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ABSTRACT: The reaction dynamics of the boron monoxide
radical (*'BO; X°Z*) with diacetylene (C,H,; X'% *) were
investigated at a nominal collision energy of 17.5 k] mol ™
employing the crossed molecular beam technique and
supported by ab initio and statistical (RRKM) calculations.
The reaction is governed by indirect (complex forming)
scattering dynamics with the boron monoxide radical adding
with its boron atom to the carbon—carbon triple bond of the
diacetylene molecule at one of the terminal carbon atoms
without entrance barrier. This leads to a doublet radical
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intermediate (C,H,"'BO), which undergoes unimolecular decomposition through hydrogen atom emission from the C1 carbon
atom via a tight exit transition state located about 18 k] mol™' above the separated products. This process forms the hitherto
elusive boronyldiacetylene molecule (HCCCC''BO; X'") in a bimolecular gas phase reaction under single collision conditions.
The overall reaction was determined to be exoergic by 62 kJ mol™". The reaction dynamics are compared to the isoelectronic
diacetylene (C,H,; X'T Z,")—cyano radical (CN; X’Z*) system studied previously in our group. The characteristics of boronyl-
diacetylene and the boronyldlacetylene molecule (HCCCC'"'BO; X'X*) as well as numerous intermediates are reported for the

first time.

1. INTRODUCTION

The energy release from hydrocarbon oxidation powers the
mainstream of internal combustion engines. Boron combustion
has been probed to provide almost three times the energy by
weight and volume compared to hydrocarbons—attributes that
are attractive to rocket propulsion systems in space exploration
and for military purposes.' > Unfortunately, in the initial stages
of combustion, solid state boron forms a highly inert layer of
diboron trioxide (B,O5) which prevents oxidation and effective
energy release of the boron material.*~” Currently, boron is
used as pellet additives in conventional hydrocarbon-based
rocket fuels.* Here, the hydrocarbon fuel burns off the oxide
layer (ignition stage), which subsequently allows for the full
boron combustion (combustion stage).é’g_w This process
elongates the energy release time scale and reduces the total
potential energy release of both the boron and hydrocarbon
fuel. Theoretical models based on flame test experiments have
been developed with the aim to understand the combustion of
boron and the removal of the oxide layer. Initially King et al.'"
developed a model based on diffusion of molecular oxygen
throu gh the oxide layer.*” Williams et al.'*~'* and Kuo et
al.">'® expanded these boron-based combustion models on the
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basis of the rate of boron diffusion through the oxide layer as
elucidated by Kuo et al.'*'” A comprehensive molecular level
gas phase kinetics model incorporating fluorine as an additive
was found to inhibit the oxide layer growth.'®™>* Recently, a
model was developed by Pfitzners et al;>*** this model is
derived from the work of Kuo et al.'® and utilizes generic global
reactions in three stages: particle heating without reaction
(ignition delay), first stage of combustion (oxide layer
removal), and second stage of combustion (clean boron
oxidation).

