds
to the methyl radical — and contains similar information as the TPES, as mentioned above. The
corresponding photoelectron spectrum is shown on the right side of Fig. 4. However, the overall
measurement time is reduced by a factor of 30 as the measurement is performed at a single
wavelength, eliminating the need of a time-consuming photon energy scan. A more detailed

analysis of the merits of this approach will be given below.

3.2 Comparison of VUV-PI-MBMS, TPEPICO and PEPICO

With the aim to use the combined information that can be obtained from mass-selective detection
of ions and electrons resulting from the same ionisation event in chemically complex
environments such as flames, it must be ascertained that the recorded TPEPICO spectra provide
indeed an unambiguous fingerprint for the detected compound under such conditions. For
intermediates typically detected in flames, the methyl radical with mass 15 is one of the simplest
chemical species. No interferences from other species are expected at this mass, and we have thus
chosen the analysis of the information at m/z=15 for a first comparison with results that can be
obtained in the typical VUV-PI-MBMS flame experiments. Methyl radicals, present in a mole

48,49

fraction of the order of 107 in fuel-rich low-pressure hydrocarbon flames, can be detected

12
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sensitively in the present experiment. Radical detection in flames using TPEPICO has also been
demonstrated recently by OBwald et al..>’ They have compared measured TPES with literature
photoelectron spectra and contrasted the results with the PIE curve, with somewhat noisier TPES,

however.?’

In Fig. 3, we have already compared the TPES and total ion yield determined in this work for
m/z=15; for reference, we have included the absolute photoionisation cross section for the methyl

1..°° Both TIY and cross section curves are in very good agreement

radical from Savee et a
although the S/N from this work is higher. The steep slope at 9.84 eV excellently agrees with the
photon energy given in the TPES of the methyl radical by Cunha de Miranda et al.’! The
multiplex time-resolved photoionisation mass spectrometer of Savee et al.”® provided an energy
resolution of 0.013 eV and an interval of 0.025 eV in the photon energy scan. The set-up used
here would be capable of much higher spectral resolution (sub-meV) with meV absolute energy
accuracy, allowing for resolution of finer details. The real advantage of such higher resolution
will come into play when multiple species at the same mass and similar ionisation energy must be
distinguished.

For isomer pairs such as allene and propyne at m/z=40," acetone and propanal at m/z=58,*’
acetaldehyde and ethenol at m/z=44>""" as well as for species with the same nominal mass such
as ketene and propene at m/z=42,”® recent TPEPICO results demonstrate promising separation
capability for these species that are typically found in flames in the 10°-10™* mole fraction range.
Here, we compare the literature photoionisation cross sections from Cool et al.>* for allene and
propyne to the total ion yield determined in this work as shown in Fig. 5. The ionisation energies
for allene of 9.691+0.003 eV>® and propyne of 10.37+0.01 eV>* have been determined from
photoionisation and photoelectron spectra, respectively. The total ion yield in Fig. 5 exhibits two

distinct parts with different slopes marking the ionisation of allene and propyne. With the relative
13



Physical Chemistry Chemical Physics Page 14 of 51

amounts of the two isomers in the mixture, determined further below, the complete TIY curve
can be very well represented as evident from the weighted sum of the cross sections included in

Fig. 5. Besides the onsets positions, not much information is provided by this TIY curve.

However, the information from the correlated electron analysis provides additional
spectroscopic detail, both in scanning and fixed photon energy modes. A comparison of the TPES
(obtained in scanning mode) and the PES (at fixed photon energy) for m/z=15 is given in Fig. 6
which includes a reference spectrum for CHj from the literature.” The vibrational fine structure
in the CHj; photoelectron signal is clearly visible from the photon energy scan. The spectra
exhibit a pronounced peak, attributed to the 0-0 band origin centred around the IP of CHj at
9.84 V! as well as further vibrational structure, which can be attributed to a vibrational
progression of the v, umbrella bending mode in the CH; (X245 ) — CHs;*(X'A}) photoionisation
process.”’ Both TPES and PES from the flame are in very good agreement with each other and
show structure similar to the literature spectrum which was taken in a flash pyrolysis experiment
for which a vibrational temperature of 550 K was derived.”' The full width at half maximum of
the signals in the TPES is 0.03 eV, which is a factor of two better than that observed in the PES.
The photon energy scan taken to record the complete TPES shown in Fig. 6 took about 30 hours,
while the acquisition time of 60 minutes for the PES taken at a fixed photon energy of 10.2 eV
was comparatively much shorter. Even though the PES cannot achieve in general the high
spectral resolution obtained in the photon energy scans, ionisation potential and spectral signature
(electronic and vibrational) of a species can be readily determined. Recording a PES at an
appropriate fixed photon energy can be sufficient for unambiguous species identification in a
much shorter time frame than required for scanning methods like TPEPICO and VUV-PI-

MBMS.

