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In our laboratory a recent series of experiments by means of the crossed molecular beam
(CMB) scattering technique with mass-spectrometric detection and time-of-flight analysis has
been instrumental in fostering progress in the understanding of the dynamics of both simple
triatomic insertion reactions and complex polyatomic addition—elimination reactions exhibiting
competing channels. In the first part of this review we survey the advances made in the
comprehension of the dynamics of the insertion reactions involving excited carbon, nitrogen
and oxygen atoms — C('D), N(*D), O('D) — with H,(D,), as made possible by synergistic
comparisons of experimental reactive differential cross-sections with the results of exact
quantum, quasiclassical trajectory and statistical calculations on reliable ab initio potential
energy surfaces. Related experimental and theoretical work from other laboratories is noted
throughout. In the second part, we review the progress made in the understanding of the
dynamics of polyatomic multichannel reactions, such as those of ground state oxygen and
carbon atoms, OCP) and C(°P), with the simplest alkyne, acetylene, and alkene, ethylene, as
made possible by the gained capability of identifying virtually all primary reaction channels,
characterising their dynamics, and determining their branching ratios. Such a capability is
based on an improved crossed molecular beam instrument which features product detection by
low-energy electron soft-ionisation for increased sensitivity and universal detection power, and
variable beam crossing angle for a larger collision energy range and increased angular and
velocity resolution. The scattering results are rationalised with the assistance of theoretical
information from other laboratories on the stationary points and product energetics of the
relevant ab initio potential energy surfaces. These detailed studies on polyatomic multichannel
reactions provide an important bridge between crossed beam dynamics and thermal kinetics
research.
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1. Introduction

A fundamental goal of physical chemistry is to understand how chemical reactions
occur at the microscopic level. This is the realm of reaction dynamics, a branch of
physical chemistry/chemical physics which is nowadays one of the major patterns of
enquiry in chemical kinetics. In an ideal experiment of reaction dynamics, collisions
involving reactants with well-defined internal states and relative velocity are
investigated and the products fully characterised. Fundamental questions on the
evolution from reactants to products can therefore be addressed, especially when direct
comparisons with scattering calculations on accurate potential energy surfaces (PESs)
are available. Indeed, pivotal to the strong progress that has occurred in the field of
reaction dynamics over the past 50 years has been the strong synergistic interplay
between experiment and theory.

From an experimental point of view, crossed molecular beams (CMB) methods are
particularly powerful for investigating gas-phase reaction dynamics [1-5]. The basic
characteristics of CMB experiments with respect to bulk and pump—probe time-resolved
flow studies is that the reactants are confined into distinct supersonic beams which cross
each other at a specific angle; the species of each beam are characterised by a well-
defined (both in magnitude and direction) velocity and usually also internal quantum
states, and are made to collide only with the molecules of the other beam, allowing us
to observe the consequences of well-defined molecular collisions. Product detection in
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CMB experiments can be performed by mass spectrometry or laser spectroscopy. The
CMB technique with electron-ionisation (EI) mass-spectrometric detection was first
developed in the late 1960s [6] and, since then, it has continuously evolved [1, 2, 7-13].
Using this technique in its ‘classic’ version [l], product angular and velocity
distributions (i.e. the double differential cross-sections, DCSs) can be measured at
well-defined collision energies (i.e. relative translational energies), E.; usually, total (i.e.
summed over all product internal quantum states) DCSs are determined, and in some
favourable cases vibrationally resolved DCS can also be obtained [7, 9]. This technique
has been central in the investigation of the dynamics of bimolecular reactions during the
past 35 years [14-16]. In CMB experiments product detection can also be accomplished
by means of LIF (Laser Induced Fluorescence) within Doppler-shift schemes [17-20] or,
more efficiently, by REMPI (Resonant Enhanced Multiphoton lonization) which can
be optimally coupled with ion-imaging [21-31], or by the H-atom Rydberg tagging
time-of-flight (TOF) technique [32-38]. Vibrationally and also rotationally resolved
DCSs can be measured using these high-resolution pulsed CMB/laser techniques.

During the past 10—15 years, by exploiting the classic CMB method and CMB/laser
techniques, it has been possible to carry out very detailed measurements of (state-
to-state) integral and differential cross-sections for simple triatom (H+ H,, F+ H,,
Cl+H,) and a four-atom (OH + H,) bimolecular abstraction reactions, and these
experimental quantities have been the subject of very detailed comparisons with
theoretical predictions based on both exact quantum-mechanical (QM) and quasiclas-
sical trajectory (QCT) scattering calculations on ab initio PESs. All this has permitted us
to deepen significantly our understanding of abstraction reactions [14, 19, 20, 27, 32-34,
37-49]. More recently, detailed combined experimental and theoretical investigations
have also been extended to encompass another category of triatom reactions, the
so-called insertion reactions, such as those between an electronically excited atom —
C('D), N(*D), O('D) or S('D) — and molecular hydrogen. A variety of studies using the
classic CMB method in our laboratory [50-58] and CMB/laser techniques in other
laboratories [35, 36, 59-63], have provided a wealth of experimental information on
these reactions. The experimental studies have been again accompanied by synergistic
theoretical efforts both at the level of ab initio electronic structure calculations of the
PESs and of dynamics calculations (QM, QCT and statistical) (see section 3). The first
part of this review (section 3) will survey the progress recently made in our laboratory in
the understanding of three simple insertion reactions. We will see that our results and
related work from other laboratories have permitted us to learn a lot also about this
reaction mechanism which, together with abstraction and addition—elimination, is one
of the most common mechanisms in chemistry.

Besides fundamental aspects, reaction dynamics studies have also addressed
important issues in applied areas, such as combustion, atmospheric chemistry and
astrochemistry. In these environments most reactions encompass polyatomic molecules
or radicals as reactants/products, and usually involve several energetically allowed
product channels. A full characterisation of these systems is therefore much more
challenging than in the case of simple triatom reactions. For polyatomic multichannel
reactions one would like to be able to determine for each channel (i) the primary
products, (ii) its relative importance, and (iii) its mechanism. This goal is very difficult
to achieve by using any of the several high-resolution laser-based spectroscopic
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techniques commonly used for reaction dynamics studies at the state-resolved level.
This is because products often are not known or include polyatomic radicals whose
spectroscopy is not known or for which suitable LIF or REMPI schemes or laser
sources are not available. An example in which spectroscopic techniques might work
well is represented by the recent studies on the dynamics of chlorine atom reactions with
polyatomic organic molecules; in these systems the Cl-atom abstracts an H-atom
leading to the formation of HCI plus an organic radical, and the HCI product is ideally
detected by REMPI spectroscopy. An excellent review has recently been published on
these studies [64, 65]. Other examples exploit a very recent experimental set-up, based
on pulsed CMB experiments coupled to a novel time-sliced ion velocity imaging
technique for the measurements of the velocity distribution of a state-selected product
by REMPI [21-27]. This has permitted determining integral and double differential
cross-sections at the state-resolved level by detecting CHj; for the family of polyatomic
abstraction reactions X+ CH4y— CH; (v)+HX (v) (X=F, CI, O, OH) (and their
isotopomers). The approach is analogous to the one previously used for triatom systems
as F+H, — H+ HF (v), but with the additional feature of pair-correlated information
on the DCSs for the two product partners, thus providing unprecedented, detailed
insight on polyatomic reactions [21-27].

Elegant as those experiments are, they remain confined to the study of reactions
forming very few simple species. Undoubtedly, the technique most versatile to tackle
polyatomic multichannel reactions is the classic CMB scattering technique with
universal EI mass spectrometric detection and TOF analysis. In principle this method
permits one to identify unambiguously all the primary products (even when their nature
is unknown), determine the product energy partitioning between translation and
internal degrees of freedom, derive the product angular distributions in the centre-of-
mass system and obtain information on the micromechanism of the reaction.
Ultimately one can derive information on some important features of the underlying
PES. By using this technique, during the last decade we have investigated a series of
complex polyatomic reactive systems such as CCP) 4+ C,H, [66-68], C(P) 4+ C>Hy [69],
N(D) + CHy [66, 70], N(D) + C,H, [71], ND) + C,H, [72], N(*D) +H,0 [66, 73],
OCP,'D)+H-S [8, 74], and OCP,'D)+ CH;l [75]. A very comprehensive review on
reaction dynamics with molecular beams, which includes CMB and CMB/laser studies
of simple reactions and CMB studies of polyatomic reactions, was published about
six years ago [14]. It should be noted that until that time, and actually until a couple
of years ago, despite the universal detection capabilities of the classic CMB method,
only one or very few reaction channels of a polyatomic reaction could be investi-
gated because of some limitations of the method, most notably connected with the
dissociative ionisation effects (see section 2). An exception is represented by a series of
CMB studies on a number of reactions of O('D) atoms with saturated hydrocarbons
and various molecules where, by exploiting isotopically labelled '®0 beams, it has been
possible to detect all product channels [16].

In the last few years, to reduce the problem of dissociative ionisation we have
successfully implemented the soft electron-ionisation (EI) technique for product
detection, a novel experimental strategy in CMB experiments [2, 76, 77]. This has
proved to be essential for characterising virtually all the competing pathways of
multichannel reactions, enabling us to explore the dynamics of polyatomic reactive
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systems more comprehensively than previously possible. The second part of this review
(section 4) will survey our recent progress in the investigation of the dynamics of some
multichannel polyatomic reactions of ground state O and C atoms with unsaturated
hydrocarbons, as made possible by the application of the soft EI detection method in
CMB reactive scattering experiments, as well as of the new capability of crossing the
two reactant beams at angles both smaller (45°) and larger (135°) than the common 90°.

Before reviewing the above topics, we will recall the basics of the CMB technique and
outline the improvements brought to our CMB instrument that have determined a new
twist on reactive scattering studies of polyatomic reactions.

2. Experimental: improved crossed molecular beams apparatus

The principles of CMB reactive scattering experiments with mass spectrometric
detection and TOF analysis have been discussed at length in reviews and book chapters
[1, 8, 14]. Briefly, in the typical arrangement of a CMB apparatus (see figure 1), two
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Figure 1. Schematic view of the ‘classic’ crossed molecular beams apparatus of Perugia with rotating TOF
mass spectrometer detector and 90° beam crossing angle geometry.
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beams of atoms and molecules with narrow angular and velocity spread are crossed
at 90° in a high-vacuum chamber and the angular and TOF distributions of the
products are recorded after well-defined collisional events take place. The detector is
usually an electron-impact ioniser followed by a quadrupole mass filter; the whole
detector unit can be rotated in the collision plane around the axis passing through the
collision centre. The main aspects of our CMB machine have been described in detail
elsewhere [8, 14]; here, we will mainly describe the recent improvements of the
experimental set-up, namely the implementation of the soft electron-ionisation for
product detection and the new arrangement of variable crossing angle of the two
reactant beams.

2.1. Soft electron-ionization detection

The use of electron-ionisation mass-spectrometric detection renders the CMB method
universal, that is applicable in principle to the study of any reaction. Every species can,
in fact, be ionised at the typical electron energy used in the ioniser which precedes the
mass filter of the detector [6, 8, 11]. Since the introduction of the technique in 1969 [6],
because of the very low number density of products to be detected in these experiments,
a high electron energy of 60-200eV (hard ionisation) had to be used for product
ionisation in order to maximise the signal. Most neutral species, in fact, have the
maxima of their EI cross-section at ~70eV. Unfortunately hard EI is plagued by
the problem of the dissociative ionisation, which constitutes the most serious limit with
the mass spectrometric detection in CMB experiments [1, 10]. This phenomenon is well
known. In analytical chemistry it is often exploited to recognize complex molecules
from their fragmentation patterns, but in CMB experiments it represents a very serious
complication. This is especially true when the signal at a certain mass-to-charge ratio
(m/z) can originate from more than one product. For instance, this is a common
situation for reactions producing organic radicals/molecules because of their tendency
to fragment in the ioniser. Only in favourable cases is it possible to distinguish whether
an ion at a given m/z originates from different neutral products by exploiting
energy and momentum conservation (ion fragments coming from the same product will
exhibit identical angular and velocity distributions) [1]. Especially troublesome is the
case in which the reactants themselves can interfere with product detection. For
instance, it would be practically impossible to detect any of the two co-products
originating from:

C(CP) + C,Hy — CH,+C,H, AH{= 142kJ mol™

which is an energetically allowed channel of the reaction between atomic carbon and the
ethylene molecule [69]. In fact, the reactive scattering signal at m/z=14 (CH;) or 26
(C,H;) would be overwhelmed, when using hard EI, by the much more intense signal
(by nearly two orders of magnitude) at these masses originating from dissociative
ionisation of elastically/inelastically scattered C,Hy4 (see section 4.4.2).

An elegant way to overcome this problem was prompted by Nobel Laureate Y. T.
Lee who introduced, during the mid-1990s, the soft (i.e. non-dissociative) photo-
ionisation (PI) method by tunable VUV radiation from a third-generation synchrotron
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(such as the Advanced Light Source, ALS, in Berkeley), capable of delivering a flux of
10'¢ photons s~', mandatory for reactive scattering experiments [10]. More recently,
this approach has also been implemented in Taiwan [78—80]. By using tunable (5-30¢V)
quasicontinuous VUV synchrotron radiation, and by tuning the photon energy below
the threshold for dissociative ionisation of interfering species, one can often eliminate
background signal that would normally prohibit experiments using hard EI [78-81].
A remaining problem is the low ionisation efficiency, PI cross-sections being typically
about one-two orders of magnitude smaller than EI cross-sections. A variety of
photodissociation studies in recent years have demonstrated the power of soft PI by
synchrotron radiation [78-86], but there have been only very few examples of reactive
scattering studies exploiting this approach, namely those on the reactions Cl + propane
and n-pentane [87-89].

Following a similar idea, single photon PI by a 157nm F, laser (7.9eV radiation)
has been recently used in reactive scattering studies of transition metals, exploiting the
low ionisation potentials of these metals and their compounds [13, 90-92]. Obviously
this detection approach remains confined, beyond transition metal compounds, to a
limited number of large polyatomic radicals having an ionization energy somewhat
below 7.9eV.