Despite the progress in modeling capabilities, experimental
input parameters in B/O/C/H systems, on which the models
ultimately rely, has been lacking. As seen in the combustion of
hydrocarbons, extensive sets of competing fast radical-mediated
reactions have been proposed to occur in combustion
environments.”>>® Only by investigating each reaction pathway
individually can we effectively map out the product branching
ratios, reaction mechanisms, and their associated rate constants.
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Boron oxidation is understood to occur sequentially via the
reaction B — BO — BO, — B,0,,>” with the formation of the
doublet boron monoxide radical as the very first step. For these
reasons, our laboratory has started an investigation of
elementary reactions of the boronyl radical with a range of
unsaturated h3ydrocarbons using the crossed molecular beams
technique.”® > It is important to stress that boron monoxide
has been incorporated in the Zhou, Kolb, Rabitz et al. model,
and its reaction with molecular hydrogen (H,) has been
previously investigated**~>° because of the interest in reactions
forming the HOB and HBO molecules; this isomer pair has
been deemed to withdraw considerable energy from the boron
combustion process. The kinetics of the formation of boron
dioxide (BO,) through the reaction of boron monoxide with
molecular oxygen has also been investigated.>> The reaction
was found to occur through atomic oxygen loss and lacked any
pressure dependence. In our laboratory, we have investigated
under single collision conditions the reactions of boron
monoxide (''BO) with acetylene (C,H,),*® ethylene
(C,H,),”” and methylacetylene (CH;CCH).?® In all cases, the
reactions are initiated by the addition of the boron atom of the
boron monoxide radical to the 7 electron density of the
unsaturated bond—in the case of methylacetylene via a van-
der-Waals complex—and proceed via indirect scattering
dynamics through the formation of C,H,''BO, C,H,'BO,
and CyH,''BO collision complexes. The latter decompose via
atomic hydrogen emission to the HCC'"BO (boronyl
acetylene), C,H;""BO (boronyl ethylene), and CH,CC''BO
(1-propynyl boron monoxide)/CH,CCH'"'BO (propadienyl
boron monoxide) products through tight exit transition states.
The C;H,''BO collision complex also decomposed through the
emission of a methyl radical to form HCC''BO (ethynyl boron
monoxide). Here, we are expanding these studies and probing
the underlying dynamics of the bimolecular gas phase reaction
of ground state boron monoxide ("'BO; X*X*) with diacetylene
(C4Hy X'E,") as the simplest representative of the polyynes
group. Diacetylene is a typical unsaturated hydrocarbon found
in combustion flames in high quantities such as in fuel rich
toluene flames with mole fractions of up to 4.4 X 107> We
will also compare the reaction dynamics of the boron
monoxide—diacetylene system with those of the isoelectronic
diacetylene—cyano radical (CN; X*T*) system studied earlier in
our group.*

2. METHODS

2.1. Experimental and Data Analysis. The experiments
were carried out under single collision conditions in a crossed
molecular beams machine at the University of Hawaii at
Manoa.*' A pulsed supersonic beam of ground state boron
monoxide ('BO; X*T*) was groduced by laser ablation of a
rotating boron rod at 266 nm™ while expanding a pulsed beam
of carbon dioxide (CO,, 99.9999%, BOC) onto the laser
ablation zone with a pulsed valve. The beam source is an
adaptation of a previous one, employed for C and CN
production.”** The carbon dioxide acts as both a seed and
reactant gas to produce boron monoxide most likely by
abstraction of an oxygen atom by boron from carbon dioxide.
The molecular beam of boron monoxide (*'BO; X*>T*) seeded
in carbon dioxide at a pressure of 4 atm was produced in the
primary reaction chamber at a repetition rate of 60 Hz by a
pulsed valve operating at —400 V and passed a skimmer and
four-slot chopper wheel, to reach the interaction region in the
main reaction chamber. The chopper wheel selected a segment
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of the boron monoxide ("'BO; X*Z*) beam with a peak velocity
v, = 1520 + 30 ms~ and speed ratio S = 2.4 + 0.3 (Table 1). A

Table 1. Peak Velocities (v,), Speed Ratio (S), and the
Center-of-Mass Angles (@,), Together with the Nominal
Collision Energies (E_,) of Diacetylene and Boron Oxide
Molecular Beams

v, (ms™) S E, (kJ mol™) Ocum
CHy/Ar  620+20 120 +03
BO/CO, 1520 = 7 24 + 04 17.5 £ 0.8 39.7 £ 1.7

pulsed valve in the secondary source operated at —500 V
generated a pulsed molecular beam of diacetylene (99.5% +)
seeded in argon (99.9999%) at fractions of 5% at 550 Torr with
a peak velocity v, = 620 + 20 ms~' and speed ratio of 12.0 +
0.3 (Table 1) that bisected the boron monoxide beam at 90° in
the interaction region. Diacetylene was produced using the
procedure described previously.** The primary and secondary
pulsed valves opened 1890 and 1855 us after the time zero as
defined by the chopper wheel. The collision energy between
the boron monoxide ('BO; X*Z*) and diacetylene (C,H,;
X'%,") was 17.5 + 0.8 kJ mol™". Boron has two isotopes, m/z =
11 (80%) and m/z = 10 (20%), of which the reported collision
energy refer to the ''B isotope. Laser induced fluorescence
(LIF) was used to characterize the BO radical rovibrational
levels. Here, the A’TI-X?Z* (0,0) transition at 425 nm was
probed in situ by a 10 uJ Nd:YAG laser at 10 Hz. The chopper
wheel triggered the LIF laser system typically 10 to 20 us after
the ablation laser fired. The fluorescence was detected by a
photomultiplier tube (PMT) and filtered by a 495 nm centered
long pass filter for detection of (2,0) fluorescence. The spectra
were analyzed using the diatomic spectral simulation program
developed by Tan.* The boron monoxide beam was found to
have a rotational temperature of T,,, = 250 + 40 K which
corresponds to a most probable internal energy of 2.0 + 0.3 kJ
mol™".*’ No vibrationally excited boron monoxide radicals were
observed.