14
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While this flame PES measurement advantage was successfully demonstrated for the methyl
radical, it is obvious that isomer mixtures will present a more challenging situation for a proof of
principle. We have therefore chosen the example of allene and propyne at m/z=40 that has been
reported in the study of OBwald et al..*” Figure 7 presents the TPES obtained in this work in the
9-12 eV photon energy region. The data is compared to literature PES for allene®® and propyne’®
which show the vibrational fingerprints of both species, leading to a clear identification. The
X’E ground state of allene is well resolved in this scan. OBwald et al.>’ have successfully
demonstrated separation of these two isomers in the first investigation of a flame with the

TPEPICO approach, albeit with a lower energy resolution than that obtained here.

In the PEPICO mode of operation with the DELICIOUS III spectrometer, using a fixed photon
energy above the IPs of both isomers, the resulting PES also shows the vibrational spectra of
allene and propyne, and it is interesting to compare these results with the TPES of Fig. 7. Two
PES are reported in Fig. 8; the left panel shows the spectrum taken with a photon energy of
10.4 eV which permits photoionisation of both isomers, and the right panel provides the PES
recorded at 10.2 eV which is above the IP for allene but below that of propyne. The PES at
10.4 eV shows the signatures of both cation species, comparable to the TPES recorded with a
higher spectral resolution. At 10.2 eV, the resulting PES shows only the fingerprint of the allene
cation, compared to a literature PES> which is found to be in excellent agreement. It is obvious
that the vibrational structure can be resolved and that a single, time-economic measurement at a
fixed, well-chosen photon energy is sufficient for a successful identification of the two isomers.
Note that the spectral resolution in the fixed-photon-energy PES for allene in the right panel of
Fig. 8 is comparable to that of the TPE spectrum reported by OBwald et al.”’ that was taken in the

scanning approach.

15
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The multiplexing advantage of the PES is even more obvious for molecular masses at which
more than two isomers can be present in the flame. For m/z=54, four stable isomers can
potentially be expected as build-up products; they are listed with their corresponding IPs in
Table 2. Several C4Hg isomers have been detected in the 107 mole fraction range in detailed
speciation VUV-PI-MBMS experiments in flames. For example, Hansen et al.® have presented
C4Hg PIE spectra measured in a fuel-rich cyclopentene flame, with 1,3-butadiene identified as the
dominant isomer, together with 1-butyne as the second. A weighted sum of both contributions
could successfully represent the measured flame PIE spectrum and allowed to conclude that
2-butyne and 1,2-butadiene were not present within the detection limit in their flame
environment. Three C4Hg isomers, namely 1,3-butadiene, 1-butyne and 2-butyne, have been
identified in different amounts by OBwald et al.°" in low-pressure flames of the four different
butanol fuels, again with mole fractions of the order of 107. These three isomers were also
detected in the fuel-rich ethene flame studied in the present experiment. Figure 9 shows the
recorded TPES for m/z=54 in the photon energy range from 9-12 eV and a comparison with the
literature photoelectron spectra.’®*® Tt indicates unambiguous identification via very good
agreement with the IPs of these species (Table 2). Also, the characteristic fingerprints of the
cations of these three structural isomers are obvious in Fig. 9. Excellent general agreement of the
measured TPES with the reference spectra is seen, and numerous vibrational transitions can be

observed for each isomer.

Again, the TPES (obtained in scanning mode) is compared to a PES recorded at fixed photon
energy of 10.2 eV, and the results are given in Fig. 10. At this photon energy, all observed
1somers for m/z=54 are ionised as evident from the PES, and the vibrational fingerprint regions
for 1,3-butadiene and 2-butyne are clearly detected. Only for 1-butyne the cut-off is very close to

its IP of 10.18 eV and thus the fingerprint with the different vibrational transitions (as in Fig. 9)
16
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has not been recorded with the selected fixed photon energy of 10.2 eV. In addition, because of
the density of neutral states close to the threshold region, the 1-butyne vertical transition at
10.18 eV might be resonantly enhanced in the PES curve. The multiplexing PES at fixed photon
energy, filtered for m/z=54, contains remarkably detailed spectral information, well suited to
identify isomeric species in a complex reactive environment. Note that the same fixed-photon-
energy PEPICO measurement at 10.2 eV, whose raw data is displayed in Fig. 2, was used to
extract the CHj photoelectron image (see Fig. 4) and photoelectron spectrum (see in Fig. 6) and
the allene PES in Fig. 8 (right), by selecting different masses for the respective data evaluation.
The multiplexing approach demonstrated here thus provides the advantage that a single
measurement with appropriate photon energy can unambiguously identify numerous species
without prior information on the flame composition. This advantageous performance is achieved
even with rather limited mass resolution for the ion detection, the reason being the superior

information provided by the coincident electrons.

