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A combined crossed molecular beams and
ab initio investigation on the formation of
vinylsulfidoboron (C2H3

11B32S)†

Tao Yang,a Beni B. Dangi,a Dorian S. N. Parker,a Ralf I. Kaiser,*a Yi Anb and
Agnes H. H. Changb

We exploited crossed molecular beams techniques and electronic structure calculations to provide

compelling evidence that the vinylsulfidoboron molecule (C2H3
11B32S) – the simplest member of hitherto

elusive olefinic organo-sulfidoboron molecules (RBS) – can be formed via the gas phase reaction of boron

monosulfide (11B32S) with ethylene (C2H4) under single collision conditions. The reaction mechanism

follows indirect scattering dynamics via a barrierless addition of the boron monosulfide radical to the

carbon–carbon double bond of ethylene. The initial reaction complex can either decompose to vinyl-

sulfidoboron (C2H3
11B32S) via the emission of a hydrogen atom from the sp3 hybridized carbon atom,

or isomerize via a 1,2-hydrogen shift prior to a hydrogen loss from the terminal carbon atom to form

vinylsulfidoboron. Statistical (RRKM) calculations predict branching ratios of 8% and 92% for both

pathways leading to vinylsulfidoboron, respectively. A comparison between the boron monosulfide

(11B32S) plus ethylene and the boron monoxide (11BO) plus ethylene systems indicates that both reactions

follow similar reaction mechanisms involving addition – elimination and addition – hydrogen migration –

elimination pathways. Our experimental findings open up a novel pathway to access the previously

poorly-characterized class of organo-sulfidoboron molecules via bimolecular gas phase reactions, which

are difficult to form through ‘classical’ organic synthesis.

1. Introduction

During recent years, boron-based fuels have received consider-
able attention due to their enhanced gravimetric and volumetric
energy density compared to traditional carbon-based fuels such
as JP-8.1–6 The key obstacle that exists for practical combustion
processes involving boron-based fuels is the formation of a
protective layer of boron oxide (B2O3), which prohibits the actual
ignition of boron particles. Therefore, extensive theoretical and

experimental efforts have been conducted to fully characterize
the complex processes of boron ignition and combustion at the
molecular level.2,7–10 When boron is employed as millimeter- to
centimeter-sized pellets serving as an additive to conventional
hydrocarbon-based fuels, the hydrocarbon-based fuels ignite
to reach a temperature high enough to remove the boron oxide
(B2O3) layer, which in turn makes boron accessible for the
combustion processes.7,9,11 Thus, an understanding of boron-
based combustion processes requires a detailed knowledge of
the underlying elementary reactions between boron-bearing
transient reactants and hydrocarbon molecules. Consequently,
the reaction dynamics of atomic boron in its electronic ground
state (2P) with unsaturated hydrocarbons such as acetylene
(C2H2),12,13 ethylene (C2H4),14,15 benzene (C6H6),16,17 allene
(CH2CCH2),18 methylacetylene (CH3CCH),19 diacetylene
(HCCCCH),20 and dimethylacetylene (CH3CCCH3)21 have been
studied under single collision conditions utilizing the crossed
molecular beams approach. These studies led to the identification
of hitherto elusive organoboron molecules of relevance to boron-
based combustion systems (Fig. 1).22

The oxidation of boron itself involves multiple steps, which
can be presented schematically by the reaction sequence
B - BO - BO2 - B2O3.23 Therefore, the boron monoxide radical
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(BO) is expected to play a crucial role in coupling the boron–
oxygen with the hydrocarbon chemistries. The flash vacuum
pyrolysis of triphenyl- and trimethylboroxin in argon matrix
and at low temperature below 20 K followed by gas phase
products trapping yielded phenyl(oxo)borane (C6H5BO) and
methyl(oxo)borane (CH3BO), which were characterized by IR
spectroscopy.24 In recent years, our group has systematically
investigated the reactions of the boron monoxide radical
with unsaturated hydrocarbons such as acetylene (C2H2),25

ethylene (C2H4),26 methylacetylene (CH3CCH),27 diacetylene
(HCCCCH),28 dimethylacetylene (CH3CCCH3),29 as well as
benzene (C6H6)30 under single collision conditions utilizing a
crossed molecular beams machine. These bimolecular gas
phase reactions led to the identification of previously unknown
organoboronyl molecules formed via de-facto barrierless
addition of the boron monoxide radical to the p-electron
density of the unsaturated hydrocarbons via indirect scattering
dynamics, followed by atomic hydrogen and/or methyl group
loss in overall exoergic reactions (Fig. 2).