A rotatable triple differentially pumped quadrupole mass
spectrometer (QMS) operating in the time-of-flight (TOF)***’
mode and using electron-impact ionization of about 80 eV was
exploited to collect ionized products. By collecting TOF spectra
at distinct mass-to-charge (m/z) ratios at intervals of 2.5° over
the entire reaction angular distribution of about 40°, a
laboratory angular distribution of a distinct mass-to-charge-
ratio of the ion was obtained. A forward convolution technique
was used to simulate the data in the laboratory frame yielding
the center-of-mass translational energy and angular distribu-
tions.>”*! The product flux contour map, I(6,u) = P(u) X T(0),
reports the intensity of the reactively scattered products (I) as a
function of the center-of-mass scattering angle (6) and product
velocity (u).

2.2. Theoretical Methods. Geometries of various species
involved in the reaction of diacetylene with the boron
monoxide radical, including the reactants, C,H,BO intermedi-
ates, transition states, and products, were optimized at the
hybrid density functional B3LYP level of theory with the 6-
311G(d,p) basis set.”>** Vibrational frequencies and zero-point
vibrational energy (ZPE) were obtained using the same
B3LYP/6-311G(d,p) approach. The optimized geometries of
all species were then used in single-point coupled cluster
CCSD(T) calculations®*™>” (restricted open-shell RHF-
RCCSD(T) for open-shell species) with Dunning’s correla-
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tion-consistent cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets.”®
The CCSD(T) total energies were extrapolated to the
complete basis set (CBS) limit by fitting the following
equation:> E(x) = Ey(00) + Be™, where « is the cardinal
number of the basis set (2, 3, and 4) and E,(00) is the
CCSD(T)/CBS total energy. B and C are the fitting
coefficients of exponential decays of the total energy toward
the asymptote, which is the infinite (complete) basis set limit,
with basis set expansion.’® The Gaussian 09°° and MOLPRO
2010°" programs were used for the ab initio calculations. For
some structures, additional CCSD(T)/6-311G(d,p) geomet?f
optimization was carried out employing the ACES II package.**

Rate constants k(E) for unimolecular reaction steps on the
C,H,BO potential energy surface (PES) were computed using
RRKM theory,”* % where the internal energy E was taken as a
sum of the energy of chemical activation in the BO + C,H,
reactions and a collision energy, assuming that a dominant
fraction of the latter is converted to the internal vibrational
energy. The harmonic approximation was used to calculate the
total number and density of states. Product branching ratios
were evaluated by solving first-order kinetic equations for
unimolecular reactions within the steady-state approximation,
according to the kinetics scheme based on the ab initio
potential energy diagram. Note that in the calculations of
partition functions we apply the harmonic oscillator approx-
imation for the vibrational contribution. To address the most
significant anharmonic effects, we treat the appropriate “soft”
vibrational modes as internal free or hindered rotations,
however, the intermediates considered here do not have such
internal rotations. Although a more advanced treatment of
anharmonicity may give more accurate results, it is impractically
time-consuming for a system of this size. Moreover, according
to the literature data, if soft low-frequency modes behaving like
hindered rotors are treated anharmonically, but higher
frequency modes are treated within the harmonic approx-
imation, the deviations of the calculated rate constants from
those obtained using the fully anharmonic treatment do not
exceed 30%. Thus, the anharmonicity beyond hindered rotors is
expected to have a relatively small effect on rate constants,
likely smaller than the anticipated errors of 5 kJ mol™ in
reaction barrier heights.