Notwithstanding the success of those experiments, a shortcoming with the VUV PI
approach is that absolute PI cross-sections are very often not known, and therefore
branching ratios cannot be easily estimated. As a matter of fact, studies of
photodissociation processes by soft PI using synchrotron light are usually accompanied
by measurements carried out using /ard EI, where many data have to be taken at all
possible fragment masses in order to estimate branching ratios [78-80, 82-86].

In our laboratory, we have very recently implemented in CMB reactive scattering
experiments an alternative method, that is, product detection by soft EI, which is
achieved by using electrons with low, tunable energy [12]. Although not affording the
same degree of selectivity as VUV synchrotron radiation, the soft EI approach offers
similar advantages with respect to the dissociative ionisation problem; in addition, it
gives us the bonus of the possibility of determining branching ratios, since absolute EI
cross-sections are often known or can be reliably estimated [86, 91-93]. The soft
EI approach is well known in mass spectrometry and widely used, for instance, in
discharge-flow mass-spectrometric kinetic studies, but it was never applied in CMB
experiments prior to our recent work [76, 77], mainly because of the low detection
sensitivity. In fact, the method involves varying the energy of the ionising electrons
down to low values and it is well known that EI cross-sections decrease dramatically
towards threshold, leaving usually no sufficient signal for carrying out product angular
and velocity distribution measurements. However, as we all know, it is all a matter of
signal-to-noise ratio! Exploiting some experimental improvements which have led to an
increased sensitivity of the CMB instrument [12], we have recently shown [76, 77] that
the simple approach of soft EI permits in many cases to achieve universal detection in
CMB experiments, and thus to identify all primary reaction products of multichannel
reactions, determine their branching ratios, and characterise the reaction dynamics of
each channel (see section 4). Because of its simplicity and low cost, the soft EI method
certainly represents an attractive alternative to the use of soft PI by synchrotron
radiation.
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2.2. Product angular and velocity distributions

The quantities which are measured in a CMB experiment with mass spectrometric/TOF
detection are the product intensity as a function of the scattering angle, what we call the
laboratory angular distribution, N(®), and the product intensity as a function of the
scattering angle ® and arrival time 7, what we call the time-of-flight spectrum, N(®, ¢).
The measurements are carried out in the laboratory (LAB) system of coordinates, but
for the physical interpretation of the scattering data it is necessary to perform a
coordinate transformation and move to the centre-of-mass (CM) reference frame [1].
It can be easily demonstrated [1] that, for each reaction channel, the relation between
LAB and CM product flux is given by I; o(®, v) = Icm(6, u)v*/u?, where © and v are the
LAB scattering angle and velocity, respectively, while 6 and u are the corresponding
CM quantities (see the velocity vector, or ‘Newton’, diagram in figure 2). Since the
EI mass-spectrometric detector measures the number density of products, N(®), rather
than the flux, the actual relation between the LAB density and the CM flux is
given by Npagp(®,v) =Icm(0,u) 5.

Because of the finite resolution of experimental conditions (angular and velocity
spread of the reactant beams and angular resolution of the detector), the LAB to CM
transformation is not single-valued and, therefore, analysis of the laboratory data is
usually performed by forward convoluting tentative CM distributions over the
experimental conditions. In other words, the CM angular and velocity distributions
are assumed, averaged and transformed to the LAB frame for comparison with the
experimental distributions and the procedure is repeated until a satisfactory fit of
the experimental distributions is obtained. The final outcome of a reactive scattering
experiment is the generation of a velocity flux contour map of the reaction products for
each channel, i.e. the plot of intensity as a function of angle and velocity in the CM
system, Icnv(0,u). The differential cross-section Icnm(6, ) is commonly factorised into
the product of the velocity (or translational energy) distribution, P(u) (or P(E/T)), and
the angular distribution, T(6):

Iem(0, EY) = T(O)P(EY)

In some cases the coupling between the T(6) and P(E’T) functions needs to be accounted
for (see section 3.1). The T(#) and P(E’T) functions contain all the information about
the dynamics.

When multiple reaction channels contribute to the signal at a given m/z ratio, a more
complex situation arises. For instance, figure 2 is shows the Newton diagram for an
experiment where a typical atomic beam of species A crosses at 90° a hydrocarbon
beam of species RR'H (where R is a hydrocarbon radical and R’ is either an H atom
or another hydrocarbon radical) and reacts according to the generic scheme:

A+ RR'H— RR'A+H
— RA +R'H

By taking into account the reactant and product masses and the laws of conservation of
linear momentum and total energy, it is possible to calculate the maximum CM speed
that the products can reach and therefore to draw the limiting circles in the Newton
diagram which define the range of LAB angles within which the products can be
scattered. By setting the mass spectrometer detector at the m/z ratio of the parent ion
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Figure 2. LAB angular and TOF distributions (schematic) measured at m/z=RR’A" (a and d) and
m/z=RA™ (b and e) for a generic A+ RR’H reaction giving two different indicated product channels,
together with the relative velocity vector (‘Newton’) diagram. The circles in the Newton diagram delimit the
maximum speeds of the two different products, RR’A and RA, and the corresponding ranges of their LAB
scattering angles; for the RA product the LAB and CM velocities, vga and ura, and angles, ® and 6,
respectively, are also indicated. In all panels dashed and dotted lines indicate the RR’A and RA products,
respectively; in panel (b) the continuous line indicates the total angular distribution recorded at m/z=RA™,
corresponding to the sum of the two contributions, one due to RA and the other due to the RR’A dissociative
ionisation (this is the typical result when using hard ionisation detection). In panel (c) and (f) the dotted line
indicates the angular and TOF distributions, respectively, of the RA product as can be obtained by using soft
ionisation, i.e. an electron energy for detection lower than the appearance energy of RA™ from RR'A via
dissociative ionisation.
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RR’A" one can measure the angular (figure 2a) and velocity (figure 2d) distributions of
the RR’A product. In contrast, by setting the mass spectrometer at m/z=RA™, if the
product RR’A generates also RA™ by dissociative ionisation, one will measure the
angular and velocity distributions of both RR’A and RA products (see figures 2b and
2e, respectively); in this case, high-resolution angular and TOF distribution measure-
ments can permit to disentangle the two contributions on the basis of the different
velocity distributions and angular scattering ranges (see the Newton diagram in figure 2,
and figures 2b and 2¢). Remarkably, if the appearance energy (AE) of RA™ from RR’A
is sufficiently higher than the ionisation energy (IE) of RA, one can tune the electron
energy below the AE threshold and detect RA free from interferences by the fragments
of the heavier RR’A product. In this case the angular distribution and TOF spectra at
mjz=RA™ will exhibit only the features of the RA product (see figures 2¢ and 2f, and
section 4 for practical examples). In these cases a weighted total CM differential
cross-section reflecting the various possible contributions is used in the data analysis
of the LAB distributions for a specific mi/z, that is:

Iem(6,Ep) = Z w; x [T(8) x P(Ep)];

with the parameter w; representing the relative contribution of the integral cross-section
of the ith channel.

2.3. Crossed molecular beam experiments with variable beam crossing angle

The relative collision energy in a CMB experiment is given by E.=1/2 uv?, where p is
the reduced mass of the system and v, is the relative velocity. In general:
V2 =17 + v —2u vy cosy

where v; and v, are the two reactant beam velocities in the LAB frame and y the
crossing angle of the two beams (see figure 3) [19, 20, 67, 69]. Traditionally, CMB
instruments with rotatable mass spectrometer detector have always featured a beam
crossing angle of 90° (see, for instance, figure 1 and figure 3 (middle panel)); in this case
12 =17 +13. The main difference between the various existing CMB instruments lies in
whether the beam sources are fixed and the detector rotating, or vice versa. The fixed-
detector configuration is usually adopted when photo-ionisation (by VUV laser [90]
or synchrotron radiation [10, 78-80]) is employed for product detection.

In many practical cases it is of interest to study the reaction dynamics of a system as
a function of collision energy. In order to change the collision energy one needs to
change v, and this, in apparatuses with y =90°, is achieved by changing the velocity of
one or both beams. In most cases, the increase of the beam velocities leads to a
reduction in angular and velocity resolution, because vcy increases as well and
consequently the Newton circle within which the product is confined to be scattered
moves away from the LAB velocity origin. This causes (i) the product velocities to
become larger in the LAB frame, to which correspond TOF spectra peaked at small
values of time and distributed over a small number of channels, and (ii) the product
angular distribution to distribute over a narrow LAB angular range. Also, when
changing the beam conditions to vary their velocity (for example, by varying the nozzle
temperature and/or the seeding gas), it is more difficult to follow the trend of the
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Figure 3. CMB set-ups (schematic) with beam intersection angle y of 45° (top), 90° (middle), and 135°
(bottom), and corresponding qualitative Newton diagrams with beam velocities, relative velocity, v, and
velocity of the centre-of-mass, vy, indicated for a generic collision between two particles of mass 71, and m,,
with m, > m,. Given the same beam velocities in all three cases, note the increase in v, and the reduction of
vem When going from y=45° to y=135°.
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cross-sections as a function of E.. In this respect it is much more convenient to vary the
collision energy while keeping the same beam characteristics (i.e. internal temperature
and speed ratio); this can be achieved by varying the intersection angle of the two beams
[see refs. 19, 20 and 67].

Very recently, in our CMB apparatus we have implemented a variable beam crossing
set-up with the two reactant beams crossing at y =45°, or 90°, or 135° (see figure 3) [12].
These new settings allow us to vary the collision energy in a much wider range than
previously possible. In addition, by using the y =135° geometry we can increase the
collision energy and, at the same time, increase both angular and velocity resolution. In
this case, in fact, the Newton circle within which the products are energetically confined
becomes closer to the LAB velocity origin than in the y=90° case. With the beam
velocities remaining constant, the y=135° configuration actually implies that the
product angular distribution in the LAB frame will extend over a broader angular range
and the product TOF distributions will be slower and distributed over a larger number
of channels than those associated to the y =90° configuration. In section 4.3 we will
witness the advantages obtained for the O(*P)+ C,H,4 reaction when using y = 135°
instead of y=90°.

Conversely, the y=45° arrangement is intended for reaching very low collision
energies, because v, decreases significantly with respect to the y =90° set-up, and this
is of interest when studying reactions of relevance in astrochemistry, such as those of
C(’P) with unsaturated hydrocarbons (see section 4.2). In this case one loses some
angular and velocity resolution with respect to y=90°, but gains some sensitivity
(because the product flux is confined to a narrow angular range) and the capability of
exploring strongly exoergic processes in the full angular range. For instance, by using
y=45°, 90°, and 135° configurations we have recently been able to explore the
dynamics of the C(°P) 4+ C,H, reaction from 3.5kJ mol~" up to more than 50 kJ mol ™",
and to probe the full angular range of also the strongly exoergic reaction channel
C('D)+ C,H, — C3+H, (AHS = —228 kI mol™") (see section 4.2) [94].

2.4. Supersonic sources of radical beams

A prerequisite for measuring reactive DCS for the systems reviewed in this article has
been the capability of generating intense, continuous supersonic beams of OC’P,'D),
CCP,'D), and N(*°D) atoms. The technique used is quite general and is the one
employed for a number of years in our laboratory. It is based on a high-pressure,
high-power radio-frequency discharge beam source [8, 95], originally developed for
generating OCP, 'D) beams [8, 96], and then adapted for producing supersonic beams
of a wide variety of atomic and molecular radicals (O, N, C, Cl, OH, CN) starting
from dilute mixtures (1-5%) of suitable precursor molecules (O,, N,, CO,, Cl,, H>O,
CO»/N,) seeded in a rare gas carrier. The detailed characteristics of the beams of the
various species can be found in the relevant references.

3. Triatomic insertion reactions

It is well recognized that in reaction dynamics a strong interaction between experiment
and theory is crucial. Indeed, only the direct comparison between detailed experimental
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observables, such as the differential cross-section, and quantum scattering calculations
can assess the quality of a computed PES and, in turn, allow the knowledge of
the factors which rule a chemical transformation. Until very recently, such an
ambitious goal was achieved only for a few simple reactions, i.e. H+ H,, F+ H,, and
Cl+H, [7, 9, 14, 27, 32-36, 3841, 48, 49, 97, 98]. These three benchmark systems
belong to the same family of abstraction reactions, that is, reactions that follow a direct,
rebound mechanism. In those cases, the comparison between experimental results
and accurate QM scattering calculations has always led to an improvement of the
calculated ab initio PESs, and important effects, such as those due to spin—orbit
coupling [40—-44, 99] or geometric phase [32-34, 100] have been examined.

The same combined experimental and theoretical approach has been extended only
more recently to the case of the more complex family of insertion reactions, that follow
an indirect mechanism and are characterised by the presence of a deep well on their
PES. The best known insertion reactions involve electronically excited atoms and occur
on multiple PESs. For instance, the reaction

O('D)+ H,(X'=f,v=0, /) - OH(X’I,V,;) + H(*S) AHj = —181.4kJmol™" (1)

has initially attracted a great deal of attention because of its relevance in a variety of
chemical environments, and has long been regarded as the prototypical insertion reaction
(see below). More recently, other reactive systems such as S('D) +H, — SH + H and

C('D) + Hy(X'=f,v=0, j) - CH(X’T,V, /) +H(S) AH{ = -255kJmol™" (2)

NCD) +Hy(X'=},v=0,/) — NHX’E",v,/)+HES) AHj=-138.9kimol™" (3)

have aroused experimental and theoretical attention and joined the list of systems for
which differential cross-sections have been measured [52-58, 61-63] and accurate PESs
[101-108] have become available. A common characteristic of these insertion reactions
is that the deep potential well between reactants and products is associated with
strongly bound species which are formed after the insertion of the excited atom into the
H-H bond, that is the molecules H,O and H,S in their ground states and the radicals
CH,(a@ 'A’) and NH,(X?B,) (see figure 4). Because of the presence of a very deep well
(of the order of a few eV), accurate QM scattering calculations are quite arduous as the
wave function has to be expanded on a very large number of states. Therefore,
approximate methods, such as QCT or reduced dimensionality QM calculations have
been mostly used together with time-dependent methods, which, however, have not
produced DCSs so far. Since insertion reactions are generally believed to proceed
statistically because of the stability of the intermediate complex with respect to
reactants and products, a number of statistical studies are also available. In particular,
an accurate statistical model (SM) [109, 110] which includes the coupled-channel
capture theory of Clary and Henshaw [111] has been recently developed and applied to
the study of prototype insertion reactions, including reactions (1), (2) and (3) [55, 58,
109, 110]. A similar idea was exploited in an analogous, wave-packet based statistical
study of C('D)+H,/HD/D, reactions [112, 113]. The SM method developed by
Manolopoulos and co-workers also allows the calculations of the DCS within the
random phase approximation [55, 58, 110]. The SM results have been compared with
the QM results, with a different degree of agreement for the three systems and implying
a different character of reaction (2) with respect to reactions (1) and (3) [110].
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Figure 4. Energy level and correlation diagrams (schematic) for the O('D)+H,, N(*D)+H,
and C('D)+ H, reactions. The energy scales are the same for the three systems.