Although the reaction dynamics of the boron monoxide radical
with unsaturated hydrocarbons have been studied systematically
under single collision conditions and a general trend on the
reactivity and reaction mechanism has emerged (barrierless
addition, indirect complex forming reaction, atomic hydrogen
and/or methyl group elimination, tight exit transition states),
neither theoretical nor experimental studies exist on the reaction

dynamics of the isovalent boron monosulfide radical (11B32S; X2S+)
with unsaturated hydrocarbons. These reactions are expected to
lead to the synthesis of hitherto poorly-studied organo-sulfidoboron
compounds (RBS). As isovalent radicals, boron monosulfide and
boron monoxide share some similarities and discrepancies. Both
radicals have nine valence electrons and their ground electronic
states are identical: X2S+.31 The bond dissociation energies of boron
monosulfide and boron monoxide have been determined to be
5.82 eV32 and 8.28 eV, respectively.33 This discrepancy is also
reflected in the longer B–S bond of about 161 pm,31,32,34 while
the B–O bond length is only about 120 pm.31

Traditional syntheses of sulfidoborons date back to 1967.
There, the reaction of hydrogen sulfide (H2S) vapor with crystal-
line boron in a quartz tube at a temperature of around 1500 K
resulted in the formation of the stem compound thioborine
(HBS).35–37 The first and only organo-sulfidoboron character-
ized to date – methylsulfidoboron (CH3BS) was synthesized via
the reaction of crystalline boron with dimethyl disulfide
(CH3SSCH3) at around 1200 K in a quartz tube.38 Compared
with the B–S bond distance of 159.78 pm in thioborine,39,40 the
B–S bond in methylsulfidoboron was probe to be 160.22 pm,
which indicates the tendency of bond extension upon substi-
tuting a hydrogen atom by a methyl group.41 However, the
short-lived methylsulfidoboron and its tendency to trimerize
limited traditional synthetic pathways to organo-sulfidoboron
molecules. Here, we propose a versatile approach to synthesize
monomers of organo-sulfidoboron molecules in the gas phase
under single collision conditions using the crossed molecular
beams apparatus.42–44 The single collision encounter of boron
monosulfide radical (BS) in its 2S+ electronic ground state with
ethylene (C2H4; X1Ag) followed by indirect reaction dynamics
completely reduces trimerization of the monomer, i.e. the
nascent reaction product. Therefore, this technique represents
a powerful experimental method to conduct chemical reactions
in the gas phase and to observe the outcome for the reaction of
a single boron monosulfide radical with only one ethylene

Fig. 1 Products formed in bimolecular gas phase reactions of boron with
unsaturated hydrocarbons under single collision conditions in a crossed
molecular beams machine.

Fig. 2 Products formed in bimolecular gas phase reactions of boron
monoxide with unsaturated hydrocarbons under single collision condi-
tions in a crossed molecular beams machine.
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molecule forming highly reactive molecules, which are difficult
to synthesize via ‘classical’ organic chemistry.

C2H4+ BS - C2H3BS + H (1)

