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Microwave spectroscopic detection of ﬂamesampled combustion intermediates
N. Hansen, *a J. Wullenkord,b D. A. Obenchain,c I. Graf,b K. Kohse-Höinghausb
and J.-U. Grabowc
Microwave spectroscopy probes the rotational transitions of polar molecules in the gas phase and is
a proven technique for the detection and identiﬁcation of short-lived molecules produced from a variety
of molecular sources. In this explorative study, we demonstrate that two prerequisites can be met for
microwave spectroscopy to become a quantitative tool for the analysis of high-temperature gas
mixtures as found in combustion environments. First, we show that the rotational temperature of the
targeted species can be suﬃciently cooled to allow for a sensitive detection of low-lying rotational
states after sampling from hot (2200 K) ﬂames. Second, we show that signal intensity proﬁles can be
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assembled which, after correcting for the diﬀerent ﬂame temperatures at various sampling positions,
agree well with mole fraction proﬁles obtained via ﬂame-sampling molecular-beam mass spectrometry.
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Based on the described results, it is conceivable that rotational spectroscopy can contribute towards the
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unraveling of complex, high-temperature reaction networks.

Introduction
The extraction of precise information of species identities and
concentrations in the high-temperature environment of chemically reacting ows, as found in combustion conditions, is
a fundamental physical chemistry issue that is commonly
addressed with gas chromatography, laser spectroscopy, mass
spectrometry, and combinations of these techniques. For
current examples and reviews see ref. 1–6. The obtained
experimental insights are vital for developing a detailed
understanding of the underlying chemical reactions and their
corresponding rates. Among the laboratory-scale combustion
experiments,7–10 the premixed burner-stabilized low-pressure
ame is one of the preferred test stations to identify and
quantify many intermediates and products of radical–radical
and radical–molecule reactions under controlled reacting ow
conditions.11 For this type of reactor, ame-sampling molecularbeam mass spectrometry (MBMS) is oen used as an analytical
tool employing mainly electron ionization (EI), laser-based
multi-photon ionization, or synchrotron-based single-photon
ionization (PI) as ionization techniques.10–12 Especially PI
measurements have now been recognized as a very precise and
multiplexed tool, because they provide the mass-to-charge ratio
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of the sampled species' ion and the species' ionization energy
simultaneously.13
However, challenges and limitations remain and they
include, for example, the following ones. Dissociative ionization, which can occur when ionizing ame intermediates with
high-energy electrons or photons, might preclude a complete
qualitative and quantitative interpretation of the sampled mass
spectra.10,11 Also, small Franck–Condon overlaps might hamper
an adequate formation and sensitive detection of the corresponding ion.14,15 Furthermore, similar ionization energies and
photoionization eﬃciency curves may prevent isomer-specic
assignments.10,11,14–16 It should be mentioned that this issue,
which becomes especially challenging when the targeted
systems are complex and the possible species numerous, is
currently being addressed by developing isomer-resolving
photoelectron–photoion coincidence techniques.17–19 Not less
importantly, access to synchrotron facilities for PI measurements might be very competitive and limited.
With the aim to overcome these limitations and challenges,
this work explores the applicability of microwave (MW) spectroscopy as an analytical tool for combustion chemistry diagnostics. MW spectroscopy measures the energies of transitions
between rotational states of rotating polar molecules in the gas
phase and has been continuously developed for decades to
become a high-resolution spectroscopic technique in gas-phase
physical chemistry.20–25 As of today, MW spectroscopy presents
the most accurate method for the determination of molecular
structures of polar gas-phase molecules. The highest resolution
in MW spectroscopy is achieved in an experimental setup that
applies the Fourier transform (FT) technique and combines
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a supersonic expansion of species in a molecular jet with
a Fabry–Pérot cavity in a coaxial arrangement of the MW and
molecular jet.24,25 Because of the cooling eﬀect in the supersonic
expansion, rotational temperatures of the order of 10 K are
typically achieved, which result in the depopulation of rotationally excited states and consequently in an increase of the
relative concentrations in the population of lower rotational
states. As such, the strong cooling process allows for the
sensitive detection of transitions between low-lying rotational
states and a simplication of the broadband rotational
spectrum.
For microwave spectroscopy to be suitable for combustion
diagnostics, the challenge is that rotational temperatures of only
300–400 K are typically achieved in the molecular beams of amesampling experiments.15,26 Because of the resulting small population diﬀerences, these temperatures are likely too high to
enable sensitive detection of ame constituents via rotational
spectroscopy. In this explorative work however, we demonstrate
that gases that are sampled from the hot environment (2200 K)
of a model ame can actually be eﬃciently cooled rotationally so
that a sensitive detection of polar ame constituents becomes
possible via high-resolution jet FTMW spectroscopy.