For the selection of the respective fixed photon energy, several factors should be considered.
With high photon energy, many species can be ionised simultaneously, but if the photon energy
becomes too high, fragmentation can occur. Depending on the scientific question and analytic
environment, energies should be optimised regarding minimum fragmentation and significant
multiplexing, i.e. simultaneous detection of several species. In practice, different fixed photon

energies must thus be chosen depending on the system and species of interest.

It is illustrative to compare the TPES and PES measured here with the derivatives of ionisation
cross sections from the literature, assembled for the detection of combustion intermediate species
with VUV-PI-MBMS. For example, Wang et al.”’ and Yang et al.*® have used the flame
spectrometer at the Advanced Light Source in Berkeley that has a nominal resolution of 40 meV

to measure absolute cross sections for a large number of hydrocarbon species. We have
17



Physical Chemistry Chemical Physics Page 18 of 51

demonstrated in Fig. 3 that an ionisation cross section curve corresponds quite well with the total
ion yield obtained from the integration of the PI matrix in Fig. 3. We now pursue the opposite
approach in differentiating such measured cross section data from the literature as depicted in
Fig. 11. The left panel shows a comparison of the measured TPES for 1,3-butadiene with the
derivative of the cross section reported by Yang et al.** (all values given in their cross section
curve in this energy range are included here; note that the photon energy intervals in their
measurement did not correspond to their maximum available resolution of 40 meV). For
reference, we have also included the literature photoelectron spectrum for 1,3-butadiene provided
already in Fig. 9. In the right panel, similar information is given for 2-butyne. Here, our
measured PES at 10.2 eV is included, again showing about a factor of two lower resolution than
the TPES, but still with resolved vibrational structure. Again, the PES of Carlier et al.,5 6 already
provided in Fig. 9, is included for comparison. Note that while the resolution of our measured
TPES and the reference spectrum in the literature is similar, the set-up here would allow for
scanning with <1 meV resolution, at the expense of additional measurement time, however. Also
shown is the derivative of the ionisation cross section measurement for 2-butyne by Wang et
al.’’, using all their reported values in the given photon energy range. This comparison shows
clearly that with the regularly used step sizes and spectral resolution of the photon energy in
ionisation cross section measurements, the characteristic fingerprint of an ionised species, useful

for its identification, is not observed.

3.3 Temperature in the molecular beam and species profiles

From the recorded threshold photoelectron spectra and their rovibrational structure, it is possible
to estimate the temperature for the species in the ionisation region. Figure 12 illustrates this

approach for the methyl radical. The two stick spectra in Fig. 12, including that of Cunha de
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Miranda et al.’!

exhibit somewhat different intensity distributions corresponding to different
temperatures. In the work of Cunha de Miranda et al.,”' the methyl radical was produced by flash
pyrolysis, leading to a reported vibrational temperature of 550 K. In their work, the vibrational
temperature was determined by calculating the intensity ratio between the main peak at 9.84 eV
and the following peak at about 9.93 eV which corresponds mainly to the 2 and 2} transitions.

Note that this high vibrational temperature is also responsible for the hot band that can be seen on

the red side of the 0-0 band origin.

A stick spectrum was calculated here for the methyl radical by using spectroscopic constants
and Franck-Condon factors from the literature”’ and the temperature-dependent Boltzmann
fraction exp[-(Eini:/ ks Tvip)], following the procedure of Ref. 51; here, E;,;; corresponds to the
energies of the initial states in the neutral CHj radical, k3 is the Boltzmann constant and 7,,, the
vibrational temperature corresponding to the initial state population. Comparison of the
calculated spectrum with the measurements in Fig. 12 yields an estimated temperature of 280 K
for the methyl radical in the ionisation region in the molecular beam. This value is much lower
than the flame temperature, which is of the order of 1700 K at the sampling location at
HAB=4 mm, due to adiabatic cooling in the expansion stage. Similar results have been observed
by Kamphus et al.” in a propene-oxygen flame, who have analysed the temperature of the
molecular beam in the ionisation volume with resonance-enhanced multi-photon ionisation
(REMPI) of NO and benzene. In their study, temperatures in the ionisation volume between
300 K and 450 K were determined, depending on the measurement procedure, the sampled
distance from the burner, the used quartz sampling nozzle and the overall flame conditions. With
respect to these influence parameters, a temperature of 280 K determined here seems very
reasonable. From the methyl case we can state that besides the chemical reaction analysis

interest, a flame is a powerful source of "lukewarm" high-density radicals, very well suited for
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spectroscopic analysis, and definitely competitive as compared with the widely used flash

pyrolysis method, to the expense of a more cumbersome set-up.