On the experimental side, these reactions are also challenging to investigate at the
microscopic level, since (i) they involve electronically excited species, difficult to
produce with a number density sufficient to follow a reactive study, and (ii) the radical
products are formed in a multitude of rovibrational states, which makes the
spectroscopic determination of their populations rather laborious — this is especially
true for the very exothermic reactions (1) and (3).

In our laboratory, we have exploited the possibility of generating intense continuous
beams of atomic carbon, atomic nitrogen and atomic oxygen containing a definite
percentage of the atoms in their electronically excited states C('D), N(*D) and O('D) (see
section 2.4 and Refs. 8 and 95). This has allowed us to perform CMB experiments on
reactions (1), (2) and (3) [50-58, 114] almost at the same time as fully converged QM
scattering calculations on accurate CH,, NH> and H>O potential energy surfaces became
available for the first time [115-117]. The direct comparison of our experimental results,
and those from other groups [118, 119], with the state-of-the-art QM scattering
calculations by Honvault and Launay [54, 55, 57, 115, 117] allow us to assess the status
reached by the theory in describing insertion reactions and provides us with detailed
insight also on this kind of mechanism. In addition, the direct comparison between our
experimental results and SM and/or QCT predictions has become a test of how realistic
those approximate methods can be in the description of insertion reactions for which
accurate PESs are available when QM calculations are not yet feasible [55, 58].

As we are going to see, each of the reactions (1), (2) and (3) has its own peculiarities.
We will start by describing the C('D) + H, reaction, which is probably the system that
best meets the expectations for insertion reactions. Then we will describe the
N(D)+H, reaction, which is the only one, amongst those mentioned above,
characterised by an activation energy. We will conclude with the O('D) + H, reaction,
a system largely complicated by a competitive, non-insertive channel.

3.1. Reaction C('D)+ H,

The five-fold degenerate C('D) atom approaching H, gives rise to five singlet PESs;
amongst them, only two (the ground state PES, 1'A}, and the excited 'B;) correlate with
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Figure 5. Left panel: CH product LAB angular distributions from the C('D)+H, reaction at
E.=7.8kJmol™" and the corresponding canonical Newton diagram. The circle in the Newton diagram
delimits the maximum speed that CH can attain if all the available energy is channelled into product
translation. Dots: experimental points (the error bars represent +1 standard deviation). Solid line: best-fit
angular distribution as obtained from the CM angular and translational energy distributions of figure 6.
Dashed line: QM angular distribution as obtained from dynamical calculations by Honvault and Launay on
the BHL PES (see text). Right panel: CH product time-of-flight distribution at ® =28°. Solid line and dashed
lines as before. (Adapted from Ref. 57.)

the ground state products CH(X?IT)+H(®S). According to the recent ab initio
calculations by Bussery-Honvault, Honvault and Launay (BHL) [105], the first singlet
a'A’ (1'A)) state of the CH, PES is characterised by a well depth of 417.1 kJmol™'
relatively to the C('D)+ H, asymptote (see figure 4). The @ 'A’ surface has no barrier
for the perpendicular C», geometry, but presents a large barrier of ~52kJ mol~! for the
collinear C,,, geometry, which prevents a contribution from a direct abstraction
mechanism at low E_/s. The exit channel has no barrier for bent configurations. A
peculiarity of the & 'A’ CH, PES is the presence of two crossings with the triplet PES
describing the C(P) + H, system, which is also characterised by the presence of a deep
well corresponding to the ground state X°B, of the CH, radical.

We have investigated reaction (2) at two different E, of 7.8 and 16.0kJ mol~"' [56, 57]
and its isotopic variant C('D) +D2(X12'g", v=0, ) ->CD(X’I1,v, ) + D(S) at
E.=15.5kJmol™" [58]. The LAB product angular distribution from the C('D)+ H,
reaction at E,=7.8kJmol~! is shown in figure 5 together with the corresponding
canonical Newton diagram. The error bars are also indicated representing +1 standard
deviation. The TOF distributions were recorded at nine selected laboratory angles
[56, 57]; in figure 5 the TOF distribution recorded at ® = 28° is shown. The solid lines in
figure 5 represent the curves calculated by using the best-fit CM functions of figure 6
[56, 57]. At this E,, as well as at the higher E, of 16.0 kJ mol~" and for the case of the D,
reaction, the LAB angular distribution extends on both sides of the CM angle, ®cp.
Also, the distribution is very broad, extending to the limit of energy conservation (see
the related Newton diagram) and this suggests that a large fraction of the total available
energy is channelled into product translation. Statistical calculations based on phase-
space theory [56] were the first to indicate a strong coupling between the differential
cross-section and the product translational energy distribution, P(E/T), for this system.
Therefore, we accounted for the coupling in the best-fit iterative procedure and found
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Figure 6. Left panels: CM scattering-angle-selected product translational energy distributions. Right Panel:
CM product angular distributions (differential cross-sections). Solid lines: best-fit functions. Dashed lines:
QM functions for H, in j=0. Dotted lines: QM functions for H, in j=1. The experimental DCS (relative
units) has been arbitrarily normalized to the QM results. (Adapted from Ref. 57.)

confirmation that the angular and translational energy distributions are coupled,
with a more significant fraction of energy released as product translation for the
products scattered at 6 =0°-15° and 6=165°-180°. In the left panels of figure 6
the best-fit P(E,T)s obtained for the angular ranges 6=[0°-15° 165°-180°] and
0=[15°-165°] are reported. The average product translational energy, defined as
(E’T):EP(E'T)E'T/ZP(E'T), is ~26kJmol™" at the poles and ~21kJmol™' in the
remaining angular range. These quantities correspond to ~73% and ~59% of the total
available energy (for this experiment, the total available energy is given by
E..=E.— AH: + E;, where the internal energy of the reactants, E;, was equal to
the energy content of j= 1, which is by far the most populated level of H, in our beam).
The best-fit CM T(6) is backward—forward symmetric and significantly polarised
(the ratio T(90°)/T(0°, 180°) is 0.4 £0.1). Remarkably, even though the symmetry of
T(6) is not sufficient to conclude that the C('D) 4 H, reaction proceeds via a long-lived
complex because of the equal probability of breaking the C—H bonds in the
CH, intermediate, its shape is fully consistent with the insertion mechanism of C('D)
into the H-H bond.

In a recent paper [57], we have reported the comparison between our experimental
results at this E. and the accurate QM calculations performed on the BHL PES by
Launay and co-workers. In figure 6 it is also shown the QM P(E/T, AB)s for AG=0°-20°
and A6 =280°-100°. The contributions originated by the two lowest initial rotational
states of H, (j=0 and 1) are plotted separately. We remind the reader that H,
rotational levels up to 3 are populated in the beam, with an estimated population of
0.195; 0.708; 0.068; 0.028 for j=0, 1, 2, 3, respectively [57, 116]. The experimental trend
is fully confirmed by QM calculations: the fraction of energy released as product
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translational energy is higher in the proximity of the two poles. However, the QM
calculations systematically find fractions of energy released as product translational
energy slightly smaller than the experimental ones. The QM differential cross-sections
calculated at the E.=7.8kJmol~" and for the relevant initial H, j levels are shown in
figure 6. As visible, both the best-fit and QM CM angular distributions are backward—
forward symmetric, but the QM DCSs are much more polarised than the best-fit one.

To compare the theoretical results with the measured angular distribution in the most
straightforward way, we have also transformed the theoretical DCSs derived in the CM
frame into the LAB frame, taking into account the averaging over the experimental
conditions (beam velocity distributions and angular divergences, detector aperture) and
the distribution of H, rotational levels and their relative reactivity. Also, the angle
dependent translational energy distributions as they were derived from QM calculations
for each initial j were used in the simulation. The result is shown in figure 5 (dashed
line). As can be appreciated, the QM calculations are able to reproduce most of the
LAB angular distribution. As far as the TOF spectra are concerned, the QM
simulations generate TOF distributions slightly slower than the experimental ones.
Overall, the agreement between experiment and QM calculations is good, thus implying
that the BHL PES gives a fairly good description of the CH, reactive system, but some
discrepancies are clearly visible at the level of both LAB angular and TOF distributions.
Some speculations can be made on their origin. On one side, we should consider that we
have also a small percentage of H, in j=2 and 3 in the beam [57] and that a larger
amount of E, is associated with the reactive collisions involving them. An inclusion
of their contributions in the QM simulations could help to reduce the discrepancies
observed in the TOF distributions. On the other side, the discrepancies visible between
the simulated and experimental angular distributions mainly originate from the strong
polarisation of the calculated DCSs, as demonstrated by a sensitivity test. Interestingly,
the degree of polarisation seems to reduce significantly with the increase of the initial
H, rotational level involved and therefore an inclusion of the contributions of j=2
and 3 should go in the right direction.

To understand the origin of the pronounced polarisation of the theoretical DCSs
it can be useful to compare the QM results with those of the SM and QCT calculations
[57, 110]. For this system the agreement between statistical and QM results is excellent
and that points to the statistical nature of the C('D)+ H, reactive system within the
BHL PES [110]. In particular, the sharp peaks at the two poles of the DCSs are perfectly
reproduced and, since the QCT calculation failed in reproducing them, they are believed
to be of quantum nature and have been tentatively ascribed to tunnelling through the
reactant and product centrifugal barriers. Since the statistical method developed by
Manolopoulos and co-workers is insensitive to the collision complex region [109, 110],
the pronounced polarisation can only be the result of the long range region of the BHL
PES. Such a strong polarisation was not confirmed by our experiments and, therefore,
the BHL PES might be not accurate enough in the long range region. Other
explanations are, however, possible. For instance, a contribution from the second
excited electronic state, 1A”, surface (corresponding to the 1'B, electronic state of CH,)
could also account for the differences observed [121]. The 1A” PES, in fact, is
characterised by a large barrier (~41kJmol™") for collinear C., geometry and a very
large barrier for perpendicular C,, geometry (~347 kImol~") [121]. However, the PES
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presents no barrier for the approach with a 60° geometry and, as it was shown very
recently, can significantly contribute to the reaction. Remarkably, QM scattering
calculations of the J=0 total reaction probability as a function of the collision energy
have pointed out that reactive scattering is actually more efficient on the excited 1A”
PES rather than on the ground 1A’ PES [121]. Therefore, it will be very interesting to
compare the experimental results with the predictions of the dynamical calculations
including the excited state surface contribution, when they become available. In
addition, the intersystem crossing with the triplet PES could play a role because a
strong spin—orbit interaction has been observed spectroscopically between the triplet
and singlet states of the CH, radical [122—125].

The investigation of the isotopic variant C('D)+D, substantially confirmed the
conclusions reached on reaction (2) [58]. In that case, however, only a comparison with
QCT and SM calculations was possible because the relatively high experimental E. and
the deuterium substitution increase the number of states so much as to make the QM
calculations prohibitive. However, since the agreement between SM and QM DCSs is
very good in the case of reaction (2), and especially the degree of polarisation was
always correctly reproduced, we expect that the SM DCSs are a very realistic
approximation of the exact QM DCSs. Also in the case of C('D) + D,, the discrepancies
visible between the SM and experimental distributions originated from the apparently
too high backward—forward to sideways intensity ratio of the calculated DCSs and
also from an excessive contribution of v =1.

In conclusion, the BHL PES has been found to give a fairly good description of the
dynamics of reaction (2). The discrepancies observed between the QM calculations and
the experimental results may be ascribed either to deficiencies in the long range region
of the BHL PES or to the involvement of excited state PESs, non-adiabatic effects and
intersystem crossing between the triplet and singlet PESs. Finally, the good agreement
between QM and SM results points to a substantial statisticity of the reaction along the
BHL PES and renders the SM method a convenient alternative to the computer-time-
consuming QM calculations for some applications.

3.2. Reaction N(°D) + H,

The five-fold orbitally degenerate N(*D) atom interacting with H, gives rise to five
doublet PESs (neglecting spin—orbit coupling). According to the ab initio calculations
by Pederson et al. [101], the insertion pathway on the ground state PES leading to the
’B, state of NH, is characterised by a barrier of about 7.9kJ mol™! for the favourite
perpendicular approach. The first two excited PESs *A; and *B, do not correlate with
ground state products, but with NH in the excited states a' A and b'=™, respectively.
For the collinear approach the first excited PES ?A has a very large barrier and the *I1
PES is strongly repulsive. Thus, only insertion can play a role in N(°D)+ H, at the
collision energies normally achieved in laboratory experiments.

