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Abstract. In combustion, the overall chemical changeover is the result of an intricate network of elementary reactions
(unimolecular, bimolecular and termolecular) which are classified according to their role (initiation, propagation,
branching, termination steps) in the chain reaction. To implement a realistic combustion model, a deep knowledge of the
chemical transformation at the molecular level for all the important steps is crucial. In this contribution, the capabilities of
the crossed molecular beam (CMB) method with mass spectrometric (MS) detection in the study of multi-channel
elementary reactions of relevance in combustion chemistry are illustrated by several examples of reactions involving atomic
oxygen and C4 unsaturated hydrocarbons. In particular, the focus will be on the almost unique capability of the CMB-MS
method in identifying the reactions products and their branching ratios by means of the same detection scheme and under
well-controlled conditions. As expected, the initial steps of the reactions between atomic oxygen and C4 unsaturated
hydrocarbons are similar to that of the other reactions that involve O and smaller unsaturated hydrocarbons, as they all
feature the attack of the electrophilic O atom to the 7 density of the multiple bond(s). However, the much more complex
molecular structure leads to an increase of the possible reaction channels. Intersystem crossing (ISC) from the triplet
potential energy surface to the lower energy singlet one via intersystem crossing is significant and opens, also in this case,
several reaction channels which are not otherwise available. Several pairs of products formed after ISC are closed-shell
molecules, rather than open-shell radicals. Clearly, this observation has strong implications for combustion modeling,
because ISC shifts part of the reactive flux toward terminating rather than propagation or branching steps.

INTRODUCTION

Combustion is a chemical transformation involving a fuel and an oxidizing agent that converts chemical energy
into heat. Even in the case of very simple fuels, the overall chemical changeover is actually the result of an intricate
network of elementary reactions (unimolecular, bimolecular and termolecular) which are classified according to their
role (initiation, propagation, branching, termination steps) in the chain reaction. Therefore, a thorough characterization
of combustion processes requires the validation of a robust reaction network for each specific type of fuel, that will
be included in combustion models. Combustion models are computer-based mathematical simulations that allow
accounting for the physical conditions of the combustion system and the chemical transformation. The latter is
represented by the kinetics of all the possible elementary reactions of relevance under the appropriate boundary
conditions considered.! As a consequence, to implement a realistic combustion model, a deep knowledge of the
chemical transformations at the molecular level for all the important steps is crucial.? Only in this way is it possible
to achieve a complete characterization and, possibly, the control of combustion systems, especially if one is interested
in preventing the formation of pollutants which are formed in trace amounts.
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Chain propagation and branching steps are bimolecular reactions and involve at least one open-shell reactant.
Therefore, bimolecular reactions are at the heart of the chemical transformation in flames. In the last decades, the rate
coefficients for most of them have been determined in kinetics experiments, mainly at room temperature or, in some
cases, at the temperatures of relevance in combustion.> Much less is known, instead, on the chemical identity of the
primary products and their branching ratios (BRs). Nevertheless, product yields are important data in the modeling,
since the products of one elementary reaction are the reactants of a subsequent one that may be chain propagating or
chain terminating and may lead to the formation of different pollutants with very different efficiencies. In the case of
relatively complex, multi-channel reactions the primary products are not easy to predict on the basis of chemical
intuition and the product BRs must be determined in laboratory experiments.

In the Laboratory of Molecular Processes in Combustion at the University of Perugia, we make use of the crossed
molecular beam (CMB) technique with mass spectrometric (MS) detection to investigate polyatomic multi-channel
elementary reactions under single collision conditions.** This technique, originally developed to address fundamental
aspects on reaction mechanisms at the microscopic level,®7 has recently been improved to a level that allows one to
study polyatomic multi-channel reactions including those of relevance in combustion chemistry at the high
temperatures (high collision energy) typical of flames and other combustion environments.*'® The CMB-MS
technique is based on a collision-free approach, which means that only the collisions of interest are allowed to occur.
In CMB experiments on bimolecular reactions, in fact, the two reactants are not simply mixed together, but are
confined into distinct supersonic molecular beams with a well-defined velocity and which are made to cross each other
at a specific angle. In other words, the atomic/molecular species of each beam collide only with those of the other
beam. The products formed by reactive collisions at the collision center are then detected by the mass spectrometer
before undergoing secondary or wall collisions (the pressure of the collision chamber is maintained very low so that
the mean free path is much larger than the dimensions of the collision chamber and the products fly undisturbed up to
the detector).