To unravel and understand a chemical reaction mechanism, it is not only instructive to identify
the chemical species involved in the reaction, but their quantitative concentrations should be
determined along the reaction pathway. An important fraction of the current knowledge about the
combustion chemistry for relevant fuels and fuel mixtures has been derived from measurements
of absolute mole fraction profiles for a large number of species, generated for example in flat
premixed flames like that in the present study. Such information is important to examine
dominant reaction pathways, for example regarding pollutant formation, and to develop and
validate numerical models of the process. Quantitative isomer-specific species profiles as a
function of height above the burner are typically reported from VUV-PI-MBMS investigations. It
remains a challenge to provide similarly detailed sets of quantitative species profiles from the

TPEPICO/PEPICO approaches newly adopted for combustion studies.

In their recent study, OBwald et al.”’

have demonstrated that quantitative major species mole
fraction profiles in a flame (fuel and oxygen as well as CO, CO,, H,O and H; as products of
incomplete combustion under fuel-rich conditions) can be obtained using the same strategies as
applied for PI-MBMS measurements, although the authors have realised that TPEPICO signal
proportionalities may deviate from those measured with PI-MBMS experiments. Their results for
a fuel-rich ethene-oxygen flame are in very good agreement with a simulation using the model by
Taatjes et al..®® Intermediate species mole fractions have also been given in their work?’ and in
Ref. 28, based upon TPEPICO spectra taken at the Swiss Light Source. The procedure for
quantitative intermediate species mole fraction evaluation, detailed in Ref. 27, has been modified

from the routines of PI-MBMS evaluation to take specific parameters of their set-up, including

the limited energy range of the used electron imaging detector, into account. It has, however, not
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been demonstrated before that multiplexed, fixed-photon-energy PEPICO measurements can be

used to derive mole fraction profile sets from a flame.

In a first illustrative example, we have here performed measurements for different heights at
constant photon energy of 10.4eV. All other parameters including acquisition time and
monochromator slit size have been kept constant for the detection of the photoelectron spectra.
With the results presented for this energy, determination of absolute mole fractions is not
possible since the profile for argon as an internal calibration standard was not recorded — to
permit detection of Ar with an IP of 15.759,% the gas composition in the gas filter would have
had to be changed. It is, however, possible to determine relative concentration profiles as a
function of the height above burner and to determine ratios of isomers. These results can be
compared with absolute mole fractions determined for very similar flame conditions as reported
by Felsmann et al.,*® performed with VUV-PI-MBMS at the Advanced Light Source in Berkeley

and with EI-MBMS in Bielefeld.®’

Figure 13 shows the relative mole fraction profiles for the methyl radical (m/z=15) and for
propyne (m/z=40), derived from integration of the PES over the respective vibrational structures
after normalisation by the counts detected for the electron at the respective mass. For methyl, an
integration interval of 9.5-10.4 eV was used (see PES in Fig. 6), and for propyne, the integration
interval was 10.2-10.4 eV to discriminate from contributions of allene (see PES in Fig. 8).
Compared to the quantitative mole fractions determined with EI-MBMS and VUV-PI-MBMS
(Fig. 13), the shape of the profiles and the position of the maxima for both species are in quite
satisfactory agreement. Note that an absolute comparison is not intended. The agreement is better
between the EI-MBMS and PEPICO experiments because of the identical burner configuration.
A shift of the profile for the PI-MBMS experiment to higher HAB is a likely result of the

different burner geometries and slightly different flame conditions and was also noted in Ref. 28.
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From the fixed-photon-energy measurements performed here, the ratio of the mole fractions
for the isomers allene and propyne was also determined and compared with absolute PI-MBMS
results. To evaluate this ratio, the spectra of both isomers and the respective photoionisation cross
sections must be known. In the measured TPES, contributions from both isomers overlap in the
region above 10.2 eV (see Fig. 7); thus the contribution of allene to the propyne signal near its
ionisation threshold must be determined independently. In principle this is possible from
measured PES; here, however, the fixed photon energies were chosen at a very close distance (at
10.2 and 10.4 eV) and thus did not allow to capture the complete spectrum. We have thus used
the literature photoelectron spectra for allene® and propyne® to simulate the measured TPES
point-by-point. In this procedure, the literature spectra were convoluted to provide the same
nominal resolution as the measured TPES. The total areas of the literature spectra were integrated
in the range of 0-10.9 eV. The sum of the allene and the propyne literature spectrum was then
fitted to the experimental TPES using a respective weight factor. The ratio can be described with

the following equation:

7=% = p) J o;(E)dE

Xj Joi(E)dE
with x being the mole fraction of the respective species i or j, 6 the absolute cross sections for the
species 1 or j, E the photon energy and fthe ratio of the signal intensities. For allene and propyne
we have chosen the photon energy range of 0-10.9 eV, for which the absolute cross sections
measured at 10.9 eV for allene™ and propyne’* have been used. Temperature differences between
the measured signals and the reference spectra were neglected in a first approximation, assuming
limited contribution of this influence in comparison to the overall measurement uncertainties.
The resulting relative mole fraction ratio is 3.8+0.8 at the measurement location of the TPES of

HAB=4 mm, in very good agreement with the ratio of 3.7 of the maximum absolute mole
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fractions determined with PI-MBMS at HAB=3.5 mm.*” The mole fraction profiles measured
with PI-MBMS show different positions of the maxima for allene and propyne, with propyne at
3.25 mm preceding allene at 4 mm. This difference was not resolved in the integrated PES data
that were taken with a limited acquisition time of 5 min for each height and a step scan of

0.5 mm.

Similarly to the present example, the method permits in principle to calculate the isomer ratios
for m/z=54. The mole fraction ratio of 2-butyne/l,3-butadiene determined here is 0.23 at
HAB=4 mm and that of 1-butyne/2-butyne at the same position is 6.78. This can be compared to
average ratios of 0.24 and 5.79, respectively, determined at HAB=3.5 mm from the absolute mole
fractions in the PI-MBMS experiment.”” While these were in reasonable agreement with the
absolute mole fraction ratios determined by PI-MBMS, appropriate selection of the measurement
time, height interval and fixed photon energies will be needed to improve the quality of the
results. For the evaluation of sets of quantitative mole fractions using the multiplex approach
from fixed-photon-energy PEPICO measurements demonstrated here for the first time, care must
thus be taken to unambiguously resolve the spectral fingerprints of important species and to
provide mass-selected photoelectron spectra at a few but well-chosen photon energies.
Furthermore, cross sections for the respective species under study must be known. Here, future
applications of the PEPICO technique will be able to profit from the large number of
photoionisation cross sections that are already available in the literature. It is also fortuitous that
the temperature in the ionisation volume is much lower than that in the flame itself, and close to
conditions of literature reference spectra, so that the sensitivity to sampling from different flame
locations will be limited and direct simulation of temperature-dependent spectra may not be

necessary, at least in a first approximation, for quantitative concentration measurements.
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4. Summary and perspectives

Photoelectron-photoion coincidence spectroscopy, a technique which makes use of the
information encapsulated in both cations and electrons stemming from the same photoionisation
event, had only very recently been applied to analyse complex gas mixtures such as encountered

in combustion.?%28

Up to now, major and intermediate species detection had been demonstrated
in the reactive environment of a flame, from spectra obtained by scanning the photon energy in
the TPEPICO approach which relies on detection of zero kinetic energy electrons at a given
mass.””* For the first time, we have now used fixed-photon-energy PEPICO measurements in a
flame using the double-imaging DELICIOUS III spectrometer at the DESIRS beamline of the
SOLEIL synchrotron. With a single measurement at a chosen photon energy of 10.2 eV, and a
competitive acquisition time of 60 min instead of 30 hours for the corresponding scanning
TPEPICO approaches, we could demonstrate in a fuel-rich low-pressure, premixed flat ethene-
oxygen-argon flame that multiple intermediate species, including radicals as well as pairs and
triplets of isomers, can be unambiguously identified with high reliability. This result was
achieved with post-processing the same raw image pair of coincident cations and electrons: key
aspects were selecting for different masses and for ions included in the chosen region of interest
that corresponds to the central part of the beam, and analysing the mass-filtered electron velocity
map images.

Recorded fixed-photon-energy photoelectron spectra were seen to contain distinct fingerprints
for the different species and to compare favourably with (scanning) TPES measured in the same
flame conditions and literature reference PES for single species. Furthermore, integration of
suitable sections of a mass-filtered PI matrix to determine total ion yield was seen to provide

excellent agreement with literature photoionisation cross section curves, lending further

confidence to the PEPICO technique newly applied under these conditions. While this integration
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has been performed to highlight this agreement, it should be kept in mind that PES have an
eminent advantage over photoionisation efficiency spectra in that the ionisation threshold can be
detected as a clear spike rather than as a change of slope, with the consequent gain in energy

precision and contrast.

