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The reaction dynamics of atomic boron, B(2P), with acetylene, C2H2(X 1Sgþ), were investigated at two collision
energies of 12.9 kJ mol1 and 16.3 kJ mol1 employing the crossed molecular beams technique. Only the atomic
boron versus hydrogen atom exchange pathway was observed. Forward-convolution ﬁtting of the laboratory
data at m/z ¼ 36 (11BC2Hþ) shows that the reaction dynamics are indirect, proceed via addition of the boron
atom to the carbon–carbon triple bond via a cyclic intermediate, and form the linear HBCC(X 1Sþ) molecule
after an atomic hydrogen ejection. The formation of the HBCC(X 1Sþ) isomer under single collision conditions
presents the ﬁrst ‘‘ clean ’’ gas phase synthesis of this important organo-boron molecule and opens the door
to a prospective spectroscopic investigation.
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I.

Introduction

Untangling the chemical dynamics of elementary reactions of
atomic boron, B(2Pj), oﬀers an important means to understand
the role of boron particles in material sciences,1 boron assisted
nanotube growth,2 high temperature combustion processes,3,4
interstellar environments,5 and fundamental reaction mechanisms involving organo-boron species.6,7 For many years, the
interest in boron ignition and combustion fueled extensive
research to characterize the temperature proﬁle of boron-based
ﬂames of high energy density materials.8–10 Bimolecular boron
reactions are also of potential importance to the chemical evolution of the interstellar medium. Here, 11B can be formed
either in type II supernova explosions or in the interstellar
medium through spallation reactions between cosmic ray
particles and interstellar nuclei.11–13 These processes support
a boron abundance with fractions of about 2.5  1010 relative
to atomic hydrogen.14
Very recently, particular attention has been devoted to actually investigate elementary reactions of boron atoms with
hydrocarbons via matrix isolation techniques15–18 and under
single collision conditions employing the crossed molecular
beam technique.19–21 These experiments gained a deeper
insight in the formation of organo-boron molecules of the generic formula BCxHy which are isoelectronic to the corresponding Cxþ1Hy cations.22 Andrews and coworkers utilized matrix
trapping to identify various BC2Hn (n ¼ 1–5) isomers via
infrared spectroscopy after co-deposing laser ablated boron
atoms with acetylene,15 ethylene,16,17 and ethane18 in an argon
matrix. However, the poorly deﬁned distributions of atomic
boron velocities and electronic spin states together with the
eﬀect of matrix trapping make it diﬃcult to assign the reaction
mechanisms unambiguously. On the other hand, an investigation at the molecular level, in a collision free environment,
where it is possible to observe the consequences of a single
reactive event, can provide a direct insight into the reaction
micro-mechanism.23 The crossed molecular beam method with
mass spectrometric detection is particularly suitable for investigating reactions giving polyatomic products which are not

a priori predictable and/or whose spectroscopic properties
are unknown (see for instance refs. 24 and 25). We have
recently succeeded in generating a pulsed beam of boron atoms
by laser ablation of a boron rod and undertaken a systematic
study of B(2P) reactions with simple unsaturated hydrocarbons
of practical importance, such as ethylene19 and benzene.20
These studies presented detailed mechanisms on how the aromatic molecules with 2p Hückel electrons, borirene, and 6p
Hückel electrons, benzoborirene, are formed via an initial
addition of the boron atom to the unsaturated bond of the
hydrocarbon molecule followed by isomerization and subsequent elimination of atomic hydrogen (Fig. 1). A preliminary
account of the ﬁrst experimental results on the reaction with
acetylene at a collision energy of 16.3 kJ mol1 has been given
as well; in that ﬁrst work a HBCC reaction product formed via
an atomic boron versus hydrogen exchange pathway was identiﬁed.21 Here, we report a comprehensive investigation on how
the dynamics of the B/C2H2 system and the underlying microchannels vary with the collision energy and carry out also
statistical RRKM calculations.