3. RESULTS

3.1. Laboratory Frame. The reactive scattering signal was
recorded at mass-to-charge ratios, m/z, of 76 (C;,H"BO*) and
75 (C,H'BO */C,'"BO"). After scaling, the TOF spectra at
m/z = 76 and 75 were found to be superimposable indicating
that the signal at m/z = 7S mainly originates from dissociative
ionization of the parent molecule holding a molecular weight of
76 amu (in this respect, it should be noted that the kinematics
for the '"BO reaction is slightly different because of the
different mass combination, but the effect on the kinematics is
much smaller than in the case of the reaction '°B/"'B+C,H,).%°
Hence we can conclude that the C;H'"'BO product (76 amu) is
formed via the boron monoxide versus hydrogen atom
replacement pathway. Note that no signal was observed at
m/z = 52 (C,H"BO") indicating that the boron monoxide
versus ethynyl (CCH) exchange channel is closed. Figure 1
depicts selected TOF spectra recorded at m/z = 76 (C,H''BO
*). Here, the TOF spectra were fit with a single channel fit with
a mass combination of 76 amu (C,H''BO*) and 1 amu (H").
The TOF spectra at each angle were also integrated and scaled
by the number of scans taken and by the fluctuating beam
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Figure 1. Time-of-flight data at various laboratory angles recorded at
m/z = 76 for the reaction of boron monoxide (!BO; X*Z*) with
diacetylene (C,H,; XIEgJ’) at a collision energy of 17.5 =+ 0.8 kJ mol™".
The circles indicate the experimental data, and the solid lines indicate
the calculated fits.

intensities to derive the laboratory angular distribution (LAB)
of the C,H'"BO product at m/z = 76 (Figure 2). The
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Figure 2. Laboratory angular distribution (LAB) of the C,H''BO
isomer(s) at m/z = 76 formed in the reaction of boron monoxide
(MBO; X**) with diacetylene (C,H,; X12g+) at a collision energy of
17.5 + 0.8 kJ mol ™. Circles and error bars indicate experimental data,
and the solid line indicates the calculated distribution.

laboratory angular distribution peaks at 38.8° + 0.5° close to
the center-of-mass angle of 39.6° + 1.5° and extends by about
40° in the scattering plane as defined by the primary and
secondary beams. The peaking at the center-of-mass angle and
nearly symmetric profile suggest that the reaction proceeds
through indirect (complex forming) scattering dynamics
involving C,H,''BO reaction intermediate(s).

3.2. Center-of-Mass Frame. Having established the
presence of a boron monoxide versus atomic hydrogen
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exchange and the formation of a molecule with the molecular
formula C,H"'BO (76 amu), we now attempt to elucidate the
underlying reaction dynamics by converting the laboratory data
into the center-of-mass frame using a forward convolution
routine. This provides the center-of-mass translational energy
(P(Er)) and angular (T(0)) distributions (Figure 3). Here, a
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Figure 3. Center-of-mass translational energy distribution (top) and
angular distribution (bottom) for the reaction of boron monoxide
('BO; X°T*) with diacetylene (C,Hy; XIZ;) to form boronyldiace-
tylene (HCCCC"'BO) and atomic hydrogen at a collision energy of
17.5 + 0.8 kJ mol ™.

single channel fit with a center-of-mass translational energy
distribution, P(E), exposing a maximum translational energy
release of 82 + 10 kJ mol™!, furnishes the best fit of the
laboratory data. From this fit, the reaction exoergicity can be
calculated for those products born without internal energy by
subtracting the collision energy (17.5 + 0.8 k] mol™") from the
maximum translational energy of 82 + 10 kJ mol ™%, Therefore,
we find the reaction exoergicity to be 64.5 + 10.6 k] mol™" in
forming the C,H''BO isomer(s) plus atomic hydrogen if the
reactants have no rovibrational excitation. Considering further
the most probable internal energy of the boron monoxide