We have also shown from differentiation of photoionisation cross section curves in recent

combustion-relevant compilations®”**

that superior (fingerprint) structure for individual species in
an isomer mix can be obtained even with the fixed-photon-energy approach. The comparison of
TPEPICO and PEPICO modes of operation, compared here in a flame for the first time,
demonstrates a higher energy resolution for the former — which could be even further increased at
the expense of measurement time — and a distinct multiplex advantage for the latter. For potential
application of the fixed-photon-energy approach to analyse the flame chemistry, we have shown
that mole fraction profiles and isomer ratios can be obtained in good agreement with other
photoionisation and electron ionisation molecular-beam mass spectrometry experiments. The
temperature in the ionisation region which could be relevant for the quantitative concentration

measurements from the PES was analysed and found in good agreement with earlier data from

REMPI measurements.®’

While the first demonstration of the PEPICO technique for multiplexed detections of
intermediate species in a flame has only illustrated its potential with a few examples, its use for
the analysis of complex reactive mixtures could become similarly widespread as conventional
photoionisation mass spectrometry with VUV light from synchrotrons. Decisive advantages of
the technique include the availability of fingerprint signatures — the vibrational or electronic
structure for the cations — from which unambiguous identification is possible even in situations
where onsets from photoionisation efficiency spectra overlap or cannot be measured with

sufficient accuracy. For many species, reference spectra are available in the literature; however,
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previously undetected species may be encountered in the application of PEPICO spectroscopy to
complex reactive environments for which reference spectra must then be obtained from dedicated
experiments or theoretical calculations. The time-efficient measurement at a few carefully
selected photon energies provides access to numerous chemical species — radical and stable
intermediates in the mole fraction ranges of and below 10~ — which can be unambiguously
identified, as was demonstrated here from a single recorded PEPICO spectrum at a given photon
energy for a mixture of species including a pair and a triplet of isomers at different masses. Such
measurements can be performed with high intensity and very good signal to noise, and

improvement into the regime of a few ppm seems feasible.

For the development and validation of chemical combustion models, detailed knowledge on
the reactive mixture composition is desirable to understand the contributions of pertinent
reactions pathways. In this study, isomer separation as well as the determination of their mole
fraction ratios was demonstrated. However, for a comprehensive validation, absolute mole
fraction of species should be known, and future studies should be focused on the quantification of
important combustion species, considering their photoionisation cross sections. For different
isomers, their contributions can be determined either from PIE curves or photoelectron spectra.
Especially in isomer mixtures of unknown composition, fitting of PIE curves to model different
species contributions is error-prone because of unclear ionisation onsets. In such cases,
integration of the well-defined PE spectra may significantly improve the isomer-specific
quantitative detection. In their recent study, OBwald et al.”” have demonstrated improvement of
mole fraction determination by PEPICO for the small isomeric molecules acetaldehyde and
ethenol. Future work should focus on the quantification of higher molecular species like C5-C7

1somers to further explore the potential and advantages of the PEPICO technique in this context.
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The quantification of species usually relies on a mole fraction profile from a reference species
such as argon that can be added as an inert gas to the flame. The fixed-photon-energy PEPICO
approach demonstrated here can be used to determine quantitative mole fractions from the
integrated electron signal similarly to conventional PI-MBMS data evaluation.”® From the
position sensitivity of the ion velocity image, fragmentation can, in principle, be determined,
offering another advantage over conventional PI-MBMS. Temperature at the measurement
location may need to be determined for quantification, but it is in principle available from the
vibrational structure of the PES for species like CH3, abundant in many flames and thus available
as a temperature sensor — again this is information that is not currently available with PI-MBMS.
The potential of the approach highlighted here regarding experimental uncertainties in
comparison with established laboratory and synchrotron-based MBMS methods will be subject of

further studies.

More detailed investigations of flames, with the aim of understanding relevant kinetic
mechanisms and pathways as well as using them as convenient species source for spectroscopic
studies, are planned on the basis of the present results. In an optimised configuration, a modified
burner chamber will reduce the distance between the sampling nozzle and the VUV beam so that
further enhancement of signal to noise and thus even faster and/or more precise chemical analysis

will become possible.
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Table 1: Flame conditions for the ¢=1.7 ethene-oxygen flame stabilized on a 65 mm diameter

burner at 40 mbar; all flow rates are given in slm (standard liter per minute at 273.15 K).

C,Hy / slm 0,/ slm Ar/slm Total flow / slm Ar dilution

1.28 2.24 1.17 4.69 25%
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Table 2: Species with m/z=54 and their ionisation potentials (IPs).