II. Experiment and data analyses
The experiments were performed at two collision energies
employing the 3500 crossed molecular beam machine, which

Fig. 1 Structure of the borirene (left) and benzoborirene (right)
molecules formed upon the reaction of atomic boron with ethylene
and benzene, respectively, under single collision conditions.
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has been described in detail elsewhere.24,26 Brieﬂy, the atomic
boron beam was produced via laser ablation of a boron rod
at 266 nm by employing the same experimental set-up
described in ref. 27. The 30 Hz, 35–40 mJ output of a Spectra
Physics GCR 270-30 Nd-YAG laser was focused on a rotating
boron rod, and ablated atoms were seeded into helium gas
which was released by a Proch-Trickl pulsed valve. A rotating
chopper wheel was mounted after the ablation zone to select a
9 ms segment of the pulse with peak velocities of 1590  10
ms1 and 1846  5 ms1 and speed ratios S of 9.0  0.1 and
7.9  0.1, respectively for the two experiments. The B(2P)
beams crossed a pulsed acetylene beam (vp ¼ 900  10 ms1,
S ¼ 9.0  0.1) at 90 in the interaction region of the scattering
chamber at averaged collision energies of Ec ¼ 12.9  0.2 kJ
mol1 and 16.3  0.4 kJ mol1 in the interaction region. Note
that natural boron has two isotopes of m/z ¼ 11 (80%) and 10
(20%), and the reported collision energies refer to the 11B isotope. The scattered species were monitored via time-of-ﬂight
(TOF) spectra using a triply diﬀerentially pumped ultra high
vacuum (<8  1013 mbar) detector consisting of a Brink-type
electron impact ionizer, a quadrupole mass ﬁlter, and a Daly ion
detector. To obtain information on the reaction dynamics, we
have derived the best-ﬁt center-of-mass (CM) functions from
TOF spectra and laboratory angular distributions (LAB) by
using a forward-convolution technique. In this iterative procedure trial CM angular, T(y), and translational energy, P(ET),
ﬂux distributions (assumed to be independent of each other)
are used until a best ﬁt of the experimental distributions is
achieved. This program also accounts for the machine as well
as beam parameters (velocity spread, angular divergence).
Both the functions T(y) and P(ET) contain the basic information of the nature of scattering process and of the reaction
micromechanism(s).24

III. RRKM calculations
The microcanonical rate constants k(E) of important steps are
obtained from the RRKM theory via the expression:
kðEÞ ¼ GðEÞ=h  NðEÞ:

ð1Þ

Here, E is the collision energy, h the Planck constant, G(E) the
number of energetically accessible states at the transition state,
and N(E) the density of states of the reactant species; the density of states was calculated with the help of G2 ab initio calculations.28 All species are treated as symmetric tops; the external
K-rotor, associated with the smallest moment of inertia is treated as an active degree of freedom completely coupled with
vibrations. The density of states of the reactants species and
the sum of states for the transition state are derived by taking
the inverse Laplace transform of the corresponding partition
functions29 calculated with the structural parameters obtained
from previous theoretical calculations.21 The calculated microcanonical rate constants are reported in Table 1.

TOF spectra at m/z ¼ 35 and 34 could be ﬁt with the same
center-of-mass functions as those data obtained at m/z ¼ 36.
This strongly indicates that only a molecule with gross formula
BC2H is the reaction product in this range of masses. This species is formed via an atomic boron versus hydrogen exchange.
Note that the molecular hydrogen loss, which would yield also
the corresponding BC2 fragment, is closed at both collision
energies.
All the ﬁnal data were collected at m/z ¼ 36 due to the most
favorable signal-to-noise ratio. In Fig. 2 the TOF spectra
recorded at Ec ¼ 12.9 kJ mol1 are reported. In Fig. 3 the
LAB distributions at both collision energies are also shown.
The laboratory angular distribution at the collision energy of
16.3 kJmol1 has already been reported in ref. 21 and it is
shown again here to outline the collision energy dependent
trends in the laboratory data and in the center-of-mass functions. Both LAB distributions are peaked around the centerof-mass angles (YCM  49.0 and 53.0 , for the higher and
lower collision energies, respectively), but depict higher intensities in the forward directions with respect to the boron
beams, that is at the left of the CM angle. Moreover, the distributions are quite broad and extend for 40 and 50 in the
scattering plane deﬁned by the acetylene and the boron beam.
At both collision energies, the experimental data were ﬁt
using a single CM translational energy distribution and a single CM angular distribution (Fig. 4). In our experiments, best
ﬁt of the LAB distribution and TOF spectra was achieved with
P(ET)s extending to 35–60 kJmol1. In each case, the best ﬁt
P(ET) peaks away from ET ¼ 0 and shows a maximum
between 10 and 15 kJ mol1. This ‘ oﬀ-zero ’ peaking could
indicate a small exit barrier involved in the atomic hydrogen
loss from the decomposing BC2H2 intermediate. We recall,
in fact, that while a peaking at zero translation energy is
always indicative of a barrier-less fragmentation of the intermediate, a reaction which is barrier-less in the exit channel
may also be characterized by a P(ET) peak far from ET ¼ 0
due to dynamical eﬀects. Finally, the best ﬁt P(ET)s extend
up to a translational energy range of 34–52 kJ mol1
(Ec ¼ 12.9 kJ mol1) and 37–62 kJ mol1 (Ec ¼ 16.3 kJ
mol1). If we subtract the collision energies from the
high-energy cutoﬀs, the resulting reaction exoergicity is
found to be 31  10 kJ mol1.
The center-of-mass angular distributions are of help to gain
additional information on the underlying reaction dynamics.
At both collision energies the product scattering intensity is
distributed in the entire angular range from 0 to 180 pointing

