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Abstract
Premixed low-pressure tetrahydrofuran/oxygen/argon flames are investigated by photoionization molecular-beam mass spectrometry using vacuum-ultraviolet synchrotron radiation. For two equivalence ratios (=1.00 and =1.75), mole fractions as a function of distance from the burner are measured for almost 60 intermediates with molar masses ranging from 2 (H2) to 88 (C4H6O2), providing a broad database for flame modeling studies. The isomeric composition is resolved by comparisons between experimental photoionization efficiency data and theoretical simulations, based on calculated ionization energies and Franck−Condon factors. Special emphasis is put on the resolution of the first reaction steps in the fuel-destruction. The photoionization experiments are complemented with electron-ionization molecular beam mass spectrometry measurements that provide data with high mass resolution. For three additional flames with intermediate equivalence ratios (=1.20, 1.40 and ), mole fractions of major species and photoionization efficiency spectra of intermediate species are reported and extend the database for the development of chemical kinetic models.

Introduction
In recent years, tightened regulations for emissions from internal combustion engines have stimulated a pronounced interest in non-conventional oxygenated fuels. Ethers, like dimethyl ether (DME), methyl-t-butyl ether (MTBE), ethyl-t-butyl ether (ETBE) and other representatives of this chemical class are used as anti-knock agents, octane boosters or ignition improvers, and their oxidation chemistry has been studied intensively, e.g. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. Recent work on DME was featured in a review by Kohse-Höinghaus et al. [11].  The production of liquid fuels from renewable sources, like biomass, could help balance the emission of carbon dioxide, a major greenhouse gas, and diminish the dependency on fossil fuel resources.  Biomass contains a variety of substituted five- and six-membered cyclic ethers and strategies are being developed to transform biomass into suitable transportation fuels or fuel additives that retain these structures. For example, in reference [12], the authors report the conversion of fructose to dimethylfuran, and in reference [13], a way to produce-methyltetrahydrofuran from cellulosic biomass is described.
In addition, combustion chemistry studies of cyclic ethers are interesting because these compounds are formed during the autoignition of alkanes and alkenes by isomerisation of alkylhydroperoxide radicals [14, 15]. These ethers influence the ignition properties of the hydrocarbon fuels. 
Tetrahydrofuran (THF) is well suited as a model fuel to learn more about the combustion chemistry of cyclic ethers. The oxidation and ignition of THF have been studied previously by Dagaut et al. in shock tubes and jet-stirred reactors [16]. On the basis of these experimental data a chemical reaction mechanism was developed. Two older studies focus on the gas-phase oxidation at low temperatures [17] and the pyrolysis of THF behind reflected shock waves [18]. The THF measurements of Lifshitz et al. were part of a series of measurements targeting thermal reactions of cyclic ether molecules such as furan, 2,3-dihydrofuran, 2,5-dihydrofuran, 2,5-dimethylfuran, 2,3-dihydrobenzofuran, and  2,3-dimethylfuran [19, 20, 21, 22, 23, 24]. Furan, 2,3-dihydrofuran, and 2,5-dihydrofuran are prominent intermediates in the THF flames reported here. 
At nearly 1000 K, the thermal reactions of the cyclic intermediates generated from THF combustion typically involve ring cleavage into propene, ethylene or acetylene, and an oxygenated intermediate that further reacts to form carbon monoxide. Similar reactions can be anticipated for THF itself, and the product distribution found by Lifshitz et al. aids the identification of trace species in the THF flames. An additional study on the oxidation of THF was reported by Molera et al. [17] who identified -butyrolactone as a stable indicator compound for the oxidation of THF via hydroperoxide intermediates at room temperature. Kyryacos [25] detected products of THF oxidation in a cool flame with a gas-chromatographic approach.
Mole-fraction profiles from laminar flames provide a stringent test for reaction models, but to our knowledge laminar flame data on THF combustion have not been published prior to this study. However, laminar flame data for furan flames have been reported in [26] and a model for furan combustion has been developed. Hydrogen abstraction plays an important role in fuel destruction as can be expected. In the furan flames, hydrogen addition to the π-bond and subsequent -scission of the radical intermediates were found to contribute to the fuel destruction as well. This finding is in agreement with the theoretical work of Mousavipour [27], Zhang [28] and Aschmann [29] who showed that radical addition to the furan ring preceded the ring opening in the reaction of OH radicals with furan, 3-methylfuran and 2,5-dimethylfuran, respectively. Similar reactions can be expected in the THF flames because THF forms intermediates with intact ring structures and a lower degree of saturation than the fuel itself.
The furan reaction model [26] includes reactions which form THF from furan through stepwise hydrogen addition. Consequently, the reported THF data sets obtained in this work are an extension of the already existing data base on cyclic ethers and are intended to help develop and validate models for saturated cyclic ethers.
In this study, the chemical structure of various burner-stabilized flat flames is studied by flame-sampling molecular-beam mass spectrometry (MBMS). Flame species are ionized by VUV light from a synchrotron source in a single-photon process. The high energy resolution and precise tunability of the radiation enable the detection of individual isomers. High-level ab-initio calculations of ionization energies and heats of formation of various C4H7O and C4H2O compounds guide the species identification through ionization thresholds and photoionization efficiency curves.
The photoionization measurements are complemented by measurements with high mass resolution on a flame-sampling MBMS system with electron ionization. The combination of data sets with high energy resolution on the one hand and high mass resolution on the other hand minimizes ambiguities in species assignment and quantitative data analysis which are caused by closely overlapping ionization energies and molecular masses, respectively. Details of these techniques are described in the following sections.







Experimental Methods
Detailed descriptions of the experimental set-up and data reduction strategies for both instruments can be found e.g. in [30, 31, 32, 33, 34]. In brief, THF/O2/Ar flat flames are stabilized on a 6 cm diameter matrix burner. The stoichiometries and flow conditions of the flames are summarized in Table 1.  The flame is sampled through an orifice in a quartz cone. A rapid reduction in pressure impedes further reactions in the gas sample and results in the formation of a molecular beam. The beam is skimmed and crosses the VUV-photon beam (or electron beam) in the ionization volume of a time-of-flight mass spectrometer (ToF-MS). Following a two-stage ion extraction, the ions are separated in the flight tube and detected with a multichannel plate. A multichannel-scaler records the ToF mass spectra. The mass resolution of the instrument is m/m ≈ 500 for the linear ToF used in conjunction with photoionization and m/m ≈ 4000 for the reflectron-ToF employed with electron ionization. Spatial profiles can be obtained by changing the distance between the sampling cone and the burner (burner scan).  A scan of the photon energy (energy scan) at a fixed burner position results in photoionization efficiency curves (PIE curves). In these measurements the energy resolution can be as good as E/E ≈ 400. The electrons have a kinetic energy distribution with FWHM = 1eV and energy scans performed with electron ionization are not used in the data analysis of the THF flames.
Flame temperatures are measured with OH laser induced fluorescence for flames 1 and 5. The system has been described in (McIlroy2000) and (Hansen2009C3H4). Briefly, the visible output of a dye laser (Sirah Precision-Scan) is frequency-doubled at 50 Hz to produce light of 306 nm, which is required to excite the OH A–X (0, 0) transition. The laser beam is focused into the center of the unperturbed flat flame. The laser intensity is reduced to avoid saturation of any of the observed transitions. The total fluorescence is monitored with a solar-blind photomultiplier tube with its gain set to produce a linear response over the expected range of signals. The accuracy of the measurements is estimated to be ±100 K in the postflame and reaction zone. Low OH concentrations preclude measurements in the preheat zone.

	flame
number
	C/O ratio
	
	Ar flow
	fuel flow
	O2 flow
	total molar flow
	total mass flow
	pressure
	position of energy scan

	
	 
	
	[slm]
	[slm]
	[slm]
	[mol*min-1*cm-2]
	[g*s-1*m-2]
	[Pa]
	[mm]

	1
	0.33
	1.00
	1.00
	0.46
	2.54
	0.0063
	0.00406
	2000
	0.5

	2
	0.39
	1.20
	1.00
	0.54
	2.46
	0.0063
	0.00414
	2000
	1.5

	3
	0.45
	1.40
	1.00
	0.61
	2.39
	0.0063
	0.00422
	2000
	1.5

	4
	0.51
	1.60
	1.00
	0.68
	2.32
	0.0063
	0.00429
	3333
	1.5

	5
	0.55
	1.75
	1.00
	0.72
	2.28
	0.0063
	0.00434
	3333
	1.0, 3.0


[bookmark: _Ref289777695]Table 1: Flame conditions and positions of energy scans in the 5 THF flames investigated in this work.