reactant of 2.0 + 0.3 k] mol ™" (section 2.1), the reaction energy
is reduced to 62.5 + 10.9 kJ mol ™. Further, the P(E;) depicts a
flux distribution peaking away from zero translational energy at
about 15—22 kJ mol™' suggesting that at least one reaction
channel to form the C,;H''BO isomer(s) plus atomic hydrogen
could hold a tight exit transition state and involves a repulsive
carbon—hydrogen bond rupture with a significant electron
rearrangement. The center-of-mass translational energy dis-
tribution P(E;) further portrays that the average amount of
energy released into the translational degrees of freedom of the
products is 27 + S kJ mol™', which is 33 + 6% of the total
available energy. In addition, the center-of-mass angular
distribution, T(6), provides important information on the
scattering dynamics. This distribution shows intensity over the
whole angular range, which is indicative of an indirect, complex-
formin§ reaction mechanism involving C,H''BO intermedi-
ate(s).®” The center-of-mass angular distribution is also
forward—backward symmetric as well as isotropic; this finding
suggests that the lifetime (7) of the decomposing complex is
longer than its rotational period. The isotropy of the center-of-
mass angular distribution indicates a weakly polarized system
suggesting that the initial orbital angular momentum does not
couple well with the final orbital angular momentum. This
occurs because the light hydrogen atom cannot carry away
much orbital angular momentum. Most of the initial angular
momentum is therefore channeled into the rotational degrees
of freedom of the C,H"'BO product isomer(s).”” The above
characteristics can be also visualized in the flux contour map
(Figure 4).

3.3. Theoretical Results. The theoretically calculated
reaction pathways and associated intermediate as well as
transition states in the reaction of boron monoxide with
diacetylene are illustrated in Figure S and their molecular
structures are illustrated in Figure 6. First, we will consider only
those reaction pathways which are open at the experimental
collision energy of 17.5 k] mol™'; these pathways can be found
below the red dashed line inserted in the PES. All intermediates,
transition states, and products above this line are not accessible
from the energetical standpoint and hence are discussed later.
With its radical center localized on the boron atom, the boronyl
radical (*'BO) adds to the 7 orbital of the diacetylene molecule
at one of the terminal carbon atoms without an entrance barrier
leading to intermediate il (C,H,''BO), which is stabilized by

99—

100 ms

L 060060

Figure 4. Flux contour map of the reaction of boron monoxide ("'BO; X*=*) with diacetylene (C,H,; X12g+) forming the boronyldiacetylene
(C,H"BO) molecule and atomic hydrogen at a collision energy of 17.5 + 0.8 kJ mol™".
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Figure 5. Schematic representation of the doublet C,H,"'BO potential energy surface (PES) accessed via the reaction of boron monoxide ('BO;
X*%*) with diacetylene (C,H,; XIZg+). The red dashed line represents the collision energy in our experiments; all stationary points above that line

are therefore experimentally not accessible.

215 kJ mol™" with respect to the separated reactants. We
neither located a transition state nor a van der Waals complex
between the boron monoxide radical and the diacetylene
molecule in the entrance channel to the il adduct at the
B3LYP/6-311G(d,p) or CCSD(T)/6-311G(d,p) levels of
theory. From il hydrogen emission can occur from the Cl1
carbon atom to reach the products p1 (HCCCC'"BO) plus
atomic hydrogen by overcoming 171 kJ mol™" via a tight exit
transition state located 18 kJ mol™ above the separated
products. The formation of pl (HCCCC'"BO) plus atomic
hydrogen is exoergic by 62 kJ mol™" and represents the only
exoergic product available on the C,H,''BO potential energy
surface. The reaction from the reactants through il and forming
p1 holds the least steps and can be classified as an addition—
elimination pathway. Interestingly, the structure of p1 appears
to be slightly nonlinear at the B3LYP/6-311G(d,p) level of
theory, with the largest deviation from the linearity of 3.3°
observed for the CCB angle. However, geometry optimization
at the CCSD(T)/6-311G(d,p) level gives a linear geometry.
The discrepancies in the bond lengths computed at the B3LYP
and CCSD(T) levels do not exceed 0.02 A (see Figure 6),
whereas the CCSD(T)/CBS total energy of pl calculated with
the CCSD(T)/6-311G(d,p) optimized geometry is 3 kJ mol™"
lower than that with the B3LYP/6-311G(d,p) structure.