In our laboratory we have investigated reaction (3) at E.=15.9kJ mol~' [54, 55] and
its isotopic variant N(ZD)+D2(XIZ+, =0, j))— ND(X’", v, /)+D(S) at two
E. (15.9 and 21.3kJmol™") [52, 53]. The LAB product angular distribution from the
NCD)+H, reaction at E.=15.9kJmol™! is shown in figure 7 together with the
relative canonical Newton diagram. The error bars are also indicated representing
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Figure 7. Left panel: NH product LAB angular distributions from the N(’D)+H, reaction at
E.=159kJmol~" and the corresponding canonical Newton diagram. The circle in the Newton diagram
delimits the maximum speed that NH can attain if all the available energy is channelled into product
translation. Dots: experimental points (the error bars represent 1 standard deviation); solid line: angular
distribution as obtained from the best-fit CM angular and translational energy distributions; dashed line:
QM angular distribution as obtained from dynamical calculations by Honvault and Launay on the PES by
Pederson et al. (see text). Right panel: CM product angular distributions (differential cross-sections).
Solid lines: best-fit functions. Dashed lines: QM DCS for H, in j=0. Dotted lines: QM DCS for H, in j=1.
Short-dashed lines: QM DCS for H, in j=2. The experimental DCS (relative units) has been arbitrarily
normalized to the QM results. (Adapted from Ref. 55.)

+1 standard deviation. Time-of-flight distributions (not shown here) were also recorded
at four different laboratory angles. Also in this case, the angular distribution
extends on both sides of ®cy, thus confirming that reaction (3) proceeds via
an insertive pathway. The solid lines in figure 7 represent the curves calculated by
using the best-fit CM functions reported in Ref. 55. The best-fit DCS is also shown
in figure 7.

This system was the first insertion reaction for which it was possible to perform a
direct comparison between the QM predictions and experimental results [54]. The QM
DCSs calculated at E,=15.9kJ mol~" and for different initial H, j levels are displayed
in figure 7 superimposed to the best-fit one. As is visible, the best-fit CM angular
distribution (which is averaged over the H, j level population of the beam) is backward—
forward symmetric, while the QM DCSs show an alternating behaviour with the DCS
for Ho(j=0) slightly favouring backward scattering (6 = 180°) and the DCSs for j=1
and 2 favouring forward scattering (§=0°). In all cases, the QM DCSs are more
polarised than the best-fit one, but the polarisation reduces with the increase of the H,
rotational level. Since it has been recognised that for reactions like N(°D)+ H, there
could be a significant coupling between the product angular and translational energy
distributions and that such a coupling could affect the simulation of the experimental
results, in a recent paper QM, SM and QCT DCSs have been used in the simulation
program of the experimental distributions by explicitly considering that coupling [55].
Also in this case, to remove any possible ambiguity associated with the derivation of the
best-fit CM functions from the LAB data, the comparison between theoretical and
experimental results has been performed by directly simulating the experimental
distributions in the LAB frame. The angle dependent translational energy distributions,
P(E’T, A0), derived in the calculations for each initial j have been used in the simulation.
The resulting angular distribution is shown in figure 7 as a dashed line. The LAB
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angular and TOF distributions obtained by considering the QM angle dependent
P(E’T, A0) compare well with the experimental ones. Essentially, all the characteristics
of the LAB distributions are correctly predicted. However, the comparison is slightly
worse with respect to that obtained when simulating the experiment without consid-
ering the coupling, that is, by using the global QM P(E'T) (see figure 1 of Ref. 54).
Interestingly, QCT calculations performed on the same PES at the same E. derived CM
DCSs with some propensity for backward scattering, that is in the opposite direction
with respect to the QM calculations [54, S55]. The comparison between QCT and
experimental angular distribution was, therefore, less satisfactory than for QM
calculations [54, 55]. As far as the SM simulation is concerned, the resulting LAB
distributions have been rather disappointing since at the level of the CM DCSs it is the
method which better reproduces the best-fit (symmetric) CM angular distribution [55].
However, the reason for such a disagreement in the LAB frame is mostly due to the
significantly large fraction of energy released as product translational energy associated
with the range of 6 around 90° predicted by the SM calculations.

To understand the origin of the differences between the classical and quantum
predictions, in Refs. 54 and 55 the QM, QCT and SM (2L + 1)-degeneracy-weighted
reaction probabilities as a function of the orbital angular momentum L have been
analysed and the DCSs scrutinised as they change with the maximum value of the
angular momentum, L., retained in the partial wave sum. Interestingly, the QCT
reactivity at large L is smaller than the QM one, while there is an excellent agreement
between the QM and SM functions. If the reaction under study were a direct reaction,
being in that case the forward scattering associated with large angular momenta (or, in
classical mechanics, with large impact parameters) the smaller reactivity of larger L
could directly explain the missing QCT forward scattering intensity. This was indeed the
case of the abstraction F 4+ H, reaction, where the largest difference between classical
and quantum angular distributions was seen to occur in the forward direction and was
attributed to tunnelling through the centrifugal barrier [126]. In the case of reaction (3),
which is an indirect reaction, all the impact parameters (and consequently all values of
L) contribute to generate intensity in the whole angular range. Nevertheless, some
considerations can still be made. As a matter of fact, in Refs. 54 and 55 the analysis of
QM, QCT and SM DCSs as they change with the maximum value of the angular
momentum retained in the partial wave sum calculations has brought to the conclusion
that the missing forward intensity in the QCT DCS is due to inability of the classical
approach to consider the tunnelling through the centrifugal barriers at the highest total
angular momenta that contribute to the reactions. When retaining only the first partial
waves, the QM and QCT DCSs are essentially coincident, while already at L,,x=10a
clear difference becomes visible with the QM DCS having a larger intensity in the
forward direction than the QCT ones. The same comparison with the SM functions
reveals an excellent agreement for most of the angular range and values of L,. An
important limitation of the SM method, however, is due to the random-phase
approximation used to generate the DCSs, which can only produce backward—forward
symmetric functions. Therefore, we cannot expect that the asymmetry of the QM DCSs
could be reproduced in any case. In spite of that, the SM ratio of sideways to
forward scattering is always in excellent agreement with the QM functions for all values
of Lpax [55].
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In conclusion, the accuracy of the NH, ground state PES of Pederson ef al. [101]
is substantially supported by the comparison between experimental results and
state-of-the-art QM calculations. In this respect it should be noted that the ab initio
calculations showed that more than one PES may actually contribute to insertion [102],
although the ground state should be dominant. The other possible pathway involves
the *A, PES which is adiabatically connected to the °B, state via non-C,, geometry
(a conical intersection exists between “A; and *B, surfaces), and is coupled to *B; via
Renner-Teller interaction [102]. The 2B, surface has a modest barrier of only
14.2kJmol~" for C,, geometry [102]. The role of the excited state A; PES has been
recently analysed. A trajectory-surface-hopping study [127] revealed that the non-
adiabatic DCSs, which can account for maximum contribution of 10% to the overall
formation of NH(X*X ") at collision energies around 20kJmol™', are clearly more
backward—forward symmetric than those generated on the ground state PES. Inclusion
of such a contribution can therefore help to improve the comparison with the
experimental results.

Another conclusion is that for this system the limits of the approximate SM and QCT
methods are clearly visible. Remarkably, the rigorous statistical model can accurately
describe some important quantum effects, but cannot predict the partial asymmetry of
the DCSs and fails in the prediction of less averaged quantities [55]. This is not
surprising as the large exothermicity of the system is expected to render it less statistical.
For a system to behave statistically, in fact, the potential well should be deep
with respect to both reactant and product asymptotes. As far as the QCT predictions
are concerned, the impossibility to reproduce the tunnelling through the combined
centrifugal and potential barrier in the entrance channel seems to affect not only
the prediction of the room temperature rate constant [54], but also the shape of
the DCS.

3.3. Reaction O('D) + H,

Reaction (1) has been extensively studied from both experimental and theoretical points
of view because of its practical and fundamental relevance (see references in Refs. 50,
51). After such a conspicuous amount of work, it is now well established that its
dynamics is largely complicated by two excited state PESs through adiabatic and non-
adiabatic pathways. Also in this case, in fact, the five-fold 'D, electronic state of atomic
oxygen splits into five singlet potential energy surfaces (three A" and two A" states in Cj
symmetry). Amongst the five singlet PESs, the first three may contribute to the reaction
under the conditions of the available experiments. The lowest 1'A’ adiabatic surface
correlates with the ground state products, OH(*IT)+H(S), through the ground
electronic state of H,O without barriers [104, 128]. The second 2'A’ surface has a
collinear abstraction barrier of about 9 kJmol™' and adiabatically correlates with the
excited state products, OH(a>< ") + H(*S); however, this surface is electronically coupled
to the ground 1'A’ PES and can contribute to the production of OH(*r) + H(*S) via non-
adiabatic transitions [104]. Finally, the 1'A” excited state PES is characterised by a
collinear abstraction barrier of about 9kJ mol~" (the 2'A’ and 1'A” correspond to the
doubly degenerate IT state in linear geometry) and adiabatically correlates with the
ground state OH(*IT) + H(®S) products [104, 129]. The two upper 3'A’ and 2'A” PESs
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(corresponding to the degenerate A state in the C.,, symmetry) are repulsive and
correlate with the product excited states.

The dynamics of reaction (1) and of its isotopic variants O('D) + D,/O('D) 4+ HD has
been investigated with a variety of experimental techniques [35, 36, 50, 51, 59, 60, 118,
119, 130-146]. In particular, the reactive DCS has been determined by CMB method
coupled to mass spectrometric detection [50, 51, 114, 146], Doppler-selected TOF
[133, 134, 144, 145], ion-imaging [136] and Rydberg tagging TOF [35, 36, 118, 130-132]
techniques. The dependence of the integral cross-section on the collision energy
(excitation function) has also been investigated by Liu and co-workers [59, 60]. Finally,
by using the polarised Doppler-resolved LIF technique (in a room-temperature bulb,
but under single collision conditions) the product-state-resolved DCSs, excitation
functions, and rotational angular momentum alignments were reported for the channels
leading to several rovibrational states of OH [119, 140-142].

When comparing the experimental results with the scattering calculations on the
ground 1'A’ state PES, the only one considered in the early theoretical studies
because it is barrierless, significant discrepancies were noted in many cases [35, 50,
51, 143]. This has prompted theoreticians to consider also the contribution of the
first two excited states. A first attempt in this direction was made by Kuntz et al.
[147-150], who performed a surface hopping trajectory study that included the
lowest two A’ states, as obtained from a Diatomics-In-Molecules (DIM) calculation.
The DIM-PES for the excited states, however, was characterised by a quite large
(~15kJmol™") barrier, which generates a very small excited state contribution to
the reactive cross-section for the energies of the experimental data available. The
role of the 1'A” PES was first explored by Schatz et al. [129] who derived, in
addition to the ground state PES [128], an ab initio excited state 1'A’ PES and
included it in an adiabatic fashion in their QCT calculations [129]. Since then, the
effect of the excited state PESs has been explored with a variety of theoretical
methods [151-156] both on the PESs developed by Schatz and co-workers [128, 129]
and on the more recent multiple PES derived by Dobbyn and Knowles (DK) [104],
who constructed an analytical potential surface for the 1'A7, 2'A’, and 1'A’ states
(with the inclusion of the 1'A” and 2'A’ electronic coupling) on the basis of large-
scale ab initio molecular orbital calculations at the multireference configuration
interaction level. The results of those calculations have been compared with the
experimental data available [50, 119, 129, 140-142, 145, 151-154, 156], with different
degrees of agreement.

Before considering the effects of the excited state PESs on the reaction dynamics,
however, it should be noted that the ground state PESs have mostly been tested by QCT
and J=0 or approximate time-dependent quantum (QM) calculations. Only more
recently, state-of-the-art QM scattering calculations have been performed and
compared with some of the available experimental results [118, 119]. A different
degree of agreement has been found: on one side, the rigorous QM calculations on the
1'A” and 1'A” states of the DK PESs are able to reproduce the experimental rotational
populations for the OH product in v'=4 [119]; on the other side, the comparison
with the CMB experimental results of Yang and co-workers, with partial rovibrational
state resolution, at a collision energy (E. = 5.4 kJ mol™") much lower than the 1'A” DK
PES barrier, is only qualitative [118].
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Bearing in mind that the theoretical predictions on the ground state might be
partially inaccurate, there are also open issues on the contributions of the excited state
PESs. According to the dependence of the integral cross-section on the collision energy
as it was experimentally determined by Liu and co-workers [59, 60], the competitive
abstraction channel becomes active already at E,>7.5kJmol~'. Similar conclusions
were reached in another CMB study from the measurements of the DCS as a function
of E.: a clear variation in the shape of the measured DCSs indicated that a competitive
abstraction mechanism is active already at E.=7.9kJmol™' [114]. The inclusion of the
excited state PESs in the theoretical treatment partially improves the comparison with
those observables [119, 154, 156], but the agreement is not perfect. In fact, for both
available PESs [104, 129] the contribution from the excited states becomes significant
only at E. higher than the calculated barrier and can account for the experimental
observables only in part [118, 119, 145, 154, 156]. Also, it is a matter of debate how such
contribution varies with increasing E.: there is some experimental evidence that the
abstraction mechanism generates a more sideways DCS as E, increases and this is not
well reproduced by the calculations.

We have contributed to the study of reaction (1) by investigating it at several E.
[50, 114]. With the aim to explore the dynamics of the reactions occurring on the
excited state PESs we have recently investigated the isotopic variant O('D)+
D»(X 'Zg) — OD(X *IT) +D(*S) at E.=25.9kImol~" [51], that is a collision energy
much higher than the calculated barrier for the abstraction pathway. Several
experimental techniques [133-136] have already been applied to the study of the
isotopic variant O('D)+ D5, but none have extended to such a high E.. Our
experimental results have been compared with QCT calculations on the DK multiple
PESs, as the high experimental E. and the deuterium substitution increase the number
of states so much as to make the QM calculations prohibitive [51].