Experimental Strategy and Error Discussion

For the THF flames with =1.00 and =1.75, burner scans with VUV-photoionization MBMS are performed at the following photon energies: 9.35 eV, 9.80 eV, 10.60 eV, 11.50 eV, 12.30 eV, 13.02 eV, 14.35 eV, and 16.70 eV; only in one case, 13.20 eV are used instead of 13.02 eV for the =1.75 flame. The energy resolution of the photon beam depends on the beam line monochromator and the full-width-at-half-maximum of the energy spread was smaller than 0.1 eV for all measurements. In addition, electron ionization (EI) measurements are performed at nominal 14.0 and 17.0 eV on a different MBMS instrument for these two flames. The EI-MBMS measurements are not calibrated independently but instead are scaled to the respective photoionization profiles. Details of the scaling procedures are described throughout the text. Data reduction yields major species mole fractions and intermediate mole fractions with isomer resolution.
For flames 1-5, a burner scan at 16.70 eV is measured and used to obtain the major species mole fraction profiles. In addition, an energy scan at the position corresponding to 70-80% fuel consumption is performed in each flame (see Table 1). In this way, changes in isomer composition can be observed as a function of stoichiometry while conserving resources. In the data analysis of flames 1 and 5, the energy scans are used to approximate the signal strength of species for which the signals cannot be resolved due to the choice of photon energies for the burner scans, i.e. the isomers 2,3-dihydrofuran and 2,5-dihydrofuran cannot be separated because their ionization energies are both lower than 9.35 eV – the lowest energy for which a complete burner scan is performed.
The interplay of the different measurements is illustrated for the example of the flame species with m/z=58: 
· The energy scans suggest the presence of allyl alcohol, propanal, and ethandial. Acetone is excluded from the data reduction because the PIE curves can be fitted by the PIE curves of the pure substances without the inclusion of the PIE curve of acetone, as can be seen in Figure 1 a). The conclusion that acetone is not present in significant amounts is supported by the fact that at photon energies below the onset of propanal ionization the signal ratio of the signals at m/z=57 and m/z=58 corresponds to the ratio of the partial ionization cross sections (xs) of the allyl alcohol parent ion and the fragment ion at m/z=57, e.g. S(57)/S(58)=xs(57)/xs(58). 
· The EI-MBMS data confirm the presence of butane Figure 1 b) in addition to the C3H6O isomers and C2H2O2. In the photoionization data, the presence of butane is hard to verify because its ionization energy is larger the ionization energy of ethandial. In addition, the photoionization efficiency curve of ethandial is unknown, causing a deconvolution of signals to be very imprecise.
·  In the quantitative data analysis, the mole fraction profile of allyl alcohol is obtained from the m/z=57 signal in the burner scan at 10.60 eV because the signal to-noise-ratio is better than for the m/z=58 signal in the burner scan at 9.80 eV. Allyl alcohol’s ionization energy is 9.70 eV and the ionization cross section is small at 9.80 eV (0.75 Mb) [35]. 
· After subtraction of the contributions of allyl alcohol to the signal at m/z=58 in the burner scan at 10.60 eV, the remaining signal is used to determine the mole fraction profile of propanal. 
· Ethandial’s contributions are neglected because the EI-MBMS signal of C2H2O2 is more than 20 times smaller than the signal of C3H6O.  
· The combined contributions of allyl alcohol and propanal are subtracted from the signal in the burner scan at 11.5 eV to provide the signal of butane. No attempt is made to separate contributions from n- and iso-butane; the signal is converted to mole fractions using the n-butane ionization cross section, which is actually very similar to the iso-butane cross section [35].
The procedure works very well for the fuel-rich flame. In the stoichiometric flame, an estimated contribution of ethandial (~50%) has to be subtracted from the signal at 11.5 eV. The profile shapes of the electron ionization and the photoionization measurements are compared by scaling the EI-MBMS profiles to the profiles of butane, propanal and allyl alcohol profiles Figure 1 c). The photoionization profiles are shifted by 0.75 mm to larger distances from the burner. The discrepancy in profile position has been observed before and can be explained by the accumulated errors in the determination of the origin in both instruments and instrument-dependent differences in heat transfer to the burner [31].The ethandial mole fraction profile is obtained by quantifying the C2H2O2 EI-MBMS signal with the same scaling factor that is used for the C3H6O profile. This procedure assumes similar electron ionization cross sections for ethandial and propanal. However, neither cross section has been measured at electron energies close to the ionization threshold.
As can be seen from the example, error sources for an individual mole-fraction profile include the confidence with which the presence or absence of a species can be confirmed, the availability and the total number of cross sections needed in the conversion of signal intensities to mole fractions, errors in the respective cross section measurements, and the degree to which signal overlaps can be resolved, either via mass resolution or via selective ionization. Measurement uncertainties and differences in signal-to-noise ratios contribute further to the error of the mole fraction profiles. In the example discussed here, the uncertainties are estimated as follows: allyl alcohol 30% (good S/N, one known ionization cross section, overlaps resolved via photoionization); propanal 40% (good S/N, three known ionization cross sections, unresolved overlap with ethandial has little impact); butane 50% (good S/N, five known ionization cross sections, overlaps resolved via photoionization and mass resolution) in flame 5 and larger in flame 1 because an estimated ethandial contribution had to be included in the data analysis; and for ethandial a factor of 2-4 (poor S/N, unknown ionization cross section, overlap resolved via mass resolution). In general, errors become larger with increasing molecular weight because typically more isomers contribute to a signal.  Errors increase for low mole fractions because the signal-to-noise ratios decrease. The data reported here are roughly grouped into three confidence levels which are indicated by “+” (better than 40%), “+/-“ (better than 50%), and “-“ (worse than 50%). The error of the major species profiles is approximately 20%. 
Temperature profiles can be derived from the mass spectrometric data as described in [36] by calibrating a temperature-dependent instrument function to a measured or estimated exhaust gas temperature. Errors associated with this procedure have been extensively discussed in [36] and are of the same order as errors of temperatures in the preheat zone measured by OH-LIF. For flame 1 and 5, temperatures derived from the mass spectrometric data are calibrated to the measured post-flame temperatures, while for flames 2 to 4, an estimated post-flame temperature of 2000 K is assumed. Generally, the adiabatic flame temperatures are expected to decrease with the increasing stoichiometry for fuel-rich flames. However, heat transfer to the burner, sampling probe, and probe holder as well as different flame pressures disturb the expected order in the temperature profiles and lead to similar exhaust gas temperatures for the two “extreme” flame conditions of flame 1 and 5. Similar effects have been observed previously [37]. It seems reasonable to assume a similar exhaust temperature for flames 2 to 4 as for flames 1 and 5. All temperature profiles are shown in Figure 2.
The comparison between EI-MBMS and PI-MBMS data shows that the profiles can be matched by simple shifting of the PI-MBMS profiles a constant distance away from the burner. When comparing the experimental data (EI-MBMS and PI-MBMS) to a model, even the experimental temperature profile will not account for all heat losses to the environment of the flame because the flame temperatures are typically measured without the presence of the sampling probe. Consequently, matching experimental and calculated profiles by shifting them seems justified within reasonable bounds. Based on uncertainties and typical shifts observed for other flames, these bounds are estimated to be 1-3 mm for the data sets reported here. 
Computational method and error discussion
For some of the molecules observed in the THF flames, photoionization cross sections, photoionization efficiency curves, or even ionization energies have not been measured. To identify these species, quantum chemical calculations are performed to calculate the ionization energies and Franck-Condon factors. In particular, a dual level approach is used where QCISD(T) energies are extrapolated to the complete basis set (CBS) limit at geometries obtained using B3LYP/6-311++g(d,p) density functional theory. The accuracy of this approach was previously shown to be excellent [38, 39], with typical errors less than 0.05 eV. The CBS extrapolations in the present work are based on Dunning's double- and triple-zeta basis sets, whereas triple- and quadruple-zeta basis set calculations are used in [38] and [39]; the present results may therefore be assigned somewhat larger uncertainties of 0.05-0.1 eV. Molecular species are assumed to have singlet neutral electronic states and doublet cation electronic states. Radicals are assumed to have doublet neutral electronic states and (typically) singlet cation electronic states, with triplet cations considered for some species. Several conformers are considered when optimizing the structure of the neutral for each species, with results for the lowest-energy conformation reported. The differences in the ionization energies predicted for different low-lying conformers are typically much smaller than the 0.05–0.10 eV uncertainty discussed above. The vertical ionization energy is calculated at the geometry of the neutral, and no zero point energy corrections are applied. The adiabatic ionization energy is calculated at optimized neutral and cation geometries and includes zero-point energy corrections for both the neutral and the cation. The cations for some species optimize to structurally different species; for these species, vertical ionization energies are reported and the structure of the optimized cation is noted. For some species, the QCISD(T) calculations are determined to be unreliable and are not reported due to significant multireference contamination, as indicated by Q1 diagnostics [40] greater than 0.1.
Franck Condon factors are calculated with a program developed by Winter, Zwier, and Lehmann [41]. The resulting Franck-Condon factors, including hot bands arising from thermal population at the assumed temperature, are integrated and convolved with a Gaussian response function corresponding to the measured experimental photon energy resolution of approximately 40 meV (fwhm).