Experimental details
The experiments were performed at the Leibniz-University
Hannover (Germany) using the existing high-resolution
Fourier-transform microwave (FTMW) spectrometer utilizing
the coaxially oriented beam-resonator arrangement (COBRA).27
This spectrometer is well suited for the experiments described
here because it provides high sensitivity and resolution (n/Dn 
106) in the range from 2 to 26.5 GHz in which the pure rotational
transitions of many combustion intermediates are located.
The setup of the microwave spectrometer, which has been
described in detail in the literature,27 has been modied in
order to allow for ame-sampling experiments. The modied
experimental setup is shown schematically in Fig. 1 and the
experimental details are as follows: gases from two diﬀerent
low-pressure ames were sampled via a quartz sampling probe
and transferred into a fast mixing nozzle28 where they were
mixed with Ar and supersonically expanded into high vacuum
along the axis of a Fabry–Pérot resonator. Microwave pulses of
1.0 ms length were used to polarize the sampled gases for
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optimized emission signals. Typical values for the MW power
would be on the order of a fraction of a mW for species exhibiting a dipole moment of several tenth of a Debye. The resulting
free-induction decay (FID) was subsequently digitized in the
time domain and Fourier transformed to the frequency domain.
In the spectra shown below, the molecular signal is represented
as its amplitude spectrum.
The ames used in this exploratory study were a fuel-rich
(f ¼ 1.7) C2H4/O2 ame and a fuel-rich (f ¼ 2.0) dimethyl
ether (DME)/O2 ame. Both ames contained 25% Ar in the
unburnt cold-gas mixture and were stabilized at a reduced
pressure of p ¼ 40 mbar (30 Torr) on a water-cooled homebuilt
burner with a sintered bronze matrix (diameter of d ¼ 65 mm).
The total cold-gas ow rates were 4.0 and 4.1 standard liters per
minute (slm; 273.15 K, 1 bar), respectively.
We have unambiguously identied the intermediates formaldehyde (CH2O), ketene (CH2CO), and acetaldehyde (CH3CHO)
via well-established rotational frequencies. Specically, we used
the 21,1–21,2 transition at 14 488.479 MHz for the detection and
identication of formaldehyde,29 the 10,1–00,0 transition at
20 209.201 MHz for ketene,30 and the 10,1–00,0 transition at
19 262.140 MHz for acetaldehyde.31 Although not further discussed here, the fuel DME was traced using the 20,2–11,1 transition in the torsional ground states at 9118.816 MHz.32
To probe the signal intensity as function of sampling position, i.e. diﬀerent ame temperatures, the horizontally mounted burner assembly was moved towards or away from the
quartz probe using a high-precision stepper motor. In order to
verify the applicability of microwave spectroscopy to deliver
quantitative information, the acquired data was then compared
with mole fraction proles obtained from accompanying amesampling molecular-beam mass spectrometry experiments
using the instrument at Bielefeld University and analysis
procedures described in ref. 33.
The ame temperatures at 20 mm away from the burner
surface were determined to be (2264  50) K and (2528  50) K
for the DME and ethylene ame, respectively, using planar laser
induced uorescence measurement of the OH rational
temperature.34 The entire temperature proles were subsequently obtained from the sampling function and the rst-stage
pressure in the mass spectrometry experiments aer calibrating
the post-ame temperature at 20 mm with the results of the
laser measurements.35