In conclusion, in this kind of experiments the primary products of many identical, well-defined molecular
collisions are recorded and analyzed with the same detection scheme. The absence of further collisions is crucial to
establish the real nature of the primary products, because they are normally transient species which, in bulk
experiments, could undergo secondary collisions and react further. In general, the CMB-MS technique allows
determining (a) the nature of the primary reaction products, () the BRs of competing reaction channels, (¢) the
microscopic reaction mechanisms, and (d) the product energy partitioning. The characterization of the reaction
mechanism and possible intermediates, as well as of the product energy release, can also help in the modeling of the
high temperature/density media of combustion. Reaction intermediates can be collisionally stabilized, while internally
hot radicals produced by very exothermic reactions can be much more reactive.

The benefits of the CMB-MS approach support its application to the study of reactions of interest in combustion.*
"' In our laboratory, we have applied this method to several reactions involving atomic oxygen, O(’P), and small
unsaturated hydrocarbons common in flames.'>?! These reactions play a key role because small unsaturated
hydrocarbons are formed during the combustion of most carbon-based fuels. The reactions we have already
investigated with the CMB-MS technique are those with C2- and C3-hydrocarbons (ethyne and ethene; propyne,
propene and propadiene). The experimental investigation of these systems has often been complemented by the
theoretical characterization of the underlying potential energy surfaces (PESs). With the exception of the reaction
O(CP) + C,Hy, all the other reactive systems have been found to be strongly affected by the occurrence of intersystem
crossing (ISC) from the triplet to the lower energy singlet PESs.!*! ISC opens new reactive channels which are
precluded to the systems if the reactions occur exclusively on the original triplet PES. Since each system has its own
characteristics in terms of coupling terms between the triplet and singlet PESs, it is very difficult to extrapolate the
results from one system to another, even in the case of very similar hydrocarbons (see, for instance, the case of the
two reactions with C3Hy isomers propyne and propadiene'® or the sequence O(*P)+ethene, propene and 1-butene??).

More recently, we have started investigating the reaction of O(*°P) with C4-hydrocarbons (namely, 1-butene, 1,2-
butadiene and 1,3-butadiene)!*?">* and aromatics (namely, benzene and toluene). In this contribution, we present a
summary of our results on the reactions O(*°P) with the investigated C4 unsaturated hydrocarbons.

EXPERIMENTAL

The main aspects of the CMB approach with MS detection and time-of-flight (TOF) analysis have been already
described in many reviews and book chapters. Our apparatus follows the classic design by Lee and Herschbach,®’
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with some important improvements.*> In brief, two beams (one of atomic oxygen and one of a specific hydrocarbon)
are produced with narrow angular and velocity spreads and crossed at specific collision angles (45°, 90°, 135°) in a
high-vacuum collision chamber. A chopper wheel can be placed in front of the detector to measure TOF spectra.
Angular and TOF distributions of the products are recorded after the reactive collision takes place. The detector is
composed of a tunable electron impact ionizer followed by a quadrupole mass filter. The ionizer is in the innermost
part of a triply differentially pumped ultra-high-vacuum chamber. The entire detector unit can be rotated in the
collision plane around an axis passing through the collision center. The improvements brought to our CMB instrument
have opened new perspectives on reactive scattering studies of polyatomic reactions of relevance in combustion
chemistry. In particular, besides the capability of generating intense continuous beams of atomic oxygen and the
possibility of increasing the collision energy by changing the collision angle, it is the implementation of the “soft”
electron ionization in the MS detector of our CMB instrument that, by permitting to suppress or mitigate the long
standing problem, common in this kind of experiments when operating with “hard” (70 eV) electron ionization, of the
dissociative ionization of reactants, products and background gases, has led to an increased overall sensitivity which
has been crucial for probing all competing product channels of these complex multichannel reactions.*® The main
features of our CMB apparatus and recent improvements have been recently detailed elsewhere and will not be further
described here.*’

O(CP) REACTIONS WITH Cs UNSATURATED

The reactions investigated in our laboratory involving C4 unsaturated hydrocarbons are similar to those involving
C2 and C3 species as far as the initial attack is concerned.'?>?3 In all cases, indeed, we have verified that the reactions
initiate with the addition of the electrophilic O(P) to the & system of the unsaturated hydrocarbons. In the case of 1-
butene there is only one such attack site, while for 1,2- and 1,3-butadiene there are two double bonds and, therefore,
two possible attack sites. However, due to the symmetry of 1,3-butadiene, the two attacks are totally equivalent and
the distinction is necessary only for 1,2-butadiene, where the final O-addition can actually occur at three different
carbon atoms, to the contrary of 1,3-butadiene and C3 unsaturated hydrocarbons where the O-addition can occur at
only two different carbon atoms. Even if they share the attack mechanism, however, C4 hydrocarbons have more
complex molecular structures and, therefore, the possible outcomes are more numerous than in the case of C2 and C3
unsaturated hydrocarbons.!*-2!23

For all three systems, we have identified and characterized numerous reaction channels and their BRs. The
experimental results have been accompanied and interpreted in the light of the relevant triplet and singlet PESs.
RRKM/ME (Rice-Ramsperger-Kassel-Marcus/Master Equation) statistical calculations of product BRs. The main
results can be summarized as follows.