Results
Major species 
Mole fractions of the major species including tetrahydrofuran, oxygen, argon, hydrogen, water, carbon monoxide and carbon dioxide are displayed in Figure 3.
With increasing equivalence ratio the position at which the fuel has been consumed completely shifts to larger distances or heights above the burner (HAB).  In addition, the ratio of carbon monoxide to carbon dioxide in the exhaust gas increases, and more hydrogen is formed and persists into the post-flame. As noted by Tian et al. [26] for furan flames, the water mole fraction is not affected drastically by equivalence ratio. However, the water and hydrogen mole fractions reach higher levels in all THF flames than those in the furan flames, e.g. THF: x(H2O)=0.35 – 0.25 and furan: x(H2O)~0.15, reflecting the higher degree of saturation and higher abundance of hydrogen atoms in the THF flames. Flame conditions and flame temperatures are different in the two studies. Nevertheless, ratios of hydrogen to water and carbon monoxide to carbon dioxide ratios are similar for the two fuels at corresponding stoichiometries.

Fuel destruction pathways
First reaction steps
In laminar flat flames of saturated compounds, the important initial step in the destruction of the fuel is usually hydrogen abstraction.  For THF, the abstracted H can be at the - or -carbon atom (relative to the O atom), so that two different C4H7O radicals may be formed initially. Including only hydrogen abstraction and -scission pathways the fuel destruction can be rationalized with the scheme shown in Figure 4. Typically, it is very difficult to observe the radicals formed from the fuel by hydrogen abstraction in MBMS measurements because these species are consumed so fast that their concentrations are below the detection limit. The observation is also complicated by the possibilities that the radicals can stabilize by hydrogen addition or abstraction during the sampling process or that the signal may be obscured by the signal of very prominent fragment ions (parent-1H). However, in the THF flames presented here, signal at m/z=71 remains after the fragmentation correction. The PIE curves at all equivalence ratios are shown in Figure 5. At photon energies above 10.05 eV the signal is clearly dominated by the appearance of the THF fragment ion with m/z=71 (parent-1H). Signal at photon energies below the appearance energy can be interpreted as originating from C4H7O radicals or from a THF hot-band. Hot-bands have not been observed frequently in MBMS experiments because the internal degrees of freedom of the molecules in the molecular beam are cooled. For benzene, rotational temperatures between 300 and 450 K were observed in the ionization volume of the mass spectrometer after sampling the flame at temperatures up to 2000 K [42].  In the stoichiometric flame, a distinct mole fraction profile can be observed for the residual signal at m/z=71 (see Figure 5 c). The shape of the profile differs markedly from the fuel profile. In the fuel-rich flame signal-to-noise is poor after applying the fragmentation correction to the signal at m/z=71, so that no burner profile can be reported under these flame conditions.
The PIE curves at all stoichiometries are averaged to estimate an observed threshold of 9.25 ± 0.1 eV. The calculated ionization energies of the radicals are 6.18 eV for the -C4H7O radical and 7.65 eV for the -C4H7O radical with the smallest multiplicity. For the triplet-states the ionization energies are 10.40 eV and 9.58 eV, respectively. Since none of the values is in agreement with the observed threshold, the ionization energies of radicals which can be formed by scission of a ring bond in the - or -C4H7O are calculated as well. The calculated ionization energies are summarized in Table 2. 

[bookmark: _Ref299728524]Table 2: Calculated ionization energies for selected radical species with m/z=71. x: Q1-diagnostic >0.1, a: The cation optimizes to CH3CHOCHCH2, b: The cation optimizes to CH2(CH3)CHCO.  Relative enthalpies at 0K are reported as a measure of the stability of the radicals; the enthalpies are referenced to the -C4H7O radical.
	
	Multiplicity of the cation
	IE adiabatic 
[eV]
	IE vertical 
[eV]
	H(0K)
[eV]