Physical Chemistry Chemical Physics

Species

IP / eV

1-Butyne

10.18°7

1,3-Butadiene

9.072+0.007°%

1,2-Butadiene

9.03”

2-Butyne

9.58+0.002>’
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Figure captions

Figure 1: PEPICO flame experiment at SOLEIL; left: 3D rendering, right: schematic set-up. Gas
samples are extracted from the flame with a quartz nozzle and expanded into the ionisation
chamber at the SAPHIRS endstation. Molecules are photoionised by the VUV synchrotron
radiation of the DESIRS beamline. Ions (M ") and electrons (") are detected in coincidence by the

DELICIOUS III spectrometer.

Figure 2: a) Filtered time-of-flight mass spectrum (upper trace) for ions in the region of
interest (ROI) highlighted in b) as well as the unfiltered time-of-flight mass spectrum (lower
trace) recorded in the ¢=1.7 ethene-oxygen flame at HAB=4 mm at 10.2 eV, showing signatures
of a number of combustion intermediates. Raw ion (b) and electron (c) images, corresponding to
all masses, detected under the same conditions as mentioned above. The elongated shape of the
image is due to the large ionisation volume. d) Filtered electron image for coincident ions located

in the ROI. The colour code for images b)-d) is shown on the right of panel b).

Figure 3: Top: PI matrix for m/z=15 representing the kinetic energy of the electrons (Ele KE) as
a function of photon energy. Bottom: threshold photoelectron spectrum (TPES) and total ion
yield (TTY) evaluated from the PI matrix, compared with literature photoionisation cross section

(PICS) at m/z=15 (corresponding to the methyl radical).” The acquisition time was 30 hours.

Figure 4: Velocity map image (VMI) obtained at hv=10.2 eV in the ¢=1.7 ethene-oxygen flame
at HAB=4 mm, mass-selected for m/z=15 (methyl radical, CHs). The image is split to show the
signal before (left) and after (right) treatment of the raw data with the pBasex Abel inversion
algorithm.*® The acquisition time was 60 minutes. In addition the corresponding PES for m/z=15

is shown in the right part of Fig. 4.
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Figure 5: Literature photoionisation cross sections (PICS) for allene and propyne at m/z=44°*
and total ion yield (TIY) at m/z=40 from this work. The ionisation energies of 9.691+0.003 eV
for allene™ and 10.37+0.01 eV for propyne’* are marked by the arrows. The weighted sum of the
cross sections obtained with the relative amounts of the two isomers determined in the flame is

included for comparison.

Figure 6: Comparison of measured TPES (30 hours acquisition) and PES (1 hour acquisition) at
a fixed photon energy of 10.2eV in the ¢=1.7 ethene-oxygen flame at HAB=4 mm with

reference TPES from the literature.’’

Figure 7: TPES with photon energy scanned from 9 to 12 eV, filtered for mass 40. Allene and
propyne are identified compared to literature PES of allene®® and propyne.”® The insert highlights

the allene fingerprint region; the measured spectrum was multiplied by a factor of 34 for clarity.

Figure 8: Left: PES for m/z=40 recorded at fixed photon energy of 10.4 eV compared with TPES
(see Fig.9). The insert highlights the allene fingerprint region; the measured spectrum was
multiplied by a factor of 31 for clarity. Right: Comparison of the PES recorded at fixed photon

energy of 10.2 eV with the TPES literature spectrum of allene.”

Figure 9: TPES for m/z=54 recorded in the photon energy range of 9-12 eV, compared with

literature PES for the isomers 1,3-butadiene, 2-butyne™® and 1-butyne.®

Figure 10: Comparison for m/z=54 of TPES recorded in the photon energy range of 9-12 eV with

PES at fixed photon energy of 10.2 eV.

Figure 11: Spectra obtained for m/z=54 in the ¢=1.7 ethene-oxygen flame at HAB=4 mm. Left:

spectra for 1,3-butadiene including TPES from this work, derivative of photoionisation cross

1.% and reference PES of 1,3-butadiene.®” Right: spectra for
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2-butyne including TPES and PES at 10.2 eV measured here, derivative of cross section given by

Wang et al.”’ and reference PES of 2-butyne.*

Figure 12: Mass-selected threshold photoelectron spectrum for m/z=15. The calculated stick
spectrum (red) represents a temperature of 280 K, compared with that of 550 K (blue) from a

flash pyrolysis experiment.”’