Our calculations also exposed five alternative reaction
pathways to pl that shall now be described. From the initial
collision complex il, the hydrogen on the C1 carbon atom can
migrate to the C2 carbon by overcoming a significant barrier of
200 kJ mol™ to reach intermediate i4 located 191 kJ mol™

below the reactants. The products p1 (HCCCC'"'BO) can be
accessed from i4 through emission of the hydrogen atom from
the C2 carbon atom. The hydrogen emission from i4 involves a
tight exit transition state placed 30 kJ mol™' above the
separated reactants. Intermediate i4 can also isomerize to i7,
which is located 194 kJ mol™" below the reactants through
another hydrogen shift from C2 to C3 by overcoming a 201 kJ
mol™ barrier. From this intermediate, the products pl
(HCCCC"BO) can also be formed through hydrogen
emission from the C3 carbon by passing through a tight exit
transition state located 32 kJ mol™' above the products.
Intermediate i7 can also isomerize to its trans form over a small
barrier of only 17 kJ mol™ to reach intermediate i7t. From
here, this intermediate undergoes yet another hydrogen shift to
i10; the latter represents the global potential minimum of this
PES and is located 247 k] mol ™" below the separated reactants.
Finally, intermediate i10 emits a hydrogen atom from the
terminal carbon atom to reach the product p1 (HCCCC''BO)
via a tight exit transition state located 13 kJ mol™" above the
products. Further, after forming the initial intermediate il, the
hydrogen atom on the C1 carbon atom can also migrate in the
opposite direction to the boron atom by overcoming a 184 kJ
mol™ barrier to reach intermediate i11 located 90 k] mol™
below the separated reactants. Intermediate ill can emit a
hydrogen atom located on the boron atom to reach the product
pl (HCCCC"BO) via an exit barrier of 15 kJ mol™".
Alternatively, intermediate i1l can undergo a final hydrogen
migration from the boron to the oxygen atom over a 96 kJ
mol™! barrier to reach intermediate i12 located 110 kJ mol™

dx.doi.org/10.1021/jp405228f | J. Phys. Chem. A 2013, 117, 8189—-8198
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Figure 6. Structures of stationary points (intermediates, transition states, products) on the C,H,''BO potential energy surface (PES) calculated at
the B3LYP/6-311G(d,p) level of theory (the parameters for HC,BO pl computed at the CCSD(T)/6-311G(d,p) level are given in bold). The

numbers show bond lengths in A and bond angles in degrees.

below the energy of the reactants. The product pl
(HCCCC!"BO) is accessed from il2 by emission of a
hydrogen atom from the oxygen atom by passing through a
tight exit transition state located 68 kJ mol™' above the
products. It should also be noted intermediate i1l can

dissociate along the boron carbon bond to reach the HBO
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plus CCCCH products in an overall endoergic reaction (+98 kJ
mol™).

We will now discuss the remaining reaction pathways leading
to products that are energetically inaccessible under our
experimental conditions. The initial
undergo a boronyl migration from the CI to the C2 carbon