IV. Experimental results
Reactive scattering signal was detected at both collision energies at mass to charge ratios m/z ¼ 36 (11BC2Hþ), m/z ¼ 35
(10BC2Hþ/11BC2þ), and m/z ¼ 34 (10BC2þ). Mass-to-charge
ratios higher than 36 were not observed. At each angle, the
Table 1
Collision
energy

Calculated micro-canonical rate constants (s1)

k4/3

k3/4

16.3 kJ mol1 1.93  1012 4.54  1011
12.9 kJ mol1 1.86  1012 4.40  1011
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k4/5

k5/4

k4/6

4.3  1010 1.79  1011 1.7  108
3.8  1010 1.68  1011 6.1  107
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Fig. 2 Selected time-of-ﬂight spectra at m/z ¼ 36 at distinct laboratory angles recorded at a collision energy of 12.9 kJ mol1. The circles
represent the experimental data, the solid lines the calculated ﬁt.
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Fig. 4 Best-ﬁt center-of-mass translational energy (bottom) and
angular ﬂux (top) distributions for the reaction of atomic boron with
acetylene at two collision energies.

collision energy, respectively. Finally, the relatively weak
polarization of the angular distributions is likely the result of
a little coupling between the initial L and ﬁnal orbital angular
momentum L0 . For this speciﬁc mass combination, in fact,
angular momentum partitioning arguments predict very high
product rotational excitation, as a consequence of the much
smaller reduced mass of the products, m0 , with respect to that
of the reagents, m. We recall that the magnitude of the ﬁnal
orbital angular momentum L0 is given by m0 vr0 b0 while that of
L is given by mvrb, where vr0 and vr are the relative velocities
of products and reagents and b0 and b are the ﬁnal and initial
impact parameters. For this reaction vr and vr0 and b and b0 are
not expected to diﬀer signiﬁcantly. Therefore if m0  m, L0  L
and the ﬁnal rotational angular momentum j0 is about equal to
L that is most of the total angular momentum is taken away
from the rotation of the molecules and L and L0 are weakly
correlated. In this case the recoil velocity vector v0 emerges
out of the collision plane and the polarization at the poles
is lost.30

V. Discussion

Fig. 3 Laboratory angular distributions of the 11BC2H product at
m/z ¼ 36 at collision energies of 12.9 kJ mol1 (top) and 16.3 kJ mol1
(bottom) investigated for the B/C2H2 system. Dots and error bars
indicate experimental data, the solid lines the calculated distribution
with the best-ﬁt center-of-mass functions.

to the formation of BC2H2 bound intermediate(s). A slight preference for forward scattering (with respect to the boron beam)
is clearly visible in both cases. Interestingly, the preference for
forward scattering decreases as the collision energy rises from
12.9 kJ mol1 to 16.3 kJ mol1, with an intensity ratio of I(0 )/
I(180 ) ¼ 1.65  0.05 and 1.20  0.05 at the lower and higher