Results and discussion

Fig. 1 Schematic representation of the experimental setup. Gases
from the low-pressure ﬂames were sampled through a quartz probe
and coupled into a fast mixing nozzle forming a molecular jet.
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In this work, we demonstrate that gases that are sampled from
the hot environment (2200 K) of a model ame can be eﬃciently cooled rotationally so that a sensitive detection of polar
ame constituents becomes possible via high-resolution jet
FTMW spectroscopy. Examples of rotational transitions of
ame-sampled formaldehyde (CH2O), ketene (CH2CO), and
acetaldehyde (CH3CHO) are shown in Fig. 2. For these spectra,
formaldehyde and ketene were sampled from an ethylene ame
at a height above the burner (HAB) of 1.25 and 0.95 mm,
respectively, and the acetaldehyde intermediate was sampled
from a ame fueled by DME at a HAB of 0.95 mm. The HAB
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Fig. 2 Rotational spectra of oxygenated intermediates after sampling
from the ethylene and DME ﬂame. HAB (height above burner) refers to
the sampling position. (a) The 21,1–21,2 rotational transition of formaldehyde sampled from the ethylene ﬂame at HAB ¼ 1.25 mm. (b) The
10,1–00,0 rotational transition of ketene sampled from the ethylene
ﬂame at HAB ¼ 0.95 mm. (c) The 10,1–00,0 rotational transition of
acetaldehyde in the DME ﬂame at 0.95 mm above the burner surface.
Vertical lines indicate the reference frequencies from literature for
these transitions.30–32
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values have been adjusted by 0.25 mm as described below in
order to match the accompanying mass spectrometry experiments. As indicated by the vertical lines in Fig. 2, the amesampled spectra are in excellent agreement with the expected
spectral positions.
In the spectra, the resonance frequencies appear as
a Doppler doublet because of the coaxial orientation of the jet
and the propagation direction of the electromagnetic eld.
Hyperne splittings were observed in the spectra of formaldehyde due to 1H nuclear–spin nuclear–spin interactions.36,37 Such
hyperne eﬀects and other splittings in the rotational transitions, for example caused by nuclear quadrupole eﬀects,
internal rotation, or spin rotation interactions, can in general be
used to unambiguously identify chemical compounds.
Especially with the advent of chirp FTMW spectroscopy,20,38
several eﬀorts have been undertaken to establish rotational
spectroscopy as an analytical tool to quantitatively probe
chemical dynamics and kinetics.39–42 For MW spectroscopy to be
applicable for quantitative combustion diagnostics it would be
preferable if the temperature of the sampled gases does not
inuence the rotational temperature in the molecular jet, thus
resulting in the same population diﬀerences and hence in the
same nominal signal intensities. It should be kept in mind
however, that the signal intensity in the MW spectra will depend
on the ame temperature because of the temperaturedependent sampling rate through the quartz probe as
described below.
It is shown next, that the same population diﬀerences can be
achieved and that signal intensity from the MW spectra can
easily be compared to mole fraction proles. For this, we rst
followed the intensity of the rotational transitions of CH2O,
CH2CO, and CH3CHO as gas samples were drawn from diﬀerent
positions (i.e., temperatures) in the ames. Exemplary results
are shown in Fig. 3 for the 21,1–21,2 rotational transition of CH2O
following sampling from the DME ame between 1085 and
2168 K (3.75–5.25 mm HAB). Although it is obvious from Fig. 3
that the signal intensity weakens when sampling further away
from the burner surface, i.e., at higher temperatures, it is shown
in the second step that this eﬀect is unrelated to the eﬃciency of
the cooling process in the supersonic jet and instead, can be
traced back to the mole fraction prole and sampling rate
through the quartz probe.
According to well-established relationships for amesampling experiments, the signal (Si) is proportional to the
mole fraction of the sampled species xi and a sampling function
pﬃﬃﬃﬃ
FKT that is proportional to 1= T with T being the ame
temperature at the sampling position:33,35
pﬃﬃﬃﬃ
(1)
Si  xi  FKT  xi  1 T
or
xi  Si 

pﬃﬃﬃﬃ
T

(2)

Following this procedure, we assembled the data to provide
intensity proles as function of height above the burner surface
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Fig. 3 Signal intensity of the 21,1–21,2 rotational transition of CH2O as
function of diﬀerent sampling positions, i.e., temperatures, of the
gases sampled.