intermediate il can
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atom over a barrier of 220 kJ mol™ to reach intermediate i2
located 161 kJ mol™ below the reactants. Intermediate i2 can
undergo a hydrogen migration from the C1 carbon to the
boron atom and subsequently dissociate along the oxygen—
carbon bond to reach the products HBO + C,H in an overall
endoergic reaction (+98 kJ mol™"). Alternatively, intermediate
i2 can dissociate along the C2—C3 carbon bond to reach the
products HCC''BO plus the ethynyl radical (C,H) placed 62
kJ mol™" above the energy of the reactants. Intermediate i2 can
also isomerize to i2t located in a potential energy well of 158 kJ
mol~'; this intermediate can undergo cyclization by forming a
bond between the oxygen atom and the terminal C1 carbon
atom to reach intermediate iS; however, the associated barrier
of 89 kJ mol™' (relative to the initial reactants) cannot be
overcome under our experimental conditions. From i2t, a
similar C2—C3 carbon bond rupture as in i2 can occur to reach
the products HCC''BO plus the ethynyl radical (C,H). The
"BO reactant can also directly abstract a hydrogen atom from
diacetylene over a barrier of 114 k] mol ™" to reach the products
HBO plus HCCCC. Alternatively, UBO can bind to the C1
carbon of diacetylene with its oxygen atom—a process that
must surmount a considerable barrier of 155 kJ mol™" leading
to intermediate i8 located 80 kJ mol™ above the reactants.
Intermediate i8 can emit a hydrogen atom from the C1 carbon
to reach the product p2 HCCCCO"'B located at an energy of
301 kJ mol™" above the separated reactants. Intermediate i8
alternatively can form a tetracyclic ring structure iS through
binding of the boron atom to the C2 carbon atom by
overcoming a small barrier of only 17 k] mol™". The last option
for intermediate i8 involves a hydrogen migration from the C1
carbon atom to the terminal boron atom to access intermediate
i9. The latter can form the products HBO plus HCCCC
through cleavage of the oxygen—carbon bond. Intermediate i9
can also emit a hydrogen atom from the boron atom to reach
the product p2 HCCCCO"'B. Finally, a bonding of the oxygen
atom to the C2 carbon of diacetylene has been identified; this
pathway involves an entrance barrier of 186 kJ mol™' and
reaches intermediate i6 located 129 k] mol™" above the energy
of the separated reactants. Here, intermediate i6 can form a
tetracyclic structure (intermediate i3) by bonding of the boron
atom and the C1 carbon atom via a barrier of 8 kJ mol™". The
formation of i3 will lead to a ring-opening by breaking the
oxygen—carbon bond to reach the initial intermediate il.

To aid in deciphering the reaction pathway computationally,
we first eliminate all intermediates, transition states, and
products which are energetically not accessible under our
experimental conditions, that is, those located above the
“dashed red line” in Figure 5. Considering the remaining
stationary points, RRKM theory was exploited to calculate the
branching ratios for the formation of the product pl
(HCCCC"BO) plus atomic hydrogen via five distinct reaction
paths starting from intermediate il. These calculations predict
that at our collision energy of 17.5 kJ mol™', about 94% of p1
originates from il, whereas only about 5% is formed after
isomerization of il to ill (Table 2).

4. DISCUSSION

4.1. Product Identification. We now combine our
electronic structure calculations with the results from the
crossed molecular beams studies to rationalize the product(s)
formed in the system under study. The experimental data
suggest the formation of a product with the molecular formula
C,H'""BO formed via a ""BO versus hydrogen atom exchange

8195

Table 2. Calculated Branching Ratios (%) for the Formation
of p1 from Various Intermediates in the Reaction of Boronyl
Radicals with Diacetylene

Ey, kJ mol™

0 4.18 8.37 12.55 17.50 2092
from il 95.97 95.53 95.10 94.68 94.20 93.89
from ill 3.62 3.97 4.30 4.61 4.95 5.17
from i12 0.00 0.00 0.00 0.00 0.00 0.00
from i4 041 0.50 0.60 071 0.85 095
from i7 0.00 0.00 0.00 0.00 0.00 0.00
from i10 0.00 0.00 0.00 0.00 0.00 0.00

mechanism. No molecular hydrogen loss pathway has been
observed. Further, the reaction energy was determined
experimentally to be 62.5 + 10.9 kJ mol™'; these energetics
correlate nicely with the computed reaction energy to form
product p1 (HCCCC'"'BO) plus atomic hydrogen (—62 + S kJ
mol™'). Isomer p2 (HCCCCO'B) is energetically not
accessible since its formation is endothermic by 301 kJ mol ™.
Therefore, we can conclude that the reaction of the boronyl
radical with diacetylene leads to the formation of the hitherto
elusive boronyldiacetylene molecule (HCCCC!'BO; X'T*)
under single collision conditions.