The OD LAB angular distribution is shown in figure 8, together with the
experimental best-fit CM angular distribution. The best-fit CM DCS can be directly
compared with the QCT results (also shown in figure 8). Only a partial agreement is
visible, as the best-fit CM angular distribution shows some propensity for forward
scattering while the QCT one shows some propensity for backward scattering. As far as
the product energy release is concerned, the QCT calculations correctly reproduce the
present experimental determination (see Ref. 51), although the QCT distribution is
somewhat broader and the maximum is slightly shifted towards lower ET than the
experimental determination. Interestingly, the comparison carried out between the QCT
P(E’T) obtained on the 1'A’ PES and the one experimentally deduced renders a much
poorer agreement, the theoretical distribution being much broader. Also in this case we
have compared the experimental and theoretical results by simulating the LAB angular
and TOF distributions using the QCT CM results. The resulting LAB angular
distribution is superimposed to the experimental distribution in figure 8 and the
agreement is not so good. In particular the peak at large angles, corresponding to the
CM backward hemisphere, is more pronounced than the experimental one. This is not
surprising since the fit of the experimental data was very sensitive to the broad plateau
between 160° and 180°, which is essential to reproduce the peak of the LAB angular
distributions at large angles. Such a plateau is not predicted by the QCT calculations.
In fact, even though the 1'A” PES contribution becomes more sideways with the
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Figure 8. Left panel: OD product LAB angular distributions from the O('D)+D, reaction at
E.=259kJmol™" and the corresponding canonical Newton diagram. The circle in the Newton diagram
delimits the maximum speed that OD can attain if all the available energy is channelled into product
translation. Dots: experimental points (the error bars represent +1 standard deviation); solid line: angular
distribution as obtained from the best-fit CM angular and translational energy distributions; dash-dot: QCT
total angular distribution as obtained from the calculations by Balucani ez a/. on the PES by Dobbyn and
Knowles (see text). The separate contributions, as derived from QCT calculations, from the 1'A’ (dash), 1'A”
(dot) and 2'A’ (short-dash) state PESs are also shown. Right panel: CM product angular distributions
(differential cross-sections). Solid line: best-fit functions. Dash-dot: QCT total angular distribution as
obtained from the calculations by Balucani ez a/. on the PES by Dobbyn and Knowles (see text). The separate
contributions, as derived from QCT calculations, from the 1'A’ (dash), 1'A” (dot) and 2'A’ (short-dash) state
PESs are also shown. The experimental DCS (relative units) has been arbitrarily normalised to the QCT
results. (Adapted from Ref. 51.)

increase of E,, the dominant contribution of the ground 1'A’ PES is characterised by a
backward peak. The present comparison is in line with those previously reported for the
same reaction at the lower E, of 8.4 and 13.4kJmol ™' [156] and for the other isotopic
variants [35, 145].

Some speculation on the possible origin of the observed discrepancies can be done by
relying on previous comparisons between accurate QM and QCT calculations for the
O('D) +H, [118] and N(°D) + H, reaction [54, 55]. In both cases, it has been shown
that the QCT calculations on the ground 1'A’ PES yield DCSs with less intensity in
the forward direction than the corresponding accurate QM calculations. As already
commented in the previous section, the discrepancies between QCT and QM reaction
probabilities and the way the QM and QCT DCSs change with the maximum value of
the angular momentum retained in the partial wave sum suggest that tunnelling through
the centrifugal barrier can be present also for insertion reactions [54, 55]. A similar
analysis has not been performed for the reaction O('D)+H,(v=0,/=0) at
E.=5.4kIJmol™", but in this case as well the most relevant discrepancies between the
QM and QCT results occur in the angular range of the two poles (¢ =0° and 180°), with
the QM DCS showing a large peak in the forward direction which is not present in the
QCT one [118]. Therefore, we might expect a backward bias in the QCT DCSs to be due
to a classical quenching of the large impact parameters also in the case of the reaction
O('D) +D,, even though the effect of tunnelling through the centrifugal barrier is
expected to be less important than in the case of the reaction with H,.

In conclusion, the comparison between our experimental results and QCT
calculations on the first three DK PESs is not satisfying. That could be due to some
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deficiencies of the computed PES or to approximations associated with the QCT
method. In this respect, we note that the comparison between the QM DCS and the
detailed experimental results of Yang and co-workers at a collision energy below the
threshold of the direct competitive channel [118] is also not satisfying. Since the direct
comparison between detailed experimental observables and QM scattering calculations
is the best test of the quality of a PES, the observed discrepancies between QM and the
H-Rydberg tagging TOF experiment on O('D)+H,(v=0, j=0) at E.=5.4kJmol ™"
[118] cast some doubts on the quality of the ground state DK PES. It has been recently
pointed out that the PESs [104, 128] widely used in recent calculations are not very
accurate in the long-range interactions, since they neglect the intramolecular
dependence of the atom—diatom dispersion coefficients and the electrostatic quadru-
pole—quadrupole interaction between O and H, [157-160]. For the reaction occurring
on the ground state barrierless PES a correct treatment of the long range is certainly
important, as illustrated by Manolopoulos and co-workers with their accurate
approach for this and other insertion reactions [109, 110]. Also, the role of non-
adiabatic effects in the product arrangement of reaction (1), where the ground state 1'A’
PES and the three other singlet and triplet state PESs (which correlate with the product
in their ground states as well) coalesce, could influence the product distributions as
recently shown [161].

4. Polyatomic multichannel reactions

After having discussed the recent progress on simple triatom insertion reactions, which
are characterised by a single product channel, we move to encompass complex
polyatomic reactions, which are usually characterised by several competing product
channels. The determination of all product channels, their relative importance and
dynamics are of central importance in the field of chemical reaction dynamics and
kinetics; however, this determination has always represented a challenging task. Here,
we will survey some very recent progress on this research topic achieved in our
laboratory by exploiting soft EI detection and variable beam crossing angle con-
figurations. We will see that by using the novel approach of soft EI (see section 2.1) it
has become possible to tackle successfully the above challenge. We will first deal with
the reactions of the simplest alkyne, acetylene (C,H,), with ground state oxygen, OC’P),
and carbon, C(°P), atoms and will then pass, as examples of larger complexity, to those
of the simplest alkene, ethylene (C,H,), with the same two atomic species. These
reactions are of great interest in important practical areas ranging from combustion
chemistry to astrochemistry. Also, they are of fundamental relevance since these
systems can be considered prototypical of the category of reactions occurring via an
addition—elimination mechanism. In these cases it is not possible to compare the
experimental results with accurate theoretical predictions yet. Nevertheless, electronic
structure calculations of important features (minima, transition states, product
energetics) of the relevant PESs and RRKM (statistical) calculations of branching
ratios can contribute substantially to characterising them. Approximate dynamical
calculations, via ‘direct dynamics’ methods have just started to become feasible for
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polyatomic reactions, but applications to the reactive systems examined here are not
yet available.

4.1. Reaction OC’P) + C>;H,

The reaction O(CP)+C,H, has three energetically and spin-allowed competing
channels:

O(P) 4+ C,H, — [HCCHO]" —
— H+HCCO(X?A”) AHj = -81.6kJmol™"  (4a)
— CH,(B))+CO  AHj = —197.1kJmol™"  (4b)
— H+CCOX’s;)  AH =-93.7kImol™"  (4c)
as well as two exoergic spin-forbidden pathways:
— CH>('A)) + CO AH{ = —159.4kJmol™"  (4d)

— H+CCO(a' A) AHj = -30.7kImol™"  (4e)

From a fundamental point of view, comprising only five atoms, reaction (4) represents
one of the simplest cases of polyatomic multichannel reaction. From a practical point
of view, it plays a key role in the combustion of acetylene itself and also in the overall
mechanism for hydrocarbon combustion [162]. Because of that, reaction (4) has been
studied very extensively from the kinetic standpoint using a variety of experimental
techniques [163]. While its overall rate constant has been well established
(kaog ~ 1.3 x 107" cm® molecule ™' s™") [163], the identity of the primary reaction prod-
ucts and their relative importance have been a subject of considerable controversy over
the years [76, 164]. The most recent, accurate kinetic determinations at room temperature
have given k(4a)/[k(4a)+ k(4b)]=0.83+0.08 [165, 166] and k(4b)/[k(4a)+ k(4b)]=
0.174+0.08 [166] in good agreement with theoretical predictions based on ab initio
calculations of the triplet PES and RRKM computations [167]. Both experiment and
theory indicate that the branching ratio is essentially temperature independent [165-168].
Recently, Yarkony [169] examined theoretically the possibility of non-adiabatic effects,
leading to formation of CH,('A) 4+ CO, a channel (4d) which is only slightly less exoergic
than that forming ground state methylene, CH,(°B,) (channel 4b).

CMB studies on reaction (4) became feasible in the early 1980s following the
development of intense supersonic beam sources of O(CP) atoms. Two early CMB
studies [164, 170] carried out in two different laboratories at a collision energy of
~25kJmol™" did not fully agree on their conclusions about the dynamics of channel
(4a). An estimate of the branching ratio of channels (4a) and (4b) was carried out in one
of those previous CMB studies by Schmoltner ez al. [164] who used a beam of 'O in
order to be able to detect, in addition to HCCO, also '*CO. A branching ratio of cross-
sections o(4a)/[o(4a) + o(4b)] = 0.58 +0.21 was derived, which is somewhat lower than
the value obtained from kinetic studies (see above).
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The dynamics and branching ratios of reaction (4) under CMB conditions have
been recently re-investigated in our laboratory [76] by exploiting (i) our increased
instrumental sensitivity, (ii) the improved resolution for measuring product angular and
TOF distributions, and (iii) the new ability to detect cleanly the CH, radical by using
soft EI. The results, which have deepened significantly our understanding of
this important combustion reaction, are summarised below.

4.1.1. Product angular and TOF distributions. In the study of the OCP)+ C,H,
reaction using the CMB technique, while it is easy to detect the heavy HCCO (ketenyl)
fragment corresponding to the H-elimination channel, the detection of any of the two
co-products from the CH; + CO channel is problematic. In particular, detection of CO
is plagued by the high inherent detector background at m/z =28 due to residual CO in
any UHV chamber. To overcome this difficulty, Lee and co-workers [164] used a beam
of isotopically labelled '*O in order to detect the CO product as C'®O™ at m/z =30,
which is a much cleaner mass than m/z = 28. Still, this could not avoid the fact that also
dissociative ionisation of HCC'8O contributes to the reactive scattering signal at
m/z=30. Because of that, it was not possible to measure directly the CO product
angular distribution by modulating one of the two beams for background subtraction,
which is the usual procedure when using continuous beams. This led to considerable
uncertainty in the estimate of the branching ratio between channel (4a) and (4b)
(see above).

Detection of the CH, counter-product at m/z=14 is also problematic when
employing hard EI, because of the high inherent background at this mass due to
dissociative ionisation of residual CH4 to CH," and N, to N, and of the interference
from the dissociative ionisation to '*CH™ of the main HCCO product and of the
elastically scattered, intense C,H, beam. Although '*C represents only a very small
fraction of the total C in HCCO and C,H.,, the *CH™ signal from the above processes
is comparable to the CH, reactive scattering signal when using 60eV electrons (see
figure 9b). For all these reasons, detection of CH, from reaction (4b) had never been
attempted in the past. This, however, became recently possible in our laboratory by
using the improved CMB instrument described in section 2 [12, 76]. Indeed, by using
17eV electron energy we were able to detect CH, cleanly from any interference (see
figure 9c), and this permitted us to measure the angular distribution of the CH, product
by modulating the acetylene beam at 160 Hz for background subtraction. Figure 10
shows the angular distributions of the HCCO and CH, products at E, = 39.7kJ mol~",
obtained by crossing the reactant beams at y =90°. Experiments were also performed
with y=135° in this case, E.=52.7kJmol~" [171]. TOF spectra were measured
at numerous LAB angles for HCCO and CH,.

Notably, the N(®) and N(O, ¢) at m/z =41 (HCCO™) and 40 (CCO™) were found to be
identical, indicating that the signal at m/z =40 was all coming from the dissociative
ionisation of HCCO, and not from the dynamically and energetically different H,
elimination channels (4c) and (4e). This suggests that the H, elimination pathway is
closed at this E,, probably because it is characterised by a very high exit potential barrier.

From LAB product angular and TOF distributions at m/z=41 and 14, CM product
angular and translational energy distributions were derived for both channels (4a) and
(4b) with relatively small uncertainties, especially for the HCCO channel [76].
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Figure 9. TOF spectra (5ps/channel) at the LAB angle of 30° for the reaction O(CP)+C,H,
(Ec=139.7kImol™") at m/z=41 (HCCO product) using an electron energy of 60eV (a), at m/z= 14 using
an electron energy of 60eV (b), and at m/z =14 using an electron energy of 17eV (c). Note, when moving
from panel (b) to panel (c) the suppression of the dissociative ionisation to *CH™ (m/z=14) of HCCO
product and elastically scattered C,H, reagent.

The HCCO CM angular distribution is almost backward—forward symmetric, with
some more intensity in the forward direction, and exhibits some sideways scattering.
The slight asymmetry indicates that the reaction proceeds through a long-lived complex
that just starts to osculate, while the sideways scattering reflects the partitioning of the
total angular momentum and geometry of the decomposing HCCHO transition state.
The CH, CM angular distribution is forward biased and this indicates that pathway
(4b) is occurring through an osculating complex [76]. The fraction of total available
energy channelled into translation is 0.40 for channel (4a) and 0.42 for channel (4b),
which indicates the presence of an exit potential barrier for both processes; this is
corroborated by electronic structure calculations of the PES [167, 168].
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Figure 10. HCCO (m/z=41) and CH, (m/z = 14) product LAB angular distributions from the O(°*P) + C,H,
reaction at E.=39.7kJ mol~". Solid and dashed lines are best-fit curves obtained from the best-fit product
angular and translational energy distributions. The Newton diagram of the experiment is also shown; there
the circles delimit the maximum velocity that the indicated products can attain assuming that all the available
energy is channelled into translation. (Adapted from Ref. 76.)

Regarding the probability of ISC between triplet and singlet PESs leading to
CH,('A) + CO formation, suggested by Yarkony [169], our results do not support the
occurrence of ISC. Experimentally, because of the large exoergicity of channel (4b) and
of the small energy gap (37.6 kJ mol™") between triplet and singlet methylene it was not
possible to infer from the product translational energy distribution whether singlet CH,
was formed to any significant extent. However, the fact that the other spin-forbidden
channel (4e) was also not observed indicates that ISC from the triplet to the singlet
H,CCO (ketene) PES is not occurring to an appreciable extent under our experimental
conditions. Indeed, the P(E/T) distribution of the CH,+ CO channel was found to
peak at a very high energy value (~70kJmol™") [171], and this is consistent with
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a dissociation process characterised by a high energy barrier in the exit channel, as in
triplet-CH,CO — CH,(°B;) + CO (In contrast, it is known [172] that the process
singlet-CH,CO — CH,('A;) 4+ CO occurs without exit potential barrier, and it would
exhibit a P(E/T) distribution peaking near zero).