and compared the results with quantitative measurements from
accompanying (but independent) ame-sampling molecularbeam mass spectrometry experiments. Aer correcting for the
diﬀerent temperatures at the various sampling positions
according to eqn (2), jet FTMW and MBMS experiments
compare quite favorable as shown in Fig. 4 for the proles of
formaldehyde and acetaldehyde in the DME and ethylene
ames. As mentioned above, we have moved the FTMW proles
0.25 mm further away from the burner surface to achieve this
agreement. This shi is well within the combined measurement
uncertainty of the zero-point determinations in both
experiments.
The uncertainty of quantitative ame-sampling experiments
followed by mass spectrometry and the issues arising from
comparing ame data obtained from diﬀerent experiments setups have been addressed in ref. 10 and typically mole fraction
proles for intermediate species are determined to be accurate
within a factor of two. These uncertainties for the EI-MBMS
experiments are shown as grey bands in Fig. 4. For a meaningful comparison of the proles in Fig. 4, pulse-to-pulse uctuations in the MW spectroscopy experiments have to be
considered. The reproducibility of the sample from the fast
mixing nozzle may be the biggest factor but also the quality of
the resonator, i.e. the mirror position may change during a socalled burner scan. Given these factors and the averaging time,

37870 | RSC Adv., 2017, 7, 37867–37872

Paper

we assume the signal intensity in the current experiments to be
repeatable within 20%. These uncertainties are also included in
Fig. 4. With this in mind, the agreement between the EI-MBMS
and FTMW proles can be considered very good, and it shows
rst that the rotational temperature in the molecular jet beam is
indeed independent of the ame temperature at the sampling
position and therefore the data can be converted into concentration proles as function of height above the burner. And
secondly, this agreement also implies a linear relationship
between concentration and signal intensity.
We do not provide quantitative mole fraction proles in this
explorative study; however, the ultimate goal should be to
perform quantitative experiments that can be used to provide
validation targets for model purposes. With peak mole fractions
of 2.3  102 (DME ame) and 4.1  103 (ethylene ame)
determined for CH2O and 1.8  104 (DME ame) and 5.6  104
(ethylene ame) for CH3CHO from the EI-MBMS measurements,
we estimate the detection limit of the current experimental setup
to be of the order of 50 ppm, based on formaldehyde's dipole
moment of 2.3 D. As a perspective, it should be kept in mind that
the signal is linearly dependent on the molecule's dipole moment
and consequently, larger detection limits (lower sensitivities) can
be expected for molecules that have a weaker dipole moment. For
this reason, the current work only focuses on oxygenated species
(CH2O, CH2CO, and CH3CHO), because these species exhibit
larger dipole moments compared to hydrocarbon intermediates
from combustion processes.
A determination of the rotational temperature in the
molecular jet was not possible, because in this explorative work
we only traced low-mass molecules and only a few transitions
were thus accessible given the frequency range of the existing
MW spectrometer. The rotational temperature in the molecular
jet is expected to be similar to other molecular jet experiments,
i.e., of the order of #10 K. This estimate is based on the gas
temperature before the expansion of 350–400 K as determined
from the Doppler splittings and earlier measurements in amesampling experiments.26 Under these conditions, the expansion
cooling should be comparable to complementary DC discharge
and laser ablation experiments, in which routinely these low
rotational temperatures are achieved.43,44 The fact that the
sampled molecules before the molecular jet expansion are
equilibrated at temperatures below 400 K also suggests that
large populations of vibrationally excited states are not expected
in the molecular jet, especially considering the low-mass
molecules monitored in this study.
The achievement of such eﬃcient cooling of the rotational
temperature opens new avenues for combustion chemistry
research and for FTMW spectroscopy to be developed into
a broadly applicable diagnostic tool not just for general gasphase physical chemistry problems39–42 but also for ame diagnostics, despite the high ame temperatures. Nevertheless, it
should be kept in mind that protocols for quantitative applications still need to be developed for MW spectroscopy to be widely
applicable to combustion systems. It is worth mentioning that
Patterson and Doyle have used a He cell to cool molecules from
a high ux room temperature beam to 8 K;45 a technique that
might be useful for combustion research as well.
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Fig. 4 Comparison of temperature-corrected signal intensity proﬁles of the 21,1–21,2 rotational transition of CH2O and 10,1–00,0 of CH3CHO in the DME
and ethylene ﬂame with independent EI-MBMS measurements performed at Bielefeld University. Closed symbols are jet FTMW data, open symbols
represent EI-MBMS data. Uncertainties of the EI-MBMS experiments are visualized as grey bands, uncertainties of the FTMW data are indicated as error bars.

Conclusions
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