	- C4H7O
	1
	6.18
	6.82
	0.00

	
	3
	10.40
	11.07
	

	- C4H7O
	1
	7.65
	7.95
	0.19

	
	3
	9.58
	9.90
	

	OCHCH2CH2CH2•
	1
	7.94
	8.59
	0.12

	CH2CHCH2CH2O•
	1
	x
	x
	0.95

	CH2CHCH2OCH2•
	1
	6.73
	7.40
	0.98

	CH2CHOCH2CH2•
	1
	a
	9.16
	1.00

	OCHC•HCH2CH3
	1
	b
	9.15
	–0.26

	
	3
	9.75
	9.85
	

	OCHCH2C•HCH3
	1
	7.59
	8.00
	0.12

	
	3
	9.71
	10.06
	



No sufficiently good match of ionization energy and observed threshold can be identified for any of these species. The cations of CH2CHOCH2CH2• and OCHC•HCH2CH3 are not stable in the calculations and instead the ionized structures rearrange in the structural optimization. It can be argued that consequently the Franck-Condon overlap is small and the transition is below the S/N limit of the current measurements. The vertical ionization energies of both radicals are within the estimated error limits of the experimentally determined threshold and could explain the observed feature at uncharacteristically large ionization energies for a radical species. Both structures would most likely be formed from the -C4H7O radical. Table 2 lists relative enthalpies for the species under consideration. The point of reference is the -C4H7O radical. Only OCHC•HCH2CH3 is more stable than the -C4H7O radical. In combination with the calculated vertical threshold, a tentative interpretation of the observed signal as originating from OCHC•HCH2CH3 seems justified. However, numerous other structures could be formed by isomerization and hydrogen transfer reactions, so a definite assignment of the observed threshold is not pursued.
Dehydrogenation of the initial cyclic radicals results in the formation of 2,3-dihydrofuran and 2,5-dihydrofuran. In addition, open-chain species can be expected which can be formed either by dehydrogenation of open-chain C4H7O radicals or by isomerization of the dihydrofuran isomers. From the work of Lifshitz et al., it is known that 2,3-dihydrofuran isomerizes to cyclopropanecarboxaldehyde and subsequently to 2-butenal (crotonaldehyde) [19, 43] because the energy barrier of the reaction via the 3-membered ring is 4.5 kcal/mol lower than the direct isomerization of 2,3-dihydrofuran to 2-butenal. These authors found experimentally that around 1000K, the equilibrium of the reaction is shifted towards the 3-membered ring structure. In contrast to the 2,3-dihydrofuran, the 2,5-dihydrofuran did not isomerize under similar conditions in the shock-tube experiments of Lifshitz et al. [20]. The major reaction that occurred in the shock-tube experiments was dehydrogenation of 2,5-dihydrofuran to yield furan and hydrogen. This reaction did not occur in the experiments with 2,3-dihydrofuran because of less favorable transition states for the reaction [44]. In the flame experiments presented here, concentrations of H, OH, and O radicals can be expected to be high, so that both isomerization and dehydrogenation reactions can be facilitated by radical attack. The isomer distribution at m/z=70 indicates how much isomerization occurs and needs to be taken into account in chemical kinetic modeling. Figure 6 a) shows the PIE curves at m/z=70. The convolution of the signals of several individual isomers and the overlap of oxygenated and pure hydrocarbon species results in very smooth PIE curves with few distinctive features and no obvious thresholds. To obtain the isomer distribution, the cross section (xs) curves of 2,3-dihydrofuran, 2,5-dihydrofuran, 1-pentene and crotonaldehyde are fitted to the flame-sampled PIE curve in a least-squares optimization. 2-Pentene is omitted from the procedure because the quality of the fitted overlap curve, as estimated from the R², does not improve when it is included. Also, the EI-MBMS signal intensities show that the oxygenated species are approximately 10 times more prominent than the C5H10 isomers. Similarly, inclusion of a recently measured cross section curve of methyl vinylketone [35] does not improve the fits. While exclusion of both species seems reasonable, it is not compelling because the assignment is based on probabilities and statistical errors rather than unambiguously identifiable features of the data. Sampling with higher energy resolution or adding an additional dimension to the species assignment (e.g. simultaneous high mass resolution and selective ionization, MS-MS-experiments) would be two ways to overcome these limitations and push the limits of current state-of-the-art instrumentation.
At the positions of the energy scans the flame temperatures are very similar and are less than 1000 K in all flames, as shown in Figure 6 b). The contribution of an isomer to the total number of molecules at m/z=70 is not very sensitive to the equivalence ratio as can be seen from Figure 6 a) and b). One possible explanation could be that the isomer distribution is mostly governed by the flame temperature and that at a similar point in the fuel consumption process, reaction pathways are similar. The small sensitivity to equivalence ratio could also mean that the observed isomer distribution is determined by the sampling process. However, the temperature at HAB=3 mm in flame 5 is about 350 K higher and the isomer abundances are significantly different: 52% 2,3-dihydrofuran, 28% 1-pentene, and 21% crotonaldehyde. 2,5-dihydrofuran can no longer be observed. The detection of changed isomer abundances rules out distortion of the isomer distribution by the sampling process. The PIE curve of cyclopropane carboxaldehyde (ionization energy=9.84 eV [45]) is unknown. Given the complicated convolution of signals at m/z=70, its presence in the THF flames can neither be confirmed nor excluded based on the flame-sampled PIE curves.
Figure 7 shows the burner profiles of the flame species in flames 1 and 5 that are calculated with the most probable species assignment. The selection of ionization energies in the burner scans precludes the separation of the 2,3-dihydrofuran and 2,5-dihydrofuran profiles, and it was assumed that the isomers have the same abundance at all positions in the flame as in the energy scan. 
In contrast to the complicated species mix with m/z=70, the PIE curve at m/z=68 is dominated by furan signals as shown in Figure 8 a). In addition, the EI-MBMS measurements confirm the presence of a hydrocarbon species. At the positions of the energy scans, the contributions of C5H8 to the PIE curves are close to the detection limit. 
Furan and cyclopentene cannot be separated in the burner scans because the ionization energies of both species fall between the two lowest photon energies for which burner scans are performed. In the stoichiometric flame, all signal in the burner scan at 9.35 eV is assumed to be furan. Additional signal in the scan at 9.80 eV is interpreted as signal of 1,4-pentadiene. In the burner scans in the fuel-rich flame 5, the raw data at m/z=68 show apparent double peaks in the scans at 9.35 eV and 9.80 eV (Figure 8 b)). The intensity of the second peak scales with the change in furan cross section. Because the photoionization cross sections of cyclopentene and furan have approximately the same magnitude at 9.80 eV (10.10 Mb and 9.95 Mb, respectively), the contribution of each species to the signal (a, b) can be estimated from:
  with   and a, b >0.
Under the assumption that the cyclopentene profile has the typical triangle shape of an intermediate with a maximum at HAB=2mm, only one pair of values for a and b satisfies the equation above. The resulting contributions of cyclopentene to the signal intensity are 62% at the maximum at HAB=2mm and 16% at the second maximum at HAB=3mm. In addition, the contribution of cyclopentene to the signal at HAB=1.0 mm is known to be 0% and at HAB=3.0 mm approximately 16% from the respective energy scans. The approximated raw data peak of cyclopentene is shown in Figure 8 b). The mole fraction profiles for flames 1 and 5 are shown in Figure 9 a). The 1,4-pentadiene profile is obtained from the scan at 9.8 eV. The errors of the profiles are estimated to be large for flame 5. Figure 9 b) shows a comparison of the PI-MBMS mole fraction profiles to the scaled EI-MBMS profiles of C4H4O and C5H8. To adjust the intensity scale the EI-MBMS profiles are matched to the maximum of the furan profile. The same conversion factor is used for all four EI-MBMS profiles at m/z=68 shown in Figure 9 b). The comparison suggests that the peak shape of the furan profile is captured reasonably well in the photoionization measurements despite the overlap with the cyclopentene profile. The match between the C5H8 and cyclopentene profiles is poor in both flames. One explanation could be that in addition to the three species discussed above, another species contributes to the signal at m/z=68. The flame-sampled PIE curves in Figure 8 a) start to deviate around 9.5 eV from the PIE curve of pure furan. This photon energy coincides with the ionization threshold of 1,2-butadienal. Some credibility is lent to the presence of 1,2-butadienal by examination of the PIE curves at m/z=67 and m/z=66. Cyclopentene and 1,4-pentadiene produce a fragment ion at m/z=67 with appearance energies of 10.60 eV and 10.26 eV, respectively. Furan does not fragment to m/z=67. The PIE curves in flames 1 and 5 show ion signals above 9.60 eV. This photon energy appears to be too large for a radical species, so it could be the appearance energy of a fragment ion produced by the unknown species with m/z=68. Unfortunately, the ionization characteristics of 1,2-butadienal are difficult to measure in cold flow measurements because it is instable. From a chemical point-of-view, the formation of cyclopentene requires the combination and cyclization of hydrocarbon fragments from the fuel and cyclopentene should only play a very minor role in the chemistry of THF flames, while 1,2-butadienal could be formed during the initial fuel reactions.
Figure 10 shows the flame-sampled PIE curve at m/z=66 in flame 5, compared to a flame-sampled PIE curve in a fuel-rich cyclopentene flame [46]. Because cyclopentadiene is formed in large concentrations from the fuel, the PIE curve in the cyclopentene flame is dominated by cyclopentadiene. The general shape of the two curves in Figure 10 is similar, but the observed threshold differs by 0.15 eV and it seems likely that the PIE curve measured in the THF flame is representative of a different species. Table 3 summarizes the available ionization energy data for m/z=66. The ionization energies for the oxygenated species are calculated as part of this work. The ionization energies of the hydrocarbon species are available in the NIST data base [47]. The observed threshold is best matched by the adiabatic ionization energy of butatrienone. The Franck-Condon factor envelope of H2CCCCO is also shown in Figure 10. It matches the flame-sampled PIE curve with reasonable accuracy. However, butatrienone is not the most stable oxygenated species as can be seen from the relative enthaplies in Table 3
[bookmark: _Ref299729245]Table 3: Adiabatic and vertical ionization energies of selected species with a nominal mass of m/z=66. The data for C5H6 are obtained from [47] while the data for C4H2O are calculated in this work. The table provides the relative enthalpies at 0 K as a measure of the stability of the oxygenated species; the enthalpies are referenced to the most stable species considered here.
	C5H6
	IE adiabatic 
[eV]
	IE vertical 
[eV]
	H(0K)
[eV]

	Cyclopentadiene
	8.44
	8.57
	

	1,2,4-Pentatriene
	8.88
	8.88
	

	1-Penten-3-yne
	9.00
	9.06
	

	3-Penten-1-yne
	9.05-9.11
	9.11-9.17
	

	2-Methyl-1-buten-3-yne
	9.25
	9.30
	

	C4H2O
	
	
	

	HCCCHCO
	8.94
	9.15
	0.00

	H2CCCCO
	8.66
	8.83
	0.18

	HCCCCOH
	9.27
	9.46
	1.22

	HCCOCCH
	10.03
	10.15
	2.55

	c(CCCHCHO)
	9.52
	9.83
	3.38



Given the low signal-to-noise ratios of the data and the unavailability of photoionization cross sections and experimental ionization thresholds, the species assignment of the signal on m/z=66 is uncertain and the consequences for the species assignment for m/z=68 in the fuel-rich flame remain ambiguous. In particular, the cyclopentene profile in the fuel-rich flame could be interpreted as 1,2-butadienal. 
The sequence of the profiles of crotonaldehyde, 1,2-butadienal, and butatrienone shown in Figure 11 would suggest a successive hydrogen addition from butatrienone to 1,2-butadienal and crotonaldehyde. Conceptually, this would be an intriguing observation because part of the fuel would produce carbon-rich structures very early in the combustion process. These structures would need to be oxidized to make full use of the energy content in the fuel. Combustion chemistry models should test these reactions to assess their importance for the oxidation of THF in combustion under fuel-rich conditions.
Vinyloxy radicals and ethylene on the one hand, and allyl radicals and formaldehyde on the other hand can be formed in a few hydrogen abstraction and -scission steps from the fuel (see Figure 4). All four species are typically present in flames of different fuels and their presence is not unique to THF combustion. Figure 12 shows the burner profiles for flame 1 and 5. The vinyloxy profile peaks close to the burner in flame 1 and resembles the fuel profile in flame 5. The profile form encourages the interpretation that the formation of vinyloxy radicals is linked closely to the fuel destruction; e.g., via hydrogen abstraction and -scission. The profiles of the propyl- and acetyl-radicals do not exhibit features which would link them clearly to the fuel destruction. Similarly, the profile form of ethylene and formaldehyde is dominated by different reactions in the flames.

Additional routes of fuel destruction
While hydrogen abstraction and -scission can be expected to be very important fuel destruction reactions in the laminar flames investigated here, the model of Dagaut et al. [48] includes three additional reaction routes for the thermal decomposition of THF in shock-tube experiments. In the first two reactions, the THF ring breaks apart to yield ethene and the bi-radical (CH2)2O in one case and propene and formaldehyde in the other case. The profiles of formaldehyde and propene are shown in Figure 12, Figure 18 and Figure 20, respectively. Their profile forms are the result of several linked reactions and cannot be interpreted without detailed kinetic modeling. The same is true for the ethene profile shown Figure 12. In Dagaut’s reaction model (CH2)2O decomposes to give HCO and CH3 radicals (Figure 18, Figure 20, and Figure 21). In addition, it reacts with methyl radicals yielding propanal. Indeed, propanal reaches comparatively large mole fractions in the THF flames as can be seen in Figure 1 b). The direct link between propanal and tetrahydrofuran is also supported by the fact that THF can be detected in propanal flames and 1-propanol flames, where propanal is present in high concentrations [31, 49]. (CH2)2O cannot be detected in the flame-sampled PIE curve at m/z=44 ( Figure 13 a)). Instead ethylene oxide can be identified in the flames. This is illustrated in Figure 13 b) which shows the PIE curve in flame 2 compared to the ethylene oxide PIE curve after subtraction of the contributions of ethanol and acetaldehyde to the signal. Ethylene oxide contributes approximately 20% to the oxygenated species on m/z=44 (Figure 13 c)). Stabilization of (CH2)2O to the cyclic ethylene oxide appears a viable reaction even at high temperatures. For this reason, the detection of comparatively large amounts of ethylene oxide can be acknowledged as indirect evidence of the fuel destruction via (CH2)2O bi-radicals. In the burner scans, the signal of ethylene oxide cannot be resolved because it is overwhelmed by the contributions of acetaldehyde in the 9.80 eV burner scan, and in the 11.50 eV scan, the signal is dominated by propane. The mole fractions of ethenol are very low, and the profile has a poor signal-to-noise ratio in all flames. The profiles of acetaldehyde and propane are shown in Figure 19 and Figure 21, respectively.
The third reaction route in the model of Dagaut et al. [16] describes the oxidation of the C4H7O radicals to hydroxyl radicals, ethene and ethandial. Ethandial appears in the flame-sampled PIE curves and can be unambiguously identified in the EI-MBMS data as shown in Figure 1. This finding is an indication that the oxidation reaction also proceeds in the laminar flames presented here and needs to be taken into account in modeling efforts of the THF data.