4.1.2. Determination of branching ratios. It is of high interest for the modelling of
combustion systems to know accurately the branching ratio of reaction (4). To estimate
the branching ratios from CMB results one should know (i) the absolute beam
intensities, (ii) the exact size of the collision volume, and (iii) the detection efficiency.
These quantities are not easy to determine accurately in a CMB experiment; however,
since the first two are constant and the third can be reasonably estimated, we can
easily determine relative cross-sections [164]. We obtained [76, 171] the
following branching ratio: o(4b)/[o(4a)+ o(4b)]=0.19 +£0.04 that implies o(4a)/
[0(4a) + 0(4b)] =0.81£0.0.04. The derived values are in excellent agreement with the
accurate kinetic determinations of Peeters et al. [165, 166] (see above) and with
statistical estimates [167, 168].

In conclusion, channels (4a) and (4b) are confirmed to be the dominant channels of
the reaction between OC’P) and acetylene. According to the ab initio calculations [168]
the mechanism sees the initial electrophilic attack of the O atom to the triple bond
of the C,H, molecule with formation of a triplet diradical adduct (HCCHO) that, under
single collision conditions can undergo competitively CH bond cleavage to HCCO + H
and isomerisation to triplet ketene (H,CCO) followed by CC bond cleavage to triplet-
CH, + CO [76, 164].

4.1.3. Determination of product ionisation energies. The novel capability of soft EI in
our CMB instrument has permitted us to also measure the EI efficiency curves of the
HCCO and CH, products as a function of electron energy, and from these to obtain, for
the first time, a direct approximate estimate of the IE of the HCCO radical [171].
In fact, HCCO radicals are formed by the chemical reaction under our experimental
conditions, and are therefore characterised by a certain amount of internal energy,
which is about 0.5eV according to our experimental determination. Consequently, the
estimated IE may be somewhat red-shifted with respect to that of ground state HCCO.

4.2. Reaction C(°P) + C>H,

The reaction of C(°’P) with acetylene also exhibits chemical branching, according
to three exoergic channels:

CCP) + CGH(X'=}) — [CyH,] T —
— FC3H(X?T5) + H(S12) AHJ = —1.67kJmol™' [173] (5a)
— ¢-C3H(X?By) + H(*S; )  AHJ = -8.8kJmol™" [173] (5b)

- GX'z)) + HyX'z)) AHj = —105.9kJ mol ™' (5¢)
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of which the last is spin-forbidden. With respect to the corresponding O(*P)+ C,H,
reaction, the main differences are: (i) the channel equivalent to CH, 4+ CO formation
would be that leading to CH, + C,, but this is strongly endoergic (AH, =293 kJ mol™1);
and (ii) the H-elimination channel now exhibits two isomeric pathways, corresponding
to linear (/) and cyclic (¢) CsH formation.

Reaction (5) is known as a key process in the chemistry of the interstellar medium
(ISM) and in particular of dense interstellar molecular clouds [68]. The H elimination
channel synthesises the C;H radical, observed under its cyclic and linear forms with
different ¢// concentration ratios in various astrophysical objects, whereas the H,
elimination channel produces the C; radical which is also detected in the ISM [68].
Reaction (5) is the prototype of a host of reactions of C atoms with alkynes which are
an efficient way of production of long carbon chain molecules both in the ISM and in
combustion environments. Elucidating the dynamics of this reaction in a wide range of
relative translational energies, including those relevant of interstellar clouds, is thus
of high interest.

Kinetic studies have been performed as a function of temperature down to 15K: the
reaction has been found to be barrierless, dominated by long-range forces, and very fast
(k ~2-4 x 107" cm® molecule ™' s~') down to very low temperatures [174, 175]. As such,
the reaction has been included in the chemical reaction networks used to model
interstellar clouds; however, until recently there was uncertainty about the nature of the
reaction products and the relative branching ratios [94]. The low-temperature kinetic
experiments, in fact, only measured the overall rate constant and did not detect the
products. Again, for the unambiguous identification of the primary reaction products
and their relative importance, CMB experiments are particularly well suited. A
pioneering CMB study [176] at three E. (8.8, 28.0, and 45.2kJmol™"), using pulsed
C(’P) beams obtained by laser ablation of graphite, identified CsH+H as the sole
reaction products. A change in dynamics was observed as a function of E. and was
explained by invoking two competing microscopic channels leading to the ¢-C;H and
[-C5H isomers. Formation of ¢-C3H was suggested to occur at low E. (and to be
characterized by a forward scattered angular distribution), with contribution of /-C3H
taking an increasingly larger place with increasing kinetic energies (and being
characterised by an isotropic angular distribution) up to become the only channel
at E.=452kJmol™'. However, the linear and cyclic isomer contributions were not
resolved in the experiment, making the conclusions about their formation dynamics
and qualitative branching ratio rather tenuous.

Theoretical studies can help to elucidate the reaction mechanism, energetics and
dynamics. Figure 11 depicts schematically a synthesis of the triplet and singlet C3H,
PES as indicated by electronic structure calculations [173, 177-179]. All recent ab initio
calculations on the C 4+ C,H, reaction agree that the cyclic ¢-C3H isomer is more stable
than the linear isomer, but there exists still uncertainty on the exoergicity of process (5a)
and (5b). According to a recent quantum dynamical study [180], /-C5sH is preferentially
formed at low E_; however, another quantum study [181] gives the opposite result,
with ¢-CsH being dominant at all collision energies.

A more recent CMB study [66-68] carried out in our laboratory at E,=29.3 kI mol™'
using a continuous carbon atom beam containing both C(°P) and excited C('D) (in a
significant percentage) clearly demonstrated that, in addition to the H-elimination
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Figure 11. Schematic representation of the triplet and singlet C3H, potential energy surfaces (adapted from
Refs. 67, 68, and 94). The triplet—singlet seam of intersystem crossing is labelled with ISC.

channel, the strongly exoergic, spin-forbidden H, elimination pathway (5c) leading to
C3(XIZ;) +H2(X12;) also plays an important role through ISC between the triplet
and singlet PESs (see figure 11). The branching ratio was derived to be o(Cs;+ H»)/
[0(C5 +H) 4+ o(C3H +H)] =0.37 at E,=29.3kJmol~'. This result is consistent with
that of a recent experimental investigation [182] of the detailed kinetics of
C(3P)~|—C2H2(Xlzg) at 300 K, which found a branching ratio for H-production, i.e.
k(satswy/ks, of only 0.53 £0.04 suggesting that pathway (5c) should account for the rest
(i.e. ksc/ks=0.47+0.04). Ab initio electronic structure calculations of the triplet and
singlet PESs support this scenario by having located a triplet—singlet seam of crossing
where ISC can readily occur [178] (see figure 11).

More recent experiments carried out in our laboratory with higher angular
and velocity resolution at different collision energies, ranging from quite low E;
(3.5kJmol™") to quite high E. (50kJmol™"), achieved by crossing the two reactant
beams at 45° and 135°, respectively, were able to address some unsolved questions
about the dynamics of reaction (5) [94]. This study was carried out in synergistic fashion
with pulsed CMB experiments in Bordeaux using VUV H-atom detection within a
Doppler scheme, down to E.=0.8 kJmol~' [94].

4.2.1. H and H; elimination channels, and branching ratios. In our CMB experiments
we have been able to investigate the dynamics of C;H and C; formation from both
C(’P) and C('D). Here we limit ourselves to discuss the C(°P) dynamics. Although the
C;H products still fragment to C3" even under soft EI (down to very low electron
energies), the two main reaction pathways leading to H and H, elimination were
unambiguously disentangled from differences in the m/z=37 and 36 angular
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distributions (see figures 12 and 13, respectively, where data at E,=18.5kJmol~" are
shown) and the observation of distinct features in the TOF measurements at m/z =36
(see figure 14). In these experiments an electron ionisation energy of 25¢V was used to
suppress elastic interferences from impurities in the acetylene beam. As can be seen the
m/z =36 angular distribution exhibits much more intensity on the wings and is wider
with respect to the m/z=37 angular distribution, and this indicates that signal at
m/z=36 is not all coming from dissociative ionisation of C;H, but also from a
dynamically different channel which corresponds to C; formation. Figure 14 compares
four TOF spectra measured at E,=18.5kJmol™" by detecting the product at m/z =37
(only C3H product) and m/z =36 (both C3H and C; products): the dominant slow peak
in the m/z =36 spectra corresponds to //c-CsH formation, while the fast, smaller peak is
unambiguously attributed to C; formation (channel 5c¢), as can be inferred from the
Newton diagram of the experiment (see figure 13).

CM product angular and translational energy distributions were determined at £, =
3.5 and 18.5kJmol™' for both //c-C3H + H and Cs+ H, formation [94]. At the lowest
E,, formation of //c-C5H and Cs from C(°P) are characterised by a backward—forward
symmetric CM angular distribution which indicates that all reactions (5a—5¢) proceed
through the formation of a long-lived C3H, complex, i.e. a complex whose lifetime is of
many rotational periods. This is corroborated by statistical calculations of the lifetime
of the various possible complexes on ab initio PESs, that found them to be of the order
of tens of ps to ns at 300K [179]. As E, is raised to 18.5kJ mol~', the C; CM angular
distribution starts to be slightly forward biased, which indicates, within the osculating—
complex model for chemical reactions [3, 4, 8, 67], that the lifetime of the collision
complex producing it becomes comparable to its rotational period. In contrast, the CM
angular distribution of /-/c-C;H remains essentially backward—forward symmetric,
indicating that the corresponding C;H, complex still lives for many rotational periods.
As E, rises to 50kJmol~', both C;H and C; angular distributions become somewhat
forward peaked, indicating that the corresponding complex lifetimes become
comparable to their rotational periods. A large fraction of the total available energy
is channelled in product translation for all products, although there are significant
differences (~40% and 60% for [-C5H and ¢-CsH, respectively, at all E.s, while ~55%
and 65% for C; at low and high E., respectively). From the extent of the P(E/T)
functions for linear and cyclic C3H we were able to derive an improved exoergicity for
channel (5b) [94]; the latter was found to be about 2.5kJmol~' larger than the
theoretical value [173] of 8.6 kJ mol ™.

From the experimental data we were able to estimate the branching ratios of the
three possible reaction channels. The branching ratio o(Cs)/o(C5+ C3H) was found to
increase with decreasing E. [94], as one may reasonably expect from the trend with
E. of the lifetime of the intermediate CsH, complex: the complex lifetime
increases with decreasing E. [179], and so does the probability of ISC. In particular,
at E.=3.5kJmol™! the branching ratio was determined to be ~0.5, in good
agreement with the kinetic estimate at room temperature [182] (which corresponds to
an average E. of ~3.7kJmol™"). The CMB data may be extrapolated to the low
temperatures typical of cold molecular clouds, at which we predict a branching ratio
of ~0.5-06. This piece of information should be included in theoretical models of cold
molecular clouds.
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Figure 12. LAB angular distribution, N(®), of CsH products at m/z=37 (solid circles) from the
reactions C(3P,1D) +C,H, at E.=18.5kJ mol ™!, together with the Newton diagram of the experiment. There
the circles delimit the maximum velocity that the indicated products (when from C('D), this is labelled) can
attain on the basis of linear momentum and energy conservation if all the available energy goes into product
translational energy. Solid line is the total angular distribution calculated from the best-fit product CM
translational energy and angular distributions for the contributing channels; the separate contributions of the
two possible C3H isomers from the C(P) reactions are indicated with dashed (cyclic isomer) and dotted
(linear isomer) line, while the contribution of ¢-/I-C3H from the C('D) reaction is indicated with dashed-
dotted line. (Adapted from Ref. 94.)

Notably, at the very low E, of 3.5kJ mol™" it was possible to disentangle the relative
contribution of the two C;H isomeric products on the basis of their different dynamics
(different CM angular and translational energy distributions) [94]. The experimental
results indicate that ¢-C3H is preferentially formed at low E., which is not surprising
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Figure 13. LAB angular distribution, N(®), of products at m/z=36 (solid circles) from the
reactions C(3P,1D)+C2H2 at E.=18.5kJmol ™", together with the Newton diagram of the experiment.
The circles in the Newton diagram delimit the maximum velocity that the indicated products (when from
C('D), this is labelled) can attain on the basis of linear momentum and energy conservation if all the available
energy goes into product translational energy. Heavy solid line is the total angular distribution calculated
from the best-fit product CM translational energy and angular distributions for the contributing channels.
The separate contributions of the two possible CsH isomers and Cs from the C(°P) reactions are indicated
with dashed (cyclic CsH isomer), dotted (linear C5H isomer) and light solid (Cs) lines, while the contribution
of ¢-/I-C3H and C5 from the C('D) reactions are indicated with dashed-dotted line (C3H) and dashed-double
dotted (C3) lines. (Adapted from Ref. 94.)

considering that the /-CsH + H pathway is very weakly exoergic. The ratio ¢-C3H//-C3H
was found to decrease with increasing E., from ~9 at E,=0.8kJmol™' to ~3.4 at
E.=3.5kIJmol™" and ~1.6 at E.,=18.5kJmol~" [94]. Analysis of the data at
E.=50.2kJmol™" indicates that the ratio tends to unity at higher energies [183].
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Figure 14. Exemplary TOF distributions of the m/z =37 (Lh.s.) and m/z =36 (r.h.s.) products (open circles)
from the reactions C(°P,'D)+ C>H, at E.=18.5kJmol™" at the indicated LAB angles. Symbols are as
in figures 12 and 13. While the area of each spectrum at a given angle is equal to the corresponding N(®)
intensity at that angle, here they are all normalised to 1 at the maximum for clearer display. Note the
contribution of the C3+H; and CsH + H channels to the signal recorded at m/z=36 to which the parent
ion of CHj3 and the fragment ion of C3H contribute. (Adapted from Ref. 94.)