Figure 13: Species profiles for methyl (left) and propyne (right) as obtained by integration of
PES recorded at a single photon energy of 10.4 eV. For comparison, absolute mole fraction

profiles are included that have been determined by EI-MBMS and PI-MBMS.%’
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Figure 1: PEPICO flame experiment at SOLEIL; left: 3D rendering, right: schematic set-up. Gas
samples are extracted from the flame with a quartz nozzle and expanded into the ionisation
chamber at the SAPHIRS endstation. Molecules are photoionised by the VUV synchrotron

radiation of the DESIRS beamline. Ions (M ") and electrons (") are detected in coincidence by the

DELICIOUS III spectrometer.
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Figure 2: a) Filtered time-of-flight mass spectrum (upper trace) for ions in the region of
interest (ROI) highlighted in b) as well as the unfiltered time-of-flight mass spectrum (lower
trace) recorded in the ¢=1.7 ethene-oxygen flame at HAB=4 mm at 10.2 eV, showing signatures
of a number of combustion intermediates. Raw ion (b) and electron (c¢) images, corresponding to
all masses, detected under the same conditions as mentioned above. The elongated shape of the
image is due to the large ionisation volume. d) Filtered electron image for coincident ions located

in the ROI. The colour code for images b)-d) is shown on the right of panel b).
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Figure 3: Top: PI matrix for m/z=15 representing the kinetic energy of the electrons (Ele KE) as
a function of photon energy. Bottom: threshold photoelectron spectrum (TPES) and total ion
yield (T1Y) evaluated from the PI matrix, compared with literature photoionisation cross section

(PICS) at m/z=15 (corresponding to the methyl radical).’® The acquisition time was 30 hours.

41



Physical Chemistry Chemical Physics Page 42 of 51

r‘\ —— PES102eVmass 15 [

A

/\
PV \/.\\‘f *.*N»*./ |

96 97 98 99 100 101 102
photon energy / eV

Figure 4: Velocity map image (VMI) obtained at hv=10.2 eV in the ¢=1.7 ethene-oxygen flame
at HAB=4 mm, mass-selected for m/z=15 (methyl radical, CH3). The image is split to show the
signal before (left) and after (right) treatment of the raw data with the pBasex Abel inversion
algorithm.*® The acquisition time was 60 minutes. In addition the corresponding PES for m/z=15

is shown in the right part of Fig. 4.
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Figure 5: Literature photoionisation cross sections (PICS) for allene and propyne at m/z=44>
and total ion yield (TIY) at m/z=40 from this work. The ionisation energies of 9.691+0.003 eV
for allene™ and 10.37+0.01 eV for propyne>* are marked by the arrows. The weighted sum of the

cross sections obtained with the relative amounts of the two isomers determined in the flame is

included for comparison.
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Figure 6: Comparison of measured TPES (30 hours acquisition) and PES (1 hour acquisition) at

a fixed photon energy of 10.2eV in the ¢=1.7 ethene-oxygen flame at HAB=4 mm with

reference TPES from the literature.’’
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Figure 7: TPES with photon energy scanned from 9 to 12 eV, filtered for mass 40. Allene and
propyne are identified compared to literature PES of allene®® and propyne.’® The insert highlights

the allene fingerprint region; the measured spectrum was multiplied by a factor of 34 for clarity.
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Figure 8: Left: PES for m/z=40 recorded at fixed photon energy of 10.4 eV compared with TPES

(see Fig.9). The insert highlights the allene fingerprint region; the measured spectrum was

multiplied by a factor of 31 for clarity. Right: Comparison of the PES recorded at fixed photon

energy of 10.2 eV with the TPES literature spectrum of allene.>
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Figure 9: TPES for m/z=54 recorded in the photon energy range of 9-12 eV, compared with

literature PES for the isomers 1,3-butadiene, 2-butyne™® and 1-butyne.®
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Figure 10: Comparison for m/z=54 of TPES recorded in the photon energy range of 9-12 eV with

PES at fixed photon energy of 10.2 eV.
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Figure 11: Spectra obtained for m/z=54 in the ¢=1.7 ethene-oxygen flame at HAB=4 mm. Left:

spectra for 1,3-butadiene including TPES from this work, derivative of photoionisation cross

section reported by Yang et al.** and reference PES of 1,3-butadiene.®> Right: spectra for
2-butyne including TPES and PES at 10.2 eV measured here, derivative of cross section given by

Wang et al.’” and reference PES of 2-butyne.”®
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Figure 12: Mass-selected threshold photoelectron spectrum for m/z=15. The calculated stick

spectrum (red) represents a temperature of 280 K, compared with that of 550 K (blue) from a

flash pyrolysis experiment.”!
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Figure 13: Species profiles for methyl (left) and propyne (right) as obtained by integration of
PES recorded at a single photon energy of 10.4 eV. For comparison, absolute mole fraction

profiles are included that have been determined by EI-MBMS and PI-MBMS.’
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