Evidence of substitution reactions and ring cleavage of the THF ring 
In their study of premixed furan flames, Tian et al. [26] report that they identified 2-methylfuran experimentally, and the chemical kinetic model developed in that work includes radical addition reactions to the furan ring. 
In the THF flames reported here, several species occur which have higher mass-to-charge ratios than the fuel. The observation of species with m/z=fuel+14 and m/z=fuel+16 suggest that a methyl radical and a hydroxyl radical have been exchanged with a hydrogen atom on the THF ring-structure, respectively. Figure 14 shows the PIE curve of m/z=86. The flame-sampled spectrum is found to be in good agreement with the cross section of 2-methyltetrahydrofuran. Similarly, the flame-sampled PIE curve at m/z=88 in the stoichiometric flame is in good agreement with the PIE curve of -hydroxytetrahydrofuran (see Figure 15). The presence of other species is evident in the deviation of the PIE curves from the cross section data at higher photon energies. In fact, it cannot be excluded that other species have similar ionization thresholds and PIE curves to 2-methyltetrahydrofuran and -hydroxytetrahydrofuran. For example, the ionization energy of 2-methyltetrahydrofuran is calculated to be 9.29 eV in good agreement with the experimentally observed threshold of 9.25 eV. The calculated ionization energy of 3-methyltetrahydrofuran is 9.38 eV, only slightly higher than the ionization energy of its stereoisomer. It can be expected that the shape of the PIE curve will be similar as well. The same is true for other, open-chain isomers of C5H10O. Calculated ionization energy values for selected C5H10O and C4H8O2 species are summarized in Table 4.
In addition, the EI-MBMS measurements show that a species with the chemical composition C4H6O2 is also present in the flames and contributes to the signal in the PIE curves. Given the number of possible isomers and their small range of ionization thresholds, a rigorous data reduction and definite species assignment is no longer possible. Nevertheless, in this case it seems instructive to interpret the PIE curve at m/z=86 with some assumptions about the underlying flame chemistry. Based on the PIE curves presented in Figure 14 and the detection of 2-ethyltetrahydrofuran in cool flames in the work of Kyryacos [25], addition of the methyl radical to the -position of the THF-ring seems the most likely process. Other C5H10O species on m/z=86 could be produced by isomerization of 2-methyltetrahydrofuran to open-chain species. Assuming that in analogy to the isomerization of 2,3-dihydrofuran, the C-O bond is broken in the isomerization, the most likely isomer would be pentanal. The ionization energy of pentanal was measured to be 9.74 ± 0.04 eV [47], this value is in good agreement with the observed deviation of the PIE curve from the cross section of 2-methylfuran at approximately 9.65 ± 0.10 eV. After subtraction of the 2-methyltetrahydrofuran contribution to the PIE curves and normalization, the PIE curves of all equivalence ratios fall on top of each other. They are averaged to improve the signal-to-noise ratio and compared to a calculated Franck-Condon-factor envelope of pentanal (Figure 14 b)). The agreement is reasonable and further supports the hypothesis that the observed species are methyltetrahydrofuran and pentanal. In addition, it becomes obvious that at least a third species is contributing to the signal in the PIE curves with an ionization threshold close to 10.25 eV. In the EI-MBMS measurements a species with the chemical composition C4H6O2 is detected and the ionization threshold of -butyrolactone coincides with the observed threshold in the PIE curves, so that it is tempting to interpret the third species as -butyrolactone. 
Molera et al. were able to detect -butyrolactone during the oxidation of tetrahydrofuran in a static reactor [17], and interpreted its presence as indirect evidence of the formation of hydroperoxides. Here, it is possible to measure a burner profile for C4H6O2 in the EI-MBMS measurements and estimate its concentration. For the quantification, it is assumed that all signal in the PI-MBMS burner scan at 9.35 eV stems from 2-methyltetrahydrofuran. The EI-MBMS profile of C5H8O is scaled to the PI-MBMS measurement because the profile shapes and positions are in good agreement. The same scaling factor is used to estimate the mole fraction of the EI-MBMS profile of C4H6O2. The profile shape of the EI-MBMS C4H6O2 profile is in good agreement with the profile resulting from analysis of the 9.8 eV burner scan in the PI-MBMS measurements after subtraction of the 2-methyltetrahydrofuran contributions. This observation supports the notion that a consistent interpretation of the data is presented here. 

[bookmark: _Ref299729873]Table 4: Ionization energies for selected species with C4H8O2 at m/z=88 and C5H10O at m/z=86, x: Q1-diagnostic >0.1.
	
	IE adiabatic 
[eV]
	IE vertical 
[eV]

	C4H8O2
	
	

	-OH-C4H7O
	9.69
	10.20

	-OH-C4H7O
	9.51
	9.85

	HOCH2CH2CH2CHO
	x
	x

	HOCH2OCH2CHCH2
	9.55
	x

	HOCH2CH2OCHCH2
	8.75
	9.03

	HOOCH2CH2CHCH2
	9.64
	10.15

	C5H10O
	
	

	-CH3-C4H7O
	9.29
	9.76

	-CH3-C4H7O
	9.38
	9.63

	CH3CH2CH2CH2CHO
	9.81
	9.97

	CH3CH2CH2OCHCH2
	8.52
	8.89

	CH3CH2OCH2CHCH2
	9.48
	10.44

	CH3OCH2CH2CHCH2
	9.41
	10.06



Figure 16 a) shows the PIE curve of m/z=84 and an excerpt from an EI-MBMS mass spectrum in the stoichiometric flame at HAB=3mm (Figure 16 b)). The EI-MBMS measurements make it immediately clear that the PIE curve is a convolution of at least three different species with the chemical compositions C4H4O2, C5H8O and C6H12. At this mass-to-charge ratio, cross section measurements are available for 4,5-dihydro-2-methylfuran, trans-2-pentenal, methylvinylketone, 1-hexene, cyclohexane, 3,3-dimethyl-1-butene, and methylcyclopentane. In principle, methylcyclopentane or 3,3-dimethyl-1-butene are unlikely intermediates in THF flames from a chemical point-of-view, and the comparison of calculated  ionization energies and Franck-Condon-factor envelopes of more likely intermediates to the PIE curves is possible. However, the PIE curves can already be simulated with good accuracy by the convolution of any combination of the available cross sections. This fact demonstrates that the information content of the PIE curves is not high enough to validate the species assignment based on chemistry assumptions. The ionization cross section of 4,5-dihydro-2-methylfuran is measured to compare it to the PIE curves, but the signal-to-noise ratio of the flame-sampled spectra is too poor to allow a definite decision on the presence of 4,5-dihydro-2-methylfuran as can be seen in Figure 16 a). 
The reported burner scans for C4H4O2, C5H8O and C6H12 at m/z=84 are measured with the EI-MBMS instrument. They are scaled to the maximum possible mole fractions which can be obtained in the PI-MBMS measurements for 2-pentenal and 1-hexene. The maximum mole fractions are determined assuming that all signal in the burner scan at 9.80 eV is pentenal and all signal in the scan at 10.60 eV is 1-hexene. The C4H4O2 profile is quantified with the same factor as the C5H8O profile. At m/z=86 it is assumed that all signal in the 9.35 eV burner scan is 2-methyltetrahydrofuran and that the signal at higher photon energies needs to be assigned to the unknown species with the chemical composition C4H6O2. The profile shapes in the PI-MBMS measurements match the profile shapes in the EI-MBMS measurements. The mole fractions are shown in Figure 17.
Signal at m/z=82 is close to the detection limit in the PI-MBMS and the EI-MBMS measurements. The data from both instruments suggest that the observed signal can be attributed to a species mix but is dominated by cyclohexene. 