These results contradict both quantum scattering studies in reduced dimensionality by
Buonomo and Clary [180], who found /-C3H preferentially formed at any energy
sampled between E.=35 and 70kJmol™', and by Takayanagi [181], who found
overwhelmingly dominant ¢-C5H between E.=0.1 and 58 kJmol~'. Interestingly, we
note that the values experimentally derived at low Es are close to those observed in
translucent clouds [184] and in dense cloud TMC-1 [185]. More theoretical work is
in order.

The dynamics of formation of the various products and their branching ratios can be
rationalised with reference to the C3H, PESs (figure 11). In order to understand the
observed trends let us analyse the probable reaction mechanisms. According to
electronic structure calculations [173, 177, 179], the first step sees the addition of the
carbon atom to the acetylene molecule to form triplet cyclic-CsH, which can undergo
H-elimination to ¢-C;H+H or isomerise to triplet propargylene (HCCCH) or
vinylidenecarbene (H,CCC). The latter can either eliminate H to form /-C;H +H or
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undergo ISC to singlet C3H, (see figure 11). Of the three possible isomers of singlet
C;3H,, all can eliminate H, but vinylidenecarbene can also eliminate H, through a three-
centre elimination process over a significant exit barrier (H-elimination on the triplet
surface would lead to triplet C;; however, this pathway is nearly thermoneutral and
characterised by a very high exit potential barrier, and therefore cannot occur at the
experimental collision energies). At low E. the initially formed triplet cyclic-CsH»
undergoes preferential CH bond cleavage forming ¢-C;H +H (the most exoergic
pathway). As E. is raised, the cross-section for /-C3;H formation starts to increase with
respect to that of c-C3H, and at the highest E, of 50.2 kJ mol™", the two C3H isomers are
formed approximately in equal amount. Because of the long lifetime of the intermediate
triplet propargylene complex [179], the system has enough probability to undergo
ISC from the triplet to the singlet PES [178]. The fact that the branching ratio
C3/(C5 4 C5H) decreases with increasing E. can be traced back to the decrease of ISC
probability with decreasing complex lifetime. However, a quantitative rationalisation
of the detailed dynamics of each pathway and associated branching ratio as a function
of E. is a formidable task, which will require direct dynamics simulations on-the-fly on
ab initio PESs in full dimensionality, with inclusion of non-adiabatic effects.

4.2.2. Ionisation energy of ¢/l-CsH radicals. Also in this case, by measuring the EI
efficiency curves as a function of electron energy for the C3H products it was possible to
obtain, for the first time, experimental information on the ionisation energy of the two
C;H isomers [183]. The estimate of ionisation energies of important radical products,
difficult to produce in a clean and controlled manner otherwise, are another bonus
afforded by CMB experiments using soft EI detection with tunable electron energy.

4.3. Reaction O(°P) + C,H,

If we move from the acetylene to the ethylene reactions with O(P) and C(P), the
presence of two additional hydrogen atoms (seven-atom reactions) renders the PES
much more complicated and opens up a larger variety of competing pathways. For
instance, the reaction of O(*P) with ethylene is more complex than that with acetylene,
exhibiting six competing energetically allowed pathways:

O(P) 4+ C,Hy4 — [C,H40]" —

— H+ CH,CHO AH{ = —71kJmol™ (6a)
— H+CH;CO  AHS = —114kJmol™'  (6b)
— H,+CH,CO  AH{ = -356kJ mol™ (6¢)

— CH3;+HCO AH] = —113kJmol™"  (6d)
— CH,+HCHO  AHj = -29kJmol™' (6e)

— CH4+CO AH§ = —488kJmol™'  (6f)
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Of these, at thermal energies channels (6¢), (6d) and (6f) can only occur via ISC from
the triplet to the singlet PES [186, 187].

Analogously to O(°P) 4+ C,H,, the O(*P) + C,H, reaction plays a central role, besides
in the combustion of ethylene itself, in the overall mechanism for hydrocarbon
combustion [162, 188]. Many research groups have investigated this reaction,
employing a variety of experimental techniques under different conditions of pressure
and temperature and identifying only some of the possible products [189-191].
Also in this case the overall rate constant has been well established
(kros =7.5x 1073 cm*molec™'s™") [163], but the question of the identity of the
primary reaction products and their relative importance has been a subject of
considerable controversy over the years.

A considerable amount of theoretical work was also carried out on this reaction
[192, 193]; notably, a very comprehensive theoretical study of both triplet and singlet
PESs has been published very recently by Peeters and co-workers [186], and this
includes also statistical calculations of the branching ratios.

Two previous CMB studies [170, 194] at E, ~ 25kJmol~' confirmed the occurrence
of channel (6a), the easiest to detect for kinematics reasons. Channels (6¢c, d, e) are
much more difficult to detect due to unfavourable kinematics and to the fact that the
expected ion signal from products of channel (6¢) at m/z=42, of channel (6d) at
mjz=15 or 29 (or 28), and of channel (6e) at m/z=14 or 30, coincide with major
background peaks and/or with peaks coming from dissociative ionisation of the most
intense signal corresponding to CH,CHO formation and of the elastically scattered
C,H, reagent.

Only the problem connected with channel (6d) was partly overcome in a previous
CMB study [187] by using a beam of isotopically labelled 'O, which permitted the
detection of the HC'®O product of channel (6d) at m/z=31 (HC'*O™) and 30 (C'*0™),
and to obtain an estimate of the branching ratio between channel (6a) and (6d) of
0.71 +0.26, a value which is somewhat larger than any previous kinetic estimate, which
gave values ranging from 0.44 to 0.55 [190, 191].

4.3.1. Observation of all product channels and branching ratios. By using soft EI
ionisation, in our laboratory we have been able to unambiguously detect products from
the five reaction pathways (6a—e), determine their branching ratio and characterise their
dynamics [77]. Here we summarise some of these results, which will exemplify the power
of soft EI ionisation. From measurements of the EI efficiency curves at various m/z
ratios (15, 42, and 43), it was found that the parent ion at m/z=43 (CH,CHO™,
corresponding to one of the main reaction channels, vinoxy radical formation) is not
stable, so that measurements of angular and TOF distributions were carried out at
m/z=42. From the EI ionisation efficiency curve at m/e =42 direct information on the
IE of the vinoxy radical (for which no such information was previously available) was
also obtained.

From a detailed series of angular and velocity distribution measurements at 71/z =42,
15, and 14 using different electron energies, it was possible to characterise the reaction
dynamics of all five competing channels (6a—¢) [77]. Figure 15 shows the LAB angular
distribution recorded at m/z =15 using 17 eV electron energy, with the Newton diagram
of the experiment for the reaction O(’P)+C,H, at E.=54.0kJmol™' (the crossing
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Figure 15. LAB angular distribution at m/z=15 (solid circles) from the reaction O(’P)+C,H, at
E,=54.0kJmol~", obtained by using an electron energy of 17V, together with the relative Newton diagram.
Error bars are indicated when visible outside the experimental dots. The circles in the Newton diagram delimit
the maximum speed that the indicated products can attain on the basis of energy and linear momentum
conservation if all the available energy goes into product translation. Heavy solid line is the total angular
distribution calculated from the best-fit product CM translational energy and angular distributions, the
separate contributions from the CH,CHO and CHj; products from channels (6a) and (6d) being shown with
dashed-dotted and dashed line, respectively. (Adapted from Ref. 77.)

beam configuration with y=135° was used for higher angular and especially TOF
resolution). Two channels (6a and 6d) contribute to this signal; the relative
contributions are disentangled through TOF measurements at selected LAB angles
(as an example, see top of figure 16, where the TOF spectrum at ® =34° is shown).
Figure 16 (bottom) shows also one of the TOF spectra recorded at m/z =42 and used to
disentangle the relative contributions of channel (6a), (6b), and (6¢). Figure 17 (bottom)
shows instead the TOF spectrum recorded at m1/z = 14, again with an electron energy of
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Figure 16. TOF spectra at © = 34° for the OCP) + C,H, reaction at E. = 54.0 kJ mol™! recorded at m/z =15
(top) and 42 (bottom) using an electron energy of 17¢eV. Open circles are experimental points; heavy solid
lines are the total TOF distributions calculated from the best-fit product CM translational energy and angular
distributions for the contributing channels. The various contributions (depicted with different lines) are
marked with the formula of the corresponding product. Note that three channels contribute to products
detected at m/z=42 and two channels to products detected at m/z=15. (Adapted from Ref. 77.)

17eV, at the LAB angle ® = 34°. As derived from the data analysis [77], and as clearly
shown in the figures 16 and 17, these TOF spectra carry the fingerprints of all five
possible product channels (6a—¢). Specifically, the m/z=15 TOF spectrum exhibits
a fast peak which is unambiguously due to the CH; from the CH;+ HCO channel
(reaction 6d), and a slower, more intense peak, due to dissociative ionisation in the
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Figure 17. TOF spectra for the OCP)+ C,H, reaction at: (Top) m/z=14 and 60eV electron energy,
reflecting C,H, (detected at m/z=14 as CH,") elastically/inelastically scattered from O (slow peak) and

undissociated O, (fast shoulder)

contained in the oxygen beam; (Bottom) m/z =14 and 17 ¢V electron energy,

reflecting only reactive scattering signals since the elastic contribution has been completely suppressed
(see text). Note the relative scale of the two spectra: the reactive signal at m/z=14 (17¢eV) is of the order
of 1% of the elastic signal at m/z =14 (60eV). Note that all five detected channels contribute to the reactive
signal at m/z=14 (while the CH,+ H,CO channel contributes through the parent ion of CH,, all the
other contribute via dissociative ionisation to CH,", which is still present even at 17eV electron energy).

(Adapted from Ref. 77.)
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ioniser of the vinoxy radical, corresponding to the CH,CHO + H channel (reaction 6a).
The m/z =42 TOF spectrum exhibits (i) a dominant peak, analogous to the main peak
observed at m/z=15, and which is due to dissociative ionisation in the ioniser of the
vinoxy radical (reaction 6a), (ii) a fast peak, which appears as a shoulder on the main
peak, which is unambiguously attributed, on the basis of energy and linear momentum
conservation, to the ketene product from the channel CH,CO + H, (reaction 6¢), (iii) a
small component, peaked at the CM velocity, which is attributed to formation of the
acetyl radical from the channel CH3CO + H (reaction 6b) with a very small recoil
energy. Note that the small peak of acetyl does not appear visible in the TOF spectrum
at m/z =15, presumably because of a different fragmentation pattern of hot vinoxy and
hot acetyl. The m/z=14 TOF spectrum exhibits contributions from fragmentation of
the ketene, vinoxy, and acetyl products, and very clearly also a fast peak which can only
correspond to methylene formation from the channel CH, + HCHO (formaldehyde)
(6e). A small contribution to this fast peak comes also from fragmentation of the CHj3
radical product from channel (6d), but this is small, considering that the appearance
energy of CH," from CHj dissociative ionisation is AE=15.1eV [195]. We would like
to stress that the detection of methylene from the reaction channel (6¢) was only
possible because of the use of soft EI. In fact, because the AE of CH," from C,Hy is
18eV [195] by using an electron energy of 17¢V it was possible to remove completely
the elastic contribution (which at 60 eV is about two orders of magnitude larger than the
reactive signal — see top of figure 17) due to C,H, scattered from the various
components of the O-beam.

In this study [77, 196], it was found that formation of CH3;+ HCO is the major
channel (43%), followed by CH,CHO + H (27%); in addition, it was firmly established,
for the first time, that formation of molecular products, CH,CO + H,, is a sizeable
channel in the OCP)+ ethylene reaction, accounting for about 13% of the yield,
conversely to what was concluded from the most recent and reliable kinetic studies
[191]. For the first time, it was also shown that a small fraction (1%) of acetyl radicals
is formed, and finally, we have observed unambiguously, under truly single collision
conditions, formation of methylene + formaldehyde in the amount of 16%, corrobor-
ating two of the most recent kinetic investigations [190, 191].

Interestingly, these observations indicate that ISC plays an important role in the
reaction, since the occurrence of channels (6b), (6¢), and (6d), which account for about
2/3 of the overall reaction yield, can only be rationalised assuming that ISC between
triplet and singlet PESs is occurring very efficiently. This is supported by recent
theoretical work [186] using various QM methods and statistical rate theory on the
PESs for both the triplet and singlet electronic states for the O(°*P) + C,H, reaction.
Product yields were found to be in excellent agreement with the branching ratio results
derived from the CMB experiments, with the exception that the statistical
theory underestimates the yield of the molecular channel leading to CH,CO + H»;
however, this is not surprising considering that this channel is found to be highly non-
statistical from our experiments [77, 196], with a P(E/T) peaking at very high values
(~165kImol™") and reflecting a high exit potential barrier.

Dynamical calculations with inclusion of non-adiabatic couplings between the triplet
and singlet PESs of C,H4O are desirable and would contribute to our understanding
of the detailed, complex dynamics of this important reactive system.
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4.4. Reaction C(°P) + C,H,

As with the O(P) reactions, also the reaction of C,H, with C(*P) is significantly more
complex than that with C,H,. In fact, it has many energetically allowed channels:

CCP) + C,Hy(X'Ay) — [CiH,lT —

— H>CCCH(X?B,) + H(*S) AH = —188kJmol™"  (7a)

— ¢-H,CCCH(X?A’) + H(S) AH{ = 21kJmol™"  (7b)
— ¢-HCCHCH(X?A') + H(S) AH; = —59kImol™"  (7c)
— H3;CCC(X?A;) + H(S) AH; = 34kImol™'  (7d)

— HCCCHCBy) + Hy(X'B}) AHj = 213kImol™"  (7e)
— -GHy(X'A) + HyX'S)) AHj = -285kImol™" (70
— GHy(X'S)) + CHy(X'B')  AHj = —142kImol™"  (7g)
— CH(X,=F) + CH,;(X?A%)  AH = -84kJmol™"  (7h)

Kinetic studies have found also this reaction very fast (koog 15=2-4 X 107 "%cm?

molecule ™' s™') down to very low temperatures [174, 175]. As far as product branching
ratios are concerned, only a recent kinetic work at room temperature has determined
the branching ratio for the H-forming channels to be ky/kior=0.92 [182]. CMB
experiments are again very valuable to provide information on the reaction dynamics
and on the relative importance of the various possible products.