4.2. Proposed Reaction Dynamics. Having identified the
reaction products to be boronyldiacetylene (HCCCC"BO;
X'Z*) plus atomic hydrogen, we propose the following reaction
dynamics. A comparison of the molecular structures of the
reactants with the boronyldiacetylene product indicates that the
hydrogen atom in diacetylene is effectively replaced by the
"BO group. Here, the 'BO radical adds with the radical
centered on the boron atom to the Cl carbon atom of the
diacetylene molecule forming intermediate il. The indirect
(complex forming) nature of the reaction was also inferred
experimentally based on the center-of-mass angular distribution
depicting intensity over the full angular range. All other
addition steps result in reaction pathways that lead to
energetically inaccessible products such as p2. From il,
hydrogen emission from the C1 carbon atom leads to the
products boronyldiacetylene (HCCCC'"BO) plus atomic
hydrogen through a tight exit transition state (18 kJ mol™");
the theoretically predicted tight exit transition state matches the
experimental prediction of a tight exit transition state located
about 15 to 22 kJ mol™' above the separated products. Recall
that the theoretical calculated branching ratios support these
conclusions. Here, the formation of boronyldiacetylene plus
atomic hydrogen is found to occur with a branching ratio of
about 95% from intermediate il. The next closest contender
forms the products p1 plus atomic hydrogen with a branching
ratio of about 5% through isomerization from intermediate il
to i1l which involves a hydrogen migration from CI to the
boron atom followed by hydrogen emission from the boron
atom. It should be noted that the formation of ill from il
involves the surmounting of a barrier that is 13 k] mol™" higher
than the exit transition state associated with hydrogen emission
from il to form boronyldiacetylene; this might explain the low
branching ratio of p1 formation from ill.

4.3. Comparison to the Isoelectronic Cyano Radical
Reaction. We shall now compare the reaction of boron
monoxide (BO) with diacetylene to the reaction of the
isoelectronic cyano radical (CN) studied previously in our
laboratory.*” Boron monoxide (BO) and the cyano radical
(CN) are isoelectronic and can both be considered as
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pseudohalogen because of their high electron affinity.® Indeed,
both systems undergo defacto hydrogen atom-—radical
exchange mechanisms via complex formation forming linear
products cyanodiacetylene (HCCCCCN) and boronyldiacety-
lene (HCCCC''BO) in overall exoergic reactions of 87 + 15 kJ
mol™" and 64.5 + 10.6 kJ mol™’, respectively. The reaction
mechanism extracted in both systems are identical: in the cyano
reaction, the radical bearing carbon atom binds to the Cl1
carbon of diacetylene to reach the initial intermediate il bound
by about 200 kJ mol™ relative to the reactants similarly to the
boron monoxide study (intermediate il is bound by 215 kJ
mol™"). Both intermediates decompose via tight exit transition
states located about 15 to 20 kJ mol™' above the separated
products. All intermediates, transition states, and exit transition
states relevant to the formation of the final products under
single collision conditions have comparable energies and
structures.

5. SUMMARY

The reaction of the boron monoxide radical with diacetylene
was investigated at a collision energy of 17.5 kJ mol™
employing the crossed molecular beam technique and
supported by ab initio and RRKM calculations. The reaction
shows indirect scattering dynamics via complex formation,
which produces the hitherto elusive boronyldiacetylene product
(HCCCC'"BO) via a tight exit transition state. The reaction is
initiated by a barrierless addition of the boron atom in the 'BO
radical to the terminal C1 carbon atom of the diacetylene
molecule forming a C,H,"'BO reaction intermediate. Although
several reaction pathways exist to the ultimate boronyldiacety-
lene product, the most efficient reaction pathway from the
initial collision complex il to the final products (p1 plus atomic
hydrogen) is found to be taken as supported by the RRKM
theory (95%). Combustion environments of hydrocarbons
often contain an abundance of diacetylene, and in the
combustion of boron, the boron monoxide radical is initially
produced. With the presence of the reactants to the title
reaction in combustion environments involving boron and
hydrocarbons such as rocket propellants we can anticipate the
facile formation of boronyldiacetylene through single bimo-
lecular collisions. The formation of boronyldiacetylene
described here adds to the growing knowledge of B/O/C/H
reactions studied such as those involving boron monoxide and
ethylene®” and acetylene.>" The isoelectronic character between
boron monoxide and the cyano radical in reaction with
unsaturated hydrocarbons is prevalent here in the reaction with
diacetylene demonstrated with similar reaction dynamics and
potential energy surfaces. From these continuing studies we can
expect a deep understanding of the role of boron monoxide in
boron combustion in hydrocarbon fuels.
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Cartesian coordinates (A), rotational constants (GHz), and
vibrational frequencies (cm™') of various intermediates and
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