The reaction O(*P) + 1-butene

The reaction O(’P) + I-butene is of great interest because 1-butene is one of the main products of 1-butanol
pyrolysis (accompanied by the loss of one water molecule),?* a process which largely occurs when burning biobutanol,
a very promising biofuel. In addition to that, since we have already investigated the case of ethene and propene, it is
interesting to collectively analyse the series of terminal alkenes searching for similarities and differences that can
allow generalizations. Because of the increased molecular complexity, there are numerous possible exothermic
channels. Previous investigations have derived the global rate coefficients and also (partial) BRs.?*=** An excursus of
the previous results is presented in Table 1, where also the experimental values obtained in our laboratory and the
RRKM estimates derived in collaboration with the group of Carlo Cavallotti (Politecnico di Milano, Italy) are reported.

From CMB experiments'®?° at a collision energy (E.) 0f43.9 kJ/mol, primary products have been detected at mass-
to-charge ratios (m/z) of 71 (C4H;,0%), 70 (C4HsO"), 69 (C4Hs50"), 68 (C4H40™), 43 (CH3CO*, C3H7"), 42 (CH.CHOY),
30 (H,CO"), 29 (HCO™, C,Hs"), 28 (C,H4", CO™), 27 (C,Hs™), and 15 (CHs™). For most of these m/z values, LAB
angular and TOF distributions were measured. Notably, no reactive signal was detected at m/z = 14 and 17, which
rules out (within our sensitivity, i.e., BF < 1-2%) the weakly exoergic channel leading to CH, formation and also the
H abstraction pathway leading to the OH formation channel. We did not find any indication of the occurrence of the
CO + C3Hg channel. From the combined experimental/theoretical analysis, we have found that the most important
channels are those associated to the formation of two-radicals, namely CH,CHO(vinoxy) + C,Hs(ethyl) +,
HCO(formyl) + CsH7(propyl), and CHz(methyl) + C3HsO (see Table 1). The channel leading to the two close-shell
species H,CO (formaldehyde) + C3Hg (propene) is also important (BR of about 0.15), while the channel leading to the
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CH;CO(acetyl) + C,Hs, the H-displacement channels and the H,-elimination channels have been found to be minor
(BR <0.04). Some of this set of products can only be formed after ISC. Overall, the extent of ISC has been evaluated
to be ca. 50%, that is quite larger than that estimated for the reaction with propene (25%), but very similar to the one
derived for ethene (50%). The analysis of the series of reactions O(*P)+alkenes has permitted us to derive rate rules
for the terminal alkene series ranging from propene to dodecene.??

TABLE 1. Comparison between the previous, CMB-MS and theoretical results for the product channel branching ratios
for the O(°P) + 1-butene reaction.

Product B‘;‘;‘r’;“' Koda ~ Quandt Miner Oguchi  Suer  MBMS  ppivys  RRKM
Channel /' 55 et al?® et al?’ al.® et al® al3® KI/mol CMB-MS 300 K
CH,CHO 1.00 Important - 0.29 + - 0.34 + 0.31 0.32
+ CoH; 0.38 0.05 0.11
CH;CO 0.014 + 0.04 0.06
+ C.H; 0.007
H- - - Very low - - - 0.013 + 0.13 0.03
channel 0.004
CH; 0.30 - - - 0.05+ - 0.28 + 0.13 0.18
channel 0.01 0.09
HCO + 0.18 029+ - No - - 017+ 0.22 0.36
C;H; 0.07 detection 0.06
H.CO + <0.135 Mainly - - - Important 0.15+ 0.13 0.06
2 o secondary 0.05
CsHs product
H>- 0.005- 0.037 +
channel 0.038 ) } ) ] ) 0.015 0.025 0.025