4.4.1. H-elimination channels. An carly CMB study [197] at two E. (17.2 and
38.5kJmol™!) was able to identify only channel (7a), leading to propargyl+H
formation, as the sole reaction pathway. A more recent, higher resolution CMB study in
our laboratory [69], at three different E, (9.1, 17.2, and 30.8 kJ mol~!) was able to detect
the formation of another C3Hs isomer, although it could not specify which of the three
other energetically allowed ones (channels 7b, ¢, d). However, on the basis of theoretical
information on the relevant PES [198], the best candidates were suggested to be
c-propenyl (channel 7c) and propyn-1-yl (channel 7d). Figure 18 shows the angular
distribution of the C3Hj; products detected at m/z =38 (because of better S/N than at
m/z=39) together with the Newton diagram of the experiment at E, = 30.8 kJmol ™,
while figure 19 shows an exemplary TOF spectrum recorded close to the CM angle. The
corresponding distributions recorded at m/z =39 (the parent peak of C3Hs) were found
[69] to be superimposable to those at m/z =138, and this indicates unambiguously that
the m/z =38 signal is all coming from dissociative ionisation of the C3H; product in the
ioniser, and not from a dynamically different channel corresponding to H, elimination.
Therefore, our study [69] was also able to show that the H, elimination channels
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Figure 18. LAB angular distribution of the C3zH; products at m/z=38 (solid circles) from the
reaction C(P)+C,H, at E.=30.8kJmol™ !, together with the Newton diagram of the experiment.
The circles in the diagram delimit the maximum velocity that the various, indicated C3H; isomer products,
and the C,H, and CH, co-products from channel (7g), can attain on the basis of energy conservation if all the
available energy goes into product translational energy. Solid line is the total angular distribution calculated
from the best-fit product CM translational energy and angular distributions of the contributing channels, the
distinct contributions from the propargyl (H,CCCH) and the less stable C3H; isomers being shown with
dashed and dashed-dotted line, respectively. (Adapted from Ref. 69.)

(channels 7e and 7f) leading to -C3H, 4+ H, and ¢-C3H, + H,, respectively, were not
occurring to a measurable extent in the investigated collision energy range. As can be
seen in figures 18 and 19, the angular and TOF distributions exhibit features
attributable to formation of two energetically and also dynamically different C;Hj
isomer products. This finding was fully supported by concurrent CMB experiments [69]
in which the excitation function (i.e. the collision energy dependence of the integral
cross-section) for H production was measured down to very low collision energies in
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Figure 19. TOF distribution of the m/z=38 products (open circles) from the C(*P)+ C,H, reaction at
E.=30.8kJmol~" at the LAB angle of 35°. Symbols are as in figure 18.

CMB experiments with pulsed beams and LIF detection of the H-atoms; these
experiments also gave evidence of the presence of two H-forming channels.
Furthermore, our study [69] was also able to provide detailed information about the
reaction dynamics of propargyl formation as a function of collision energy, giving also
the branching ratio between formation of propargyl and the less stable C3H; isomer(s).
At the lowest E, of 9.1kJmol™' formation of the less stable C3H; isomer(s) is minor
(2%), but it rises with increasing E. to reach 14% at E.=30.8kJmol .

The results are in line with the kinetic branching ratio of 0.92 for H formation in
C(’P) + C,H, [182], and with theoretical calculations [178, 198] which indicate that H,
elimination from triplet propyne to HCCCH(*B;)+ H, (channel 7¢) has a very high
energy barrier. H, could only be formed via ISC from triplet to singlet PESs with
formation of ¢-C3Ho('A;) + H, (channel 7). Our DCS results indicate that ISC in the
C;3Hy system is not an efficient process, as opposed to the C3H, system. In this respect
we note that the H-elimination channel is strongly exoergic for the C(’P)+ C,H,4
system, while nearly thermoneutral for CCP)+ C,H; therefore, the C3H, complex is
likely to spend an amount of time in the triplet allene potential well (see figure 10c¢ in
ref. 66) significantly shorter than C;H, does in the triplet propargylene (HCCCH)
potential well (see figure 11) and this should determine a lower probability of ISC from
the triplet to the singlet PES in C3Hy.

However, our study with hard EI detection was not able to tell anything about
the occurrence of the C—C bond breaking channel (7g) leading to formation of
C,H, 4+ CH, (acetylene + methylene).
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4.4.2. C-C bond fission channels. One reason for the difficulty in detecting the
products of the C—C bond-rupture channels is due to the fact that two nearly equivalent
fragments are produced in the process and, because of energy and linear momentum
conservation, they are expected to be scattered over a wide angular range (see the
Newton diagram in figure 18 where the maximum circles within which the two C,H,
and CH, co-products can be scattered are indicated). In addition, there is a severe
complication which actually prevented the detection of the reactive scattering signal at
m/z=26 or 14. As mentioned in the Introduction, it is indeed impossible to detect any
of the two products corresponding to the reaction pathway (7g) by using hard EI,
because the reactive scattering signal at m/z = 14 (CH,) or 26 (C,H,) is overwhelmed by
the much more intense signal at these masses originating from dissociative ionization of
elastically/inelastically scattered C,Hy. This can be appreciated in figure 20 (top) which
shows the TOF spectrum of m/z =14 when using 60¢eV electrons. This distribution is
identical to that at m/z=28 (C,H4"), which clearly is due to elastically/inelastically
scattered C,Hy. Since the reactive scattering signal at m/z = 14 due to the formation of
CH, (channel 7g) is expected to be about two order of magnitude smaller than the
m/z =14 signal coming from elastically scattered C,Hy, there is no hope to be able to
discern it. However, by using soft EI it has become possible to overcome this problem
[192]. This is shown in the bottom of figure 20. In fact, since formation of CH," from
C,H4 has an appearance energy AE =18¢V [195], it is sufficient to lower the electron
energy close to this value to suppress completely the elastic scattering contribution, and
to reduce to zero any background at m/z =14 due to dissociative ionisation of residual
N». The TOF spectrum shown has been recorded by using 20eV. As can be seen, the
spectrum is very different from that shown in the top of figure 20: it exhibits a main,
slow peak, and a fast shoulder. While the slow peak is due to dissociative ionisation
to CH," of the main propargyl product (C3Hj), the fast peak is readily attributed to
methylene from the CH, 4+ C,H, channel. The observation of both product channels at
the same m/z =14 permits to determine the branching ratio. Finally, measurements
at m/z =15 using low electron energy should also be possible and reveal the possible
occurrence of channel (7h) leading to CH;+ C,H. Such measurements are being
planned.

Because of the acquired capability of measuring EI efficiency curves, it will also be
possible and interesting to perform such measurements at m/z =39, 38, 14, and 15. This
should provide some information on the various C3Hj3 isomer products, since the IE
of propargyl (CH,CCH), cyclopropenyl (c-HCCHCH), and propyn-1-yl (CH3CC) are
quite different (8.7¢V, 6.6¢eV, and 10.8 eV, respectively) [195]. Finally, because of the
recently increased instrumental sensitivity, it should also be possible to revisit the H,
forming channel, which may become detectable if larger than a few percent. This would
permit to explore more deeply the possible occurrence of ISC in the C3H, system.

5. Summary and outlook

In this review we have surveyed a significant amount of experimental results on
the dynamics of both simple triatomic and complex polyatomic reactions, that
have been obtained in our laboratory over the last few years by using the CMB
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Figure 20. Top panel: TOF distributions (5 ps/channel) of m/z=14 at ® =36° and 60¢eV electron energy
from the reaction C(’P) 4+ C,H, at E.=30.8 kJ mol~'. The m/z = 14 signal comes from dissociative ionisation
of elastically/inelastically scattered C,Hy. Bottom panel: TOF distribution of m/z=14 at 20eV electron
energy; here the fast peak reflects CH, from channel (7g) while the slow peak reflects the C;H; main product
giving CH, ™" via dissociative ionisation.

scattering technique. In particular, we have emphasised that a strong synergy between
experiment and theory has been pivotal to the progress made in the understanding of
prototypical triatom insertion reactions, while the implementation of soft EI for product
detection has been central for progress in the investigation of the dynamics of
polyatomic reactions exhibiting multiple channels.

More specifically, in the first part of the article, we have examined the current status
of the comparisons between experiment (reactive differential cross-sections) and theory
(exact QM and QCT scattering calculations on ab initio PESs, as well as QM statistical
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calculations) for the prototypical insertion reactions C('D)+H,, N(°D)+H, and
O('D) +H,. These studies have involved a very close collaboration with theoretical
groups, thus witnessing further that a strong interplay between experiment and theory
is essential to the progress in the field of reaction dynamics. Although the agreement
between experiment and theory is reasonably good in all cases, there is clearly still room
for improvement regarding the accuracy of the ab initio PESs, as well as the inclusion
of multisurface and non-adiabatic effects in QM scattering calculations. From the
experimental point of view it is desirable that the C('D) + H, and N(*D) + H, reactions
be tackled by higher resolution techniques, able to provide state-resolved DCS, such as
the H-Rydberg tagging method which is particularly suitable for these systems, as
its application by Yang and co-workers [35] to the study of the O('D)+ H, reaction
has demonstrated. The main difficulty towards this may reside in the development of
sufficiently intense and monoenergetic pulsed beams of C('D) and N(°*D) atoms, but we
may reasonably expect that this will become feasible in the not too distant future. The
comparison of theoretical predictions with state-resolved DCSs, when they become
available, will allow a more detailed description of these systems. In the meantime, we
can state that our knowledge, both experimental and theoretical, about the insertion
reactions O('D)+H,, N(D)+H, and C('D)+H, is approaching that achieved for
the much more studied triatom abstraction reactions H+ H,, F 4+ H, and Cl+ Ho.

In the second part of the article we have reviewed the recent advances made in the
investigation of polyatomic multichannel reactions. This is an area where new
developments have been particularly challenging to make. A significant progress was
made in our laboratory by the implementation of soft-ionisation with low-energy
tunable electrons for product detection, and consequent reduction of interfering signal
originating from dissociative ionisation. In addition, the implementation of a variable
beam crossing angle set-up has also permitted extending the range of collision energies
over which a given reaction can be studied. Exploiting these new features in an
improved CMB instrument, we have elucidated the dynamics of practically important
reactions, such as those of OCP) and C(*P) with acetylene and ethylene, which are
of significant relevance in combustion chemistry and astrochemistry.

Looking to the future, one may think to move to state-resolved experiments on these
systems to gain further information on the dynamics. Unfortunately, there are
fundamental limitations to obtaining quantum-state specific scattering data for
polyatomic reactions, with the exception perhaps of reaction channels leading to
products that can be probed very efficiently by REMPI, such as HCI [31, 64, 65] and
CHj; [21-27]. In any case, for polyatomic multichannel reactions the relevant issues are
different with respect to those typical of simple triatomic reactions. The questions one
needs to answer are: (i) What are the reaction channels actually occurring among the
thermodynamically allowed ones? (ii) What is the nature of the primary products? (iii)
What is the mechanism typical of each reaction channel? (iv) What is their relative
yield? The answers to those questions will tell us, among other things, whether the
reaction is proceeding statistically and whether non-adiabatic effects play a role. In this
review we have illustrated that by using the CMB scattering technique with universal
mass-spectrometric detection, featuring soft EI detection, it is possible to answer most
of these questions: we can identify the primary products of practically all the competing
reaction channels, characterise their dynamics and estimate their branching ratios over
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an extended range of relative translational energies. Unfortunately, for polyatomic
reactions it is not possible to perform rigorous quantum dynamical calculations on
accurate multidimensional PESs. Direct dynamics QCT calculations on-the-fly in full
dimensionality are perhaps the promising approach to treat theoretically the dynamics
of polyatomic reactions. Such calculations are starting to be performed for reactions as
F+ CHy;— HF +CHj3 [200] and Cl+RH — HCI+R [64, 65]. Extensions of this
approach to the multichannel reactions discussed in this review are around the corner
[201-204]. In particular, advances in experiment and theory will make the reactions
of OCP) and C(°P) with C,H, and C,H, prototype reactions for detailed studies using
the latest methods of reaction dynamics and related computational techniques.

We plan to use the same experimental approach in the future to tackle detailed
dynamical studies of other reactions of practical relevance. Besides other reactions
involving O and C atoms, we will explore reactions of N atoms and molecular radicals,
such as OH and CN, or polyatomic radicals, such as alkyl radicals. Some reactions
involving these atomic and radical species have been already investigated in our
laboratory [66, 71, 72], but the novel capability of exploring all possible product
channels is an incentive to re-investigate some of them. Another class of reactions
we wish to investigate are those involving two open-shell reactants. Especially
interesting are those radical-radical reactions, such as N+ OH, C+ OH and O + OH,
which are simple enough to be within the current theoretical capabilities. Another
important class of radical-radical reactions are, for instance, those of O(*P) atoms with
alkyl radicals which are of great relevance in combustion. In our laboratory we have
recently developed a continuous supersonic beam source of hydrocarbon radicals
and we have demonstrated that the dynamics of reactions such as O(°*P)+ CHj; and
OCP)+ C3Hs can be investigated in CMB experiments with mass spectrometric
detection [205].

A more general conclusion is that such detailed studies on polyatomic reactions
can contribute to bridge the gap between crossed-beam dynamics and thermal kinetics
research by providing detailed information on the primary products and their
branching ratios. In this direction, valuable contributions are also expected from
CMB experiments with laser spectroscopic detection, possibly coupled to ion-imaging
techniques [27-31], and with instruments using soft photo-ionisation by synchrotron
VUV radiation [10, 78-81, 87-89]. The latter are expected to benefit greatly by the
future implementation of VUV free electron laser sources, which should permit gaining
significantly in VUV photon flux with respect to the current third generation
synchrotron light sources, thus allowing for greater detection efficiency.
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