In case of complex, polyatomic reactions it is often useful to
combine the experimental data and the derived center-of-mass
functions with electronic structure calculations. These investigations provide guidance, if, for instance, experimental enthalpies of formation of products are missing. In the present
studies of the reaction of atomic boron with acetylene, the
identiﬁcation of the boron versus hydrogen exchange pathway
strongly suggests the formation of the molecule with gross
formula C2BH. The experimentally determined exoergicity of
31  10 kJ mol1 indicates further the synthesis of the linear
HBCC(X 1Sþ) isomer. A previous theoretical treatment yielded
a reaction exoergicity of 18  5 kJ mol1 close to the lower
limit of our data.21 Note that in the present situation, the best
ﬁt center-of-mass functions are very insensitive towards the
high energy cutoﬀ of the P(ET)s, and no signiﬁcant deviation
in the ﬁts has been observed by reducing the high energy
cut-oﬀ by 10–20 kJ mol1. However, since the next stable
structure is the linear HCCB(X 1Sþ) isomer21 and the channel
leading to this isomer has been found to be endoergic by
22  3 kJ mol1, this isomer cannot be formed at the collision
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energies (12.9 kJ mol1 and 16.3 kJ mol1) of the present
experiment.
Having assigned the reaction product as the HBCC(X 1Sþ)
isomer, we attempt now to unravel the underlying dynamics.
To this purpose, the collision energy dependence of the
center-of-mass angular distributions provides important information. First, the signiﬁcant intensity over the complete angular range suggests the presence of at least one channel which
involves a BC2H2 reaction intermediate and hence indirect
dynamics (Fig. 4). Secondly, the forward scattered distributions suggest that at least one channel involves an incorporated
boron atom and the leaving hydrogen atom located on opposite sides of the rotation axis of the fragmenting BC2H2 intermediate. Combining these requirements with previous ab initio
calculations on the doublet BC2H2 surface helps us to eliminate potential intermediates (Fig. 5). Intrinsic reaction coordinate calculations showed that only the isomers 3, 4, and 5
connect to the HBCC(X 1Sþ) þ H(2S1/2) products. Among
them, 5 can be ruled out to account at least for the forwardscattered microchannel. Recall that the reaction product is linear and hence can be excited only to B-like rotations, which
give a rotational angular momentum j 0 . Since both reagents
are prepared in a supersonic expansion, the initial rotational
angular momentum j is much less than the initial orbital angular momentum L, and L  L0 þ j 0 . Here, L0 denotes the ﬁnal
orbital angular momentum of the products. Due to the experimental relatively weak polarization of the center-ofmass angular distributions, we can conclude that L0  J0 ,
and, hence, L  j0 . Therefore, most of the initial orbital angular
momentum channels into B-like rotational excitations of
the linear HBCC(X 1Sþ) product. To account for angular
momentum conservation, j0 must be parallel to the total angular momentum vector J, and the HBCC molecule likely rotates
inside the molecular plane of the decomposing complex. Fig. 6
shows the principal axes of the intermediates 2–5. In 5, both
hydrogen atoms are connected to the boron atom, and, hence,
are located on the same side of the rotation axis as the incorporated B(2Pj) atom. Therefore, an elimination of atomic
hydrogen from 5 cannot account for the forward scattered

microchannel. Note that 5 can be only formed from 4 via ring
opening through a transition state located 90.5 kJ mol1 below
the separated reactants. However, in the limit of a complete
energy randomization, the calculated rate constant k4/5 is
about 45 times smaller than k4/3 . This may suggest that the
cyclic intermediate 4 rearrange to 3 rather than isomerizing
to 5 (see Table 1). However, based on the calculated rate constants, most of 3 will go back to 4, and a dynamic equilibrium
will take place between 3 and 4 in favor of 3, since the ratio
k4/3/k3/4 is about 4. 6 can then be formed from both 3 and
4. Our calculations suggest that in the limit of a complete
energy randomization about 20% of the reaction product will
come from 4, and 80% from 3; the rate constant k3/6 is estimated to be of the same order of magnitude as k4/6 . The involvement of intermediate 4 is supported also by the
experimentally found oﬀ-zero peaking of the center-of-mass
translational energy distributions, as the fragmentation of
intermediate 4 involves an exit barrier of 12.6 kJ mol1. This
order-of-magnitude is similar as derived from the distribution
maxima of both P(ET)s between 10–15 kJ mol1. Note that
in the fragmenting intermediate 4, the incorporated boron
and the leaving hydrogen atom are located on opposite sides
of the rotational axis and, hence, satisfy the experimental
observation of forward-scattered center-of-mass angular distributions. The decomposing intermediate 4 can be formed via H
migration in 2 through a bicyclic structure 20 .
Based on these considerations, the following dynamics can
be proposed. The boron atom adds barrier-less to the acetylene
molecule forming 2. This cyclic intermediate undergoes hydrogen migration to yield a weakly bound bicyclic intermediate 20 ,
which itself rearranges to 4. The latter rotates in a plane almost
perpendicular to the total angular momentum vector and
mostly isomerizes to 3, which dissociates then to HBCC(X
1 þ
S ) and H(2S1/2). In the limit of RRKM calculations, about
20% of the products will come from 4. The calculated lifetime
of 4 of about 0.5 ps also supports the existence of a bound
reaction intermediate and hence a theoretical conﬁrmation of
the experimentally found indirect reaction dynamics. We try
to address now the remaining question, why an increased