Mole fraction profiles of small intermediates 
Mole fraction profiles of intermediates that are not linked directly to reactions of the fuel necessitate chemical kinetic modeling to understand their formation and destruction routes in the THF flames.  Mole fraction profiles for hydrocarbons and oxygenated species are summarized in Figure 18, Figure 19, Figure 20, and Figure 21.
In principle, the EI-MBMS measurements resolve burner profiles of certain mass overlaps, such as HCO vs. C2H5 radicals and ketene vs. propene. However, the EI-MBMS data suffer from severe fragmentation distortion for smaller masses. For example, the fuel fragments to C3H6. For this reason, the PI-MBMS data are reported here. In some cases, it is possible to estimate the mole fraction ratio of species with the same nominal mass-to-charge ratio from the PIE curves. In those cases, the profiles are reported separately, even though the profile shapes have not been resolved.

Aromatics formation and pollutant potential
Although benzene precursors such as the propargyl radical are present in appreciable concentrations, the only aromatic species detected in the fuel-rich THF flame 5 is benzene. The peak benzene mole fraction is approximately 1·10-4. This value is comparable to benzene mole fractions in fuel-rich flames of other oxygenated fuels. For example, the mole fractions of benzene in fuel-rich propanol [31], butanol [50] and furan flames [26] with similar stoichiometries are within a factor of three of the benzene mole fraction observed here. For comparison, the benzene mole fraction in fuel-rich flames fueled by the 5-membered-hydrocarbon ring cyclopentene is approximately 10 times larger than the benzene mole fraction in the THF flame [46]. These observations illustrate the low propensity of THF to form aromatic species during combustion.
The low tendency to form aromatics (and consequently, soot,) is not surprising because it resembles that of most oxygenate additives or neat fuels discussed as potential hydrocarbon fuel replacements. Also, the tendencies of many oxygenate fuels to form several carbonyl species is noted for THF as well. Both observations are a direct result of the molecular structure of the fuel. However, ethers are commonly considered rather “clean” alternative fuels with comparatively simple combustion chemistry. This assumption looks especially promising with regard to the possibility to make such cyclic ethers in second-generation biomass treatment processes from the cellulosic structures contained in the woody parts of plants. With the present result of a particularly rich intermediate species pool, involved in respective formation and consumption reaction routes the concept of a “clean” fuel breakdown might have to be reconsidered; e.g. the direct formation of propanal in the fuel destruction suggests the occurrence of previously unidentified pollutants.


Conclusions
The detailed chemical structures of two low-pressure premixed laminar tetrahydrofuran/oxygen/argon flat flames with equivalence ratios of 1.00, and 1.75 have been investigated by molecular-beam mass spectrometry. Data sets obtained with photoionization at a synchrotron-based MBMS system and electron ionization from an independent laboratory MBMS-instrument have been combined to yield quantitative species profiles of almost 60 species. In addition, major species mole-fraction profiles and photoionization-efficiency curves have been measured for three flames at additional intermediate stoichiometries.
The isomer resolution and species identification were achieved by tuning the synchrotron radiation and comparing flame-sampled photoionization efficiency curves with theoretical simulations based on calculated ionization energies and Franck-Condon-factors or with cold-flow PIE curves of the pure substances. To this end, the ionization energies of several oxygenated species have been calculated. The species identification has been aided by resolving signal overlaps of species having near-identical mass by using high-mass-resolution measurements. Based on the experimental observations, addition of radicals to the THF ring structure and dehydrogenation of oxygenated C4-intermediates were postulated as THF-specific reaction pathways.
The analysis of the flame data has been thoroughly discussed with special regard to fuel destruction pathways. In particular, the data show that the fuel is not only consumed by hydrogen abstraction and -scission reactions but also by cleavage of the ring structure. The data hint at the presence of -butyrolactone in the THF flames which can be interpreted as indirect evidence of the formation of hydroperoxides.
The presented information is critically needed for the development of chemical kinetic models for cyclic ether structures, and future work will address this task. 


Acknowledgements

We thank Paul Fugazzi and Sarah Ferrell for technical assistance. This work was supported by the Office of Basic Energy Sciences (BES), U.S. Department of Energy (DOE) and by the DFG under KO 1363/18-3 (KKH). NH and BY are supported by the U.S. DOE, Office of Basic Energy Sciences under the Energy Frontier Research Center for Combustion Science (Grant No. DE-SC0001198).Sandia is a multi-program laboratory operated by Sandia Corporation for NNSA under contract DE-AC04-94-AL85000. The Advanced Light Source is supported by DOE/BES under DE-AC02- 05CH11231. 