The reaction OCP) + 1,2-butadiene

We have investigated the reaction O(P) + 1,2-butadiene at a collision energy of 41.8 kJ/mol and identified nine
different product channels. According to the analysis of laboratory distributions there are two dominant molecular
channels, one leading to C3Hg + CO (ca. 50%) and one leading to CH3CH(ethylidene) + CH,CO(ketene) (ca. 15%).
Several radical forming channels account overall for the remaining 35%. As an example of how TOF data can provide
information on distinct product channels for this system, in Fig. 1(a), we report the TOF spectra recorded at the
scattering angles of 28° and 44° for m/z = 41. At this m/z we observed the contribution from seven reactive channels
because of the still considerable fragmentation upon electron impact ionization, despite the use of an ionization energy
of 17 eV. However, given the different kinematics and reaction dynamics, the seven contributions can be disentangled
without ambiguity during the data analysis. For instance, on the basis of energy and linear momentum conservation,
the fastest peak is clearly assigned to the channel leading to C3Hg + CO. At large flight times, instead, the fingerprints
of the H-displacement and the H»-elimination channels are visible in associations with their heavy co-products C4HsO
and C4H4O detected at the mass of their daughter ions. In the TOF spectra are also visible the fingerprints of ketene
(CH2CO) and of the vinoxy radical CH>CHO, detected at their daughter ion. Notably, the extent of ISC estimated
experimentally is found to be about 70%, which is similar, although somewhat lower, than in the case of the related
reaction with propadiene (allene)'”, where it was estimated to be about 90%. A full account of the experimental results
accompanied by dedicated electronic structure calculations of the triplet and singlet PESs and RRKM/ME estimates
of the BRs taking into account ISC (currently under completion) will be reported in a future comprehensive
publication.

The reaction O(*P) + 1,3-butadiene

In the case of the O(*P) + 1,3-butadiene reaction, we have been able to record reactive signal associated to seven
channels which are open at the £ of 35.6 kJ/mol. Notably, 1,3-butadiene is a ubiquitous intermediate in carbon-fuel
combustion, known for its toxicity and for being involved in the formation of major soot precursors (e.g. C3H3).
Therefore, a sound identification of the primary products and BRs for the O(*P) + 1,3-butadiene reaction is crucial for
future improvements of flame modeling. Previous investigations are sparse®'*> and no information on product BRs is
available. From product angular and velocity distribution measurements at different m/z ratios, we have identified the
main channels being those leading to C4HsO + H, C4H40 + H,, C3He(propene) + CO, CsHs+ HCO, C,Hs; + CH,CHO
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(vinoxy), C,H4 + CH,CO(ketene), CsHs + CH>O (formaldehyde), and determined their BRs. As an example of the
sensitivity of the experimental data, we show the m/z =41 TOF distribution recorded at the LAB angle of 44° in Fig.
1(b) exploiting soft electron ionization at 17eV. In this case as well, we have been able to disentangle the various
contributions during the data analysis. By analyzing the spectrum we can see a fast shoulder, which has been attributed
to propene from the C3Hg + CO channel, a slower peak attributed to the propenyl radical from the C3;Hs+ HCO channel,
and the slowest peak, which has been attributed to both the coproducts of H, elimination and H displacement channels.
Also for this system the extent of ISC is >70%. Dedicated electronic structure calculations of the underlying
triplet/singlet PESs and related RRKM/Master Equation estimates of the BRs, with inclusion of ISC, are currently
under way by C. Cavallotti, and a full account of this synergistic experimental/theoretical work will be reported in the
near future.

T
o miz=41.
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CH, oo| cHCO best fit
E 0.025 E 0.05
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FIGURE 1. Time-of-flight distributions at the indicated m/z= 41 recorded (@) for the O+1,2-butadiene reaction at ® = 28° and
44° and (b) for the O+1,3-butadiene reaction at ®= 44°. The contributions arising from each reaction channels, as determined
during the data analysis, are also shown (see labels).333*

CONCLUSION

In this contribution, an extension of the CMB-MS technique to the case of the reactions between O(°P) and C4
unsaturated hydrocarbons is presented. As expected, the initial steps of these reactions are similar to those of the other
reactions that involve atomic oxygen and smaller unsaturated hydrocarbons, as they all feature the attack of the
electrophilic O atom to the « density of the multiple bond(s). However, the much more complex molecular structure
of C4 unsaturated hydrocarbons leads to an increase of the possible reaction channels. ISC is seen to occur and to
open, also in this case, several reaction channels which are not available on the triplet PES. To be noted that several
pairs of products formed after ISC are two closed-shell molecules, rather than open-shell radicals. Clearly, this
observation has strong implications for combustion modeling, because ISC shifts part of the reactive flux toward
terminating steps rather that propagation or branching steps.
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