Fig. 5 Schematic representation of the BC2H2 potential energy surface adapted from ref. 21. Only pathways involving the formation of the
HBCC isomer are shown.
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Table 2 Energetics of alternative exit channels in the reaction of
atomic boron with acetylene
Reaction products

Reaction energy/kJ mol1

HBCH(X 2P) þ C(3Pj)
C2H(X 2Sþ) þ BH(X 1Sþ)
CH2(X 3B1) þ BC(X 4S)
HCB(X 3P) þ CH(X 2PO)
BH2(X 2A1) þ C2(X 1Sgþ)
BC2(X 2A1) þ H2(X 1Sgþ)

þ337
þ212
þ459
þ457
þ346
14

for incomplete basis sets and other deﬁciencies in the theoretical treatment. G2 method has proved to be an accurate and
eﬃcient procedure for the prediction of molecular thermochemistry.35,36 It is found that all these pathways except the
one leading to H2 and BC2 are highly endoergic; therefore,
these channels are closed within our experiment. The reaction
leading to H2 þ BC2 is calculated to be about 14 kJ mol1
exoergic. However, the lowest transition structure leading to
these species is calculated to be 65 kJ mol1 higher than the
separated boron and acetylene reactants.37 This leads to the
conclusions that the molecular hydrogen elimination pathway
is also closed; hence—as veriﬁed experimentally—only the
HBCC species can be formed under our experimental
conditions.

VI. Conclusions

Fig. 6 Schematic representation of the rotational axes of important
reaction intermediates. The C axes are located perpendicular to the
paper plane. The rotational constants A, B, and C (in GHz) are,
respectively, 32.61997, 32.24908, 16.21673 (2), 34.34634, 29.33564,
15.82193 (20 ), 1165.00072, 9.59148, 9.51316 (3), 40.00282, 25.52954,
15.58396 (4), and 213.72171, 9.77945, 9.35154 (5).

collision energy results into a less forward-peaked T(y).
Usually, rising the collision energy would result in an increase
of I(0 )/I(180 );31 under the most favorable reaction conditions, transitions from long-lived to osculating complexes
can be observed, and the life-time of the fragmenting intermediate can be estimated utilizing the intensity ratios at both
poles of the T(y). The reversed trend, however, is rather indicative of multiple, impact parameter-dependent microchannels, which can lead to the same reaction product. This has
been observed experimentally in the crossed beams reaction
of, for example, atomic carbon, C(3Pj), with ethylene.32 Within
the framework of the simple capture theory and the theoretically found barrier-less addition of atomic boron to form the
intermediate 2, increasing the collision energy translates into
a reduction of the maximum impact parameter.33 As the collision energy rises, reactive trajectories with larger impact parameters, which can account for the forward peaking, are
quenched.
Besides the experimentally observed observation of the
HBCC(X 1Sþ) isomer, we also investigated alternative exit
channels theoretically. Table 2 reports the G2 calculated
reaction energies.34 G2 presents a composite method that
corresponds eﬀectively to calculations at the QCISD(T)/
6-311þG(3df,2p) level on MP2(full)/6-31G(d) optimized geometries, incorporating scaled (by 0.8929) HF/6-31G(d) zeropoint energies (ZPE) and a higher-level correction (HLC) term.
The HLC is an empirical correction designed to compensate

The reaction of boron atoms, B(2P), with acetylene, C2H2(X
1
Sgþ), was investigated at two collision energies at the
most fundamental microscopic level employing the crossed
molecular beams technique. Forward-convolution ﬁtting of the
laboratory data at m/z ¼ 36 11BC2Hþ shows that only the
boron versus atomic hydrogen exchange channel is open.
The reaction dynamics are suggested to be indirect, proceed
via addition of the boron atom to the carbon–carbon triple
bond via a cyclic intermediate, and form—after successive isomerization—the linear HBCC(X 1Sþ) isomer which is excited
to B-like rotations. The formation of the HBCC(X 1Sþ) structure under single collision conditions employing the crossed
beams technique represents a ﬁrst ‘‘ clean ’ ’, gas phase synthesis
following previous characterization in an argon matrix15 and
opens the way to a possible spectroscopic detection in the
gas phase. Our results are in excellent agreement with recent
matrix isolation experiments since most of the important species involved in the reaction mechanism 2, 3, 4 and 6 have been
characterized by infrared spectroscopy.15
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