Literature

[bookmark: BIB__bib][bookmark: BIB_cool2007][bookmark: B4B_cool2007][1]	Cool, T. A.; Wang, J.; Hansen, N.; Westmoreland, P. R.; Dryer, F. L.; Zhao, Z.; Kazakov, A.; Kasper, T.; Kohse-Höinghaus, K. Proceedings of the Combustion Institute 2007, 31, 285–293.
[bookmark: BIB_dagaut1998dme][bookmark: B4B_dagaut1998dme][2]	Dagaut, P.; Daly, C.; Simmie, J. M.; Cathonnet, M. Symposium (International) on Combustion 1998, 1, 361–369.
[bookmark: BIB_glaude2000][bookmark: B4B_glaude2000][3]	Glaude, P. A.; Battin-Leclerc, F.; Judenherc, B.; Warth, V.; Fournet, R.; Come, G. M.; Scacchi, G.; Dagaut, P.; Cathonnet, M. Combustion and Flame 2000, 121(1-2), 345–355.
[bookmark: BIB_goldaniga1998][bookmark: B4B_goldaniga1998][4]	Goldaniga, A.; Faravelli, T.; Ranzi, E.; Dagaut, P.; Cathonnet, M. Symposium (International) on Combustion 1998, 1, 353–360.
[bookmark: BIB_kaiser2000][bookmark: B4B_kaiser2000][5]	Kaiser, E. W.; Wailington, T. J.; Hurley, M. D.; Platz, J.; Curran, H. J.; Pitz, W. J.; Westbrook, C. K. Journal of Physical Chemistry A 2000, 104(35), 8194–8206.
[bookmark: BIB_mcilroy2000][bookmark: B4B_mcilroy2000][6]	McIlroy, A.; Hain, T. D.; Michelsen, H. A.; Cool, T. A. Proceedings of the Combustion Institute 2000, 28, 1647–1653.
[bookmark: BIB_vanderloos1998][bookmark: B4B_vanderloos1998][7]	VanderLoos, A.; Vandooren, J.; VanTiggelen, P. Symposium (International) on Combustion 1998, 1, 477–484.
[bookmark: BIB_zheng2005][bookmark: B4B_zheng2005][8]	Zheng, X. L.; Lu, T. F.; Law, C. K.; Westbrook, C. K.; Curran, H. J. Proceedings of the Combustion Institute 2005, 30, 1101–1109.
[bookmark: BIB_wang2009][bookmark: B4B_wang2009][9]	Wang, J.; Chaos, M.; Yang, B.; Cool, T. A.; Dryer, F. L.; Kasper, T.; Hansen, N.; Osswald, P.; Kohse-Höinghaus, K.; Westmorelande, P. R. Physical Chemistry Chemical Physics 2009, 11(9), 1328–1339.
[bookmark: BIB_xu2011][bookmark: B4B_xu2011][10]	Xu, H.; Yao, C.; Yuan, T.; Zhang, K.; Guo, H. September 2011, 158(9), 1673–1681.
[bookmark: BIB_kkh2010angewandte][bookmark: B4B_kkh2010angewandte][11]	Kohse-Höinghaus, K.; Osswald, P.; Cool, T. A.; Kasper, T.; Hansen, N.; Qi, F.; Westbrook, C. K.; Westmoreland, P. R. Angewandte Chemie-international Edition 2010, 49(21), 3572–3597.
[bookmark: BIB_romanleshkov2007][bookmark: B4B_romanleshkov2007][12]	Roman-Leshkov, Y.; Barrett, C. J.; Liu, Z. Y.; Dumesic, J. A. Nature 2007, 447(7147), 982–985.
[bookmark: BIB_rudolph1988][bookmark: B4B_rudolph1988][13]	Rudolph, T. W.; Thomas, J. J. Biomass 1988, 16(1), 33–49.
[bookmark: BIB_leppard1989][bookmark: B4B_leppard1989][14]	Leppard, W. R. SAE Paper 1989, (1-2), No. 892081.
[bookmark: BIB_touchard2005][bookmark: B4B_touchard2005][15]	Touchard, S.; Fournet, R.; Glaude, P. A.; Warth, V.; Battin-Leclerc, F.; Vanhove, G.; Ribaucour, M.; Minetti, R. Proceedings of the Combustion Institute 2005, 30, 1073–1081.
[bookmark: BIB_dagaut1998thf][bookmark: B4B_dagaut1998thf][16]	Dagaut, P.; McGuinness, M.; Simmie, J. M.; Cathonnet, M. Combustion Science and Technology 1998, 135(1-6), 3–29.
[bookmark: BIB_molera1988][bookmark: B4B_molera1988][17]	Molera, M. J.; Couto, A.; Garciadominguez, J. A. International Journal of Chemical Kinetics 1988, 20(9), 673–685.
[bookmark: BIB_lifshitz1986thf][bookmark: B4B_lifshitz1986thf][18]	Lifshitz, A.; Bidani, M.; Bidani, S. Journal of Physical Chemistry 1986, 90(15), 3422–3429.
[bookmark: BIB_lifshitz1989][bookmark: B4B_lifshitz1989][19]	Lifshitz, A.; Bidani, M. Journal of Physical Chemistry 1989, 93(3), 1139–1144.
[bookmark: BIB_lifshitz198625dhf][bookmark: B4B_lifshitz198625dhf][20]	Lifshitz, A.; Bidani, M.; Bidani, S. Journal of Physical Chemistry 1986, 90(22), 6011–6014.
[bookmark: BIB_lifshitz1986furan][bookmark: B4B_lifshitz1986furan][21]	Lifshitz, A.; Bidani, M.; Bidani, S. Journal of Physical Chemistry 1986, 90(21), 5373–5377.
[bookmark: BIB_lifshitz1994][bookmark: B4B_lifshitz1994][22]	Lifshitz, A.; Laskin, A. Journal of Physical Chemistry 1994, 98(9), 2341–2345.
[bookmark: BIB_lifshitz2000][bookmark: B4B_lifshitz2000][23]	Lifshitz, A.; Suslensky, A.; Tamburu, C. Proceedings of the Combustion Institute 2000, 28, 1733–1739.
[bookmark: BIB_lifshitz1998][bookmark: B4B_lifshitz1998][24]	Lifshitz, A.; Tamburu, C.; Shashua, R. Journal of Physical Chemistry A 1998, 102(52), 10655–10670.
[bookmark: BIB_kyryacos1959][bookmark: B4B_kyryacos1959][25]	Kyryacos, G. Analytical Chemistry 1959, 31(2), 222–225.
[bookmark: BIB_tian2011][bookmark: B4B_tian2011][26]	Tian, Z. Y.; Yuan, T.; Fournet, R.; Glaude, P. A.; Sirjean, B.; Battin-Leclerc, F.; Zhang, K. W.; Qi, F. Combustion and Flame 2011, 158(4), 756–773.
[bookmark: BIB_mousavipour2009][bookmark: B4B_mousavipour2009][27]	Mousavipour, S. H.; Ramazani, S.; Shahkolahi, Z. Journal of Physical Chemistry A 2009, 113(12), 2838–2846.
[bookmark: BIB_zhang20083mfuranoh][bookmark: B4B_zhang20083mfuranoh][28]	Zhang, W. C.; Du, B.; Mu, L. L.; Feng, C. J. International Journal of Quantum Chemistry 2008, 108(7), 1232–1238.
[bookmark: BIB_aschmann2011][bookmark: B4B_aschmann2011][29]	Aschmann, S. M.; Nishino, N.; Arey, J.; Atkinson, R. Environmental Science & Technology 2011, 45(5), 1859–1865.
[bookmark: BIB_cool2005][bookmark: B4B_cool2005][30]	Cool, T. A.; Nakajima, K.; Taatjes, C. A.; McIlroy, A.; Westmoreland, P. R.; Law, M. E.; Morel, A. Proceedings of the Combustion Institute 2005, 30, 1681–1688.
[bookmark: BIB_kasper2009propanol][bookmark: B4B_kasper2009propanol][31]	Kasper, T.; Osswald, P.; Struckmeier, U.; Kohse-Höinghaus, K.; Taatjes, C. A.; Wang, J.; Cool, T. A.; Law, M. E.; Morel, A.; Westmoreland, P. R. Combustion and Flame 2009, 156(6), 1181–1201.
[bookmark: BIB_osswald2007][bookmark: B4B_osswald2007][32]	Osswald, P.; Struckmeier, U.; Kasper, T.; Kohse-Höinghaus, K.; Wang, J.; Cool, T. A.; Hansen, N.; Westmoreland, P. R. Journal of Physical Chemistry A 2007, 111(19), 4093–4101.
[bookmark: BIB_struckmeier2010][bookmark: B4B_struckmeier2010][33]	Struckmeier, U.; Lucassen, A.; Hansen, N.; Wada, T.; Peters, N.; Kohse-Höinghaus, K. Combustion and Flame 2010, 157(10), 1966–1975.
[bookmark: BIB_lucassen2011][bookmark: B4B_lucassen2011][34]	Lucassen, A.; Labbe, N.; Westmoreland, P.; Kohse-Höinghaus, K. Combustion and Flame 2011, in press, doi:10.1016/j.combustflame.2011.02.010.
[bookmark: BIB_wangyang2011][bookmark: B4B_wangyang2011][35]	Wang, J.; Yang, B.; Cool, T. 2011, (9).
[bookmark: BIB_struckmeier2009][bookmark: B4B_struckmeier2009][36]	Struckmeier, U.; Osswald, P.; Kasper, T.; Bohling, L.; Heusing, M.; Kohler, M.; Brockhinke, A.; Kohse-Höinghaus, K. Zeitschrift Fur Physikalische Chemie-international Journal of Research In Physical Chemistry & Chemical Physics 2009, 223(4-5), 503–537.
[bookmark: BIB_li2011][bookmark: B4B_li2011][37]	Li, W.; Law, M. E.; Westmoreland, P. R.; Kasper, T.; Hansen, N.; Kohse-Höinghaus, K. accepted for publication by Combustion and Flame 2011, (11).
[bookmark: BIB_hansen2006c5][bookmark: B4B_hansen2006c5][38]	Hansen, N.; Klippenstein, S. J.; Miller, J. A.; Wang, J.; Cool, T. A.; Law, M. E.; Westmoreland, P. R.; Kasper, T.; Kohse-Höinghaus, K. Journal of Physical Chemistry A 2006, 110(13), 4376–4388.
[bookmark: BIB_hansen2006c4][bookmark: B4B_hansen2006c4][39]	Hansen, N.; Klippenstein, S. J.; Taatjes, C. A.; Miller, J. A.; Wang, J.; Cool, T. A.; Yang, B.; Yang, R.; Wei, L. X.; Huang, C. Q.; Wang, J.; Qi, F.; Law, M. E.; Westmoreland, P. R. Journal of Physical Chemistry A 2006, 110(10), 3670–3678.
[bookmark: BIB_lee1990][bookmark: B4B_lee1990][40]	Lee, T. J.; Rendell, A. P.; Taylor, P. R. July 1990, 94(14), APOLLO COMP; ARDENT COMP; CONVEX COMP; IBM; TEKTRONIX; UNIV GEORGIA.
[bookmark: BIB_ramos2002][bookmark: B4B_ramos2002][41]	Ramos, C.; Winter, P. R.; Zwier, T. S.; Pratt, S. T. Journal of Chemical Physics 2002, 116(10), 4011–4022.
[bookmark: BIB_kamphus2002][bookmark: B4B_kamphus2002][42]	Kamphus, M.; Liu, N. N.; Atakan, B.; Qi, F.; McIlroy, A. Proceedings of the Combustion Institute 2002, 29, 2627–2633.
[bookmark: BIB_dubnikova2002][bookmark: B4B_dubnikova2002][43]	Dubnikova, F.; Lifshitz, A. Journal of Physical Chemistry A 2002, 106(6), 1026–1034.
[bookmark: BIB_dubnikova2001][bookmark: B4B_dubnikova2001][44]	Dubnikova, F.; Lifshitz, A. International Journal of Chemical Kinetics 2001, 33(11), 685–697.
[bookmark: BIB_rademacher2003][bookmark: B4B_rademacher2003][45]	Rademacher, P.; Coskun, T.; Kowski, K.; Larionov, O.; de Meijere, A. July 2003, 9(13), 2953–2962.
[bookmark: BIB_hansen2007][bookmark: B4B_hansen2007][46]	Hansen, N.; Kasper, T.; Klippenstein, S. J.; Westmoreland, P. R.; Law, M. E.; Taatjes, C. A.; Kohse-Höinghaus, K.; Wang, J.; Cool, T. A. Journal of Physical Chemistry A 2007, 111(19), 4081–4092.
[bookmark: BIB_nist2011][bookmark: B4B_nist2011][47]	S.G. Lias, J.E. Bartmess, J. L. J. H. R. L.; Mallard, W.; National Institute of Standards and Technology, Gaithersburg MD, 20899,, 2011; Vol.  31; chapter Ion Energetics Data, pages http://webbook.nist.gov, (retrieved April 15, 2011).
[bookmark: BIB_dagaut1997][bookmark: B4B_dagaut1997][48]	Dagaut, P.; McGuinness, M.; Simmie, J. M.; Cathonnet, M. Combustion Science and Technology 1997, 129(1-6), 1–16.
[bookmark: BIB_kasper2009propanal][bookmark: B4B_kasper2009propanal][bookmark: _GoBack][49]	Kasper, T.; Struckmeier, U.; Osswald, P.; Kohse-Höinghaus, K. Proceedings of the Combustion Institute 2009, 32, 1285–1292.
[bookmark: BIB_osswald2011][bookmark: B4B_osswald2011][50]	Osswald, P.; Gueldenberg, H.; Kohse-Hoeinghaus, K.; Yang, B.; Yuan, T.; Qi, F. January 2011, 158(1), 2–15.
[bookmark: BIB_wang2008xs][bookmark: B4B_wang2008xs][51]	Wang, J.; Yang, B.; Cool, T. A.; Hansen, N.; Kasper, T. International Journal of Mass Spectrometry 2008, 269(3), 210–220.


Figure captions

Figure 1: a) Comparison of flame-sampled PIE curves and cross section measurements for species with m/z=58. b) EI mass spectrum at m/z=58 at HAB=1.00 mm in a stoichiometric THF flame. c) Comparison of mole fraction profile shapes from EI and PI measurements.

Figure 2: Temperature profiles for all flames. Good agreement is found between temperatures measured by LIF and temperatures deduced from the mass spectrometric data.

Figure 3: Mole fraction profiles of major species in THF flames 1-5.

Figure 4: Possible reaction pathways for the fuel destruction by hydrogen abstraction and beta-scission.

Figure 5: PIE curves at m/z=71 show evidence of the C4H7O fragment (a)) and the C4H7O radical or a hot-band arising from ionization of THF (b)). The signal at m/z=71 shows an intermediate profile which differs from the profile of the fuel (c)). The observation discourages the interpretation of the signal in b) as a THF hot-band.

Figure 6: Isomer distribution at m/z=70. Ionization energies are taken from [45, 35, 47] and cross section curves are obtained from [30, 51, 35]. For flame 5 the energy scan at 1 mm is considered.

Figure 7: Mole fraction profiles of species at m/z=70.

Figure 8: a) Comparison of flame-sampled PIE curves and xs curves for species mix at m/z=68. b) Flame 5: Individual signal intensity profiles of cyclopentene and furan at 9.35 eV. The profiles are derived from the sig-nal at 9.35 eV. The convolution of the furan and cyclo-pentene profiles at 9.80 eV is compared to the raw data measured at 9.80eV.

Figure 9: a) Mole fraction profiles of furan, cyclopentene and 1,4-pentadiene in flames 1 and 5. b) Comparison of the photoionization mole fraction profiles to the scaled electron-ionization profiles for both stoichiometries.

Figure 10: Comparison of flame-sampled PIE curves in a fuel-rich cyclopentene flame and flame 5 to the Franck-Condon-factor envelope of butatrienone.

Figure 11: The positions of the mole fraction profiles of crotonaldehyde, 1,2-butadienal and butatrienone in flame 5 suggest that they are sequentially converted into each other.

Figure 12: Mole fraction profiles of ethene, formaldehyde and vinyloxy radicals in flames 1 and 5. In addition, the convoluted propyl-radical and acetyl-radical profiles are shown which cannot be resolved.

Figure 13: a) Identification of oxygenated species on m/z=44 in the PIE curves. b) The PIE curve of flame 2 shows evidence of ethylene oxide. c) Isomer abundance at m/z=44 as a function of equivalence ratio.

Figure 14: a) PIE curves at m/z=86 compared to the ionization cross section of 2-methyltetrahydrofuran. The ionization energies of pentanal and -butyrolactone are taken from [47] and indicate a tentative species assignment. b) PIE curves at m/z=86 after subtraction of the 2-methyltetrahydrofuran contributions and normalization to 10.10 eV, compared to the calculated Franck-Condon-factor envelope of pentanal.

Figure 15: Comparison of the PIE curve in the stoichiometric THF flame with the cold-flow PIE curve of -hydroxytetrahydrofuran.

Figure 16: PIE curves at m/z=84 in all THF flames. Even though the S/N is acceptable above 9.5 eV no distinctive features appear which could aid in the species assignment.

Figure 17: Mole fraction profiles in the stoichiometric and fuel-rich flames for m/z=84 (a)) and m/z=86 (b)).

Figure 18: Selected mole fraction profiles of hydrocarbon species in the stoichiometric flame 1.

Figure 19: Selected mole fraction profiles of oxygenated intermediates in the stoichiometric flame 1.

Figure 20: Selected mole fraction profiles of hydrocarbon species in the fuel-rich flame 5.

Figure 21: Selected mole fraction profiles of hydrocarbon and oxygenated intermediates in the fuel-rich flame 5.
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[bookmark: _Ref298255199]Figure 1: a) Comparison of flame-sampled PIE curves and cross section measurements for species with m/z=58. b) EI mass spectrum at m/z=58 at HAB=1.00 mm in a stoichiometric THF flame. c) Comparison of mole fraction profile shapes from EI and PI measurements.
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[bookmark: _Ref299728276]Figure 2: Temperature profiles for all flames. Good agreement is found between temperatures measured by LIF and temperatures deduced from the mass spectrometric data.
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[bookmark: _Ref299728404]Figure 3: Mole fraction profiles of major species in THF flames 1-5.
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[bookmark: _Ref298846912]Figure 4: Possible reaction pathways for the fuel destruction by hydrogen abstraction and beta-scission.
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[bookmark: _Ref298863313]Figure 5: PIE curves at m/z=71 show evidence of the C4H7O fragment (a)) and the C4H7O radical or a hot-band arising from ionization of THF (b)). The signal at m/z=71 shows an intermediate profile which differs from the profile of the fuel (c)). The observation discourages the interpretation of the signal in b) as a THF hot-band.
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[bookmark: _Ref298858395]Figure 6 Isomer distribution at m/z=70. Ionization energies are taken from [44, 35, 45] and cross section curves are obtained from [30, 50, 35]. For flame 5 the energy scan at 1 mm is considered.
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[bookmark: _Ref299728909]Figure 7: Mole fraction profiles of species at m/z=70.
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[bookmark: _Ref298862964]Figure 8: a) Comparison of flame-sampled PIE curves and xs curves for species mix at m/z=68. b) Flame 5: Individual signal intensity profiles of cyclopentene and furan at 9.35 eV. The profiles are derived from the signal at 9.35 eV. The convolution of the furan and cyclo-pentene profiles at 9.80 eV is compared to the raw data measured at 9.80eV.
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[bookmark: _Ref298863073]Figure 9: a) Mole fraction profiles of furan, cyclopentene and 1,4-pentadiene in flames 1 and 5. b) Comparison of the photoionization mole fraction profiles to the scaled electron-ionization profiles for both stoichiometries.

[image: ]
[bookmark: _Ref299729186]Figure 10: Comparison of flame-sampled PIE curves in a fuel-rich cyclopentene flame and flame 5 to the Franck-Condon-factor envelope of butatrienone.
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[bookmark: _Ref298866062]Figure 11: The positions of the mole fraction profiles of crotonaldehyde, 1,2-butadienal and butatrienone in flame 5 suggest that they are sequentially converted into each other.
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[bookmark: _Ref298866649]Figure 12: Mole fraction profiles of ethene, formaldehyde and vinyloxy radicals in flames 1 and 5. In addition, the convoluted propyl-radical and acetyl-radical profiles are shown which cannot be resolved.
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[bookmark: _Ref298935272]Figure 13: a) Identification of oxygenated species on m/z=44 in the PIE curves. b) The PIE curve of flame 2 shows evidence of ethylene oxide. c) Isomer abundance at m/z=44 as a function of equivalence ratio.
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[bookmark: _Ref299729812]Figure 14: a) PIE curves at m/z=86 compared to the ionization cross section of 2-methyltetrahydrofuran. The ionization energies of pentanal and -butyrolactone are taken from [45] and indicate a tentative species assignment. b) PIE curves at m/z=86 after subtraction of the 2-methyltetrahydrofuran contributions and normalization to 10.10 eV, compared to the calculated Franck-Condon-factor envelope of pentanal.
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[bookmark: _Ref299729834]Figure 15: Comparison of the PIE curve in the stoichiometric THF flame with the cold-flow PIE curve of -hydroxytetrahydrofuran.
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[bookmark: _Ref298940410]Figure 16: PIE curves at m/z=84 in all THF flames. Even though the S/N is acceptable above 9.5 eV no distinctive features appear which could aid in the species assignment.
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[bookmark: _Ref299730169]Figure 17: Mole fraction profiles in the stoichiometric and fuel-rich flames for m/z=84 (a)) and m/z=86 (b)).
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[bookmark: _Ref299030037]Figure 18: Selected mole fraction profiles of hydrocarbon species in the stoichiometric flame 1.
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[bookmark: _Ref299030186]Figure 19: Selected mole fraction profiles of oxygenated intermediates in the stoichiometric flame 1.
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[bookmark: _Ref299030043]Figure 20: Selected mole fraction profiles of hydrocarbon species in the fuel-rich flame 5.
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[bookmark: _Ref299030195]Figure 21: Selected mole fraction profiles of hydrocarbon and oxygenated intermediates in the fuel-rich flame 5.
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