2. Methods
2.1 Experimental and data analysis

The gas phase reaction between the boron monosulfide radical
(BS; X2S+) and ethylene (C2H4; X1Ag) was conducted at the
molecular level under single collision conditions exploiting a
crossed molecular beams machine.42–44 A pulsed supersonic beam
of boron monosulfide radicals was generated in situ by laser
ablation of a boron rod at 266 nm45 and subsequently entraining
the ablated boron atoms into carbon disulfide (CS2; 99.9%) seeded
in helium gas (He; 99.9999%; 1.8 atm). The boron monosulfide
radical beam was collimated and velocity selected (peak velocity
vp = 1162 � 15 ms�1; speed ratio S = 5.1 � 0.2) by a four-slot
chopper wheel, and then perpendicularly intersected a supersonic
beam of pure ethylene gas (C2H4; 99.999%) with a peak velocity of
vp = 883 � 15 ms�1 and speed ratio of S = 7.0 � 0.3 in the
scattering chamber, at a collision energy of 18 � 1 kJ mol�1. The
reaction products were monitored by a rotatable quadrupole mass
spectrometer after electron impact ionization of the neutral pro-
ducts at 80 eV in an ultra-high vacuum chamber held at about 2 �
10�12 Torr. The velocity distributions of the products were
collected through the angular-resolved time-of-flight (TOF)
technique, that is, recording the arrival time of ions at well-
defined mass-to-charge ratios (m/z) of the ionized products, at
different scattering angles. The TOF spectra and the LAB angular
distribution were fit with Legendre polynomials using a forward-
convolution routine, which utilizes an initially-parameterized
functions of the product translational energy flux distribution
P(ET) and angular flux distribution T(y) in the center-of-mass (CM)
frame to iteratively optimize the TOF spectra and angular dis-
tribution in the LAB frame until the best fits are reached.46–48 As a
result, we depict the product flux contour map I(y,u) = P(u) � T(y),
which represents the intensity of the reactively scattered products
(I) as a function of the CM scattering angle (y) and the product
velocity (u). This plot presents the differential cross section and
gives an image of the studied chemical reaction.49

2.2 Computational methods

Here, the geometries of various species involved in the reaction of
the boron monosulfide radical (BS; X2S+) and ethylene (C2H4;
X1Ag) were computed via ab initio electronic structure calculations.
Intermediates, transition states, and dissociation products are
characterized such that their optimized geometries and harmonic
frequencies are obtained with the unrestricted B3LYP/cc-pVTZ,50,51

and the energies are refined with the coupled cluster52–55 CCSD(T)/
cc-pVTZ with B3LYP/cc-pVTZ zero-point energy corrections (Tables
S1 and S2, ESI†). Note that the optimized geometry and harmonic
frequencies of tsi1p1 are computed with mp2/cc-pVTZ due to
unsuccessful B3LYP/cc-pVTZ attempts. Calculations utilizing more
costly basis set of aug-cc-pVTZ for B3LYP functional are also

performed, and however, yield similar results in both relative
energies and geometries for the present system as seen in ESI†
(Tables S3 and S4). The barrierless formation of the collision
complex is confirmed by intrinsic reaction coordinate calculations
(IRC) at B3LYP/cc-pVTZ level of theory along the C–B bond
distance. The GAUSSIAN 03 program is utilized in the electronic
structure calculations; the relative energies are expected to be
accurate within �5 kJ mol�1.56 Rate constants k(E) are calculated
according to RRKM theory (Table S5, ESI†).57 Product branching
ratios are obtained by solving the rate equations based on the
predicted reaction paths.

3. Results

The TOF spectra were accumulated accounting for the natural
abundances of boron (11B, 10B) and sulfur (34S, 33S, 32S) in the
boron monosulfide reactant. These isotopes result in reactant
masses from 45 amu (11B34S) down to 42 amu (10B32S). The
TOF spectra of potential atomic and molecular hydrogen loss
channels upon the reaction of boron monosulfide with ethylene
(C2H4; 28 amu) were probed from mass-to-charge ratios, m/z, of
72 (C2H3

11B34S+) to m/z of 66 (C2
10B32S+); these data were found

to be superimposable after scaling. We therefore collected TOF
spectra at m/z of 70 (C2H3

11B32S+) which depicts the best signal-
to-noise ratio; the corresponding laboratory angular distribution
was obtained by integrating the time-of-flight spectra and scaling
for the data accumulation time (Fig. 3). Both of the TOF spectra
and the laboratory angular distribution were fit with a single
channel involving the mass combination of 70 amu (C2H3BS)
and 1 amu (H). Therefore, we conclude that an atomic hydrogen
elimination channel for the reaction of boron monosulfide with
ethylene is open and that a product of the molecular formula
C2H3

11B32S (hereafter: C2H3BS; 70 amu) is formed. In addition,
the corresponding laboratory angular distribution peaks at an
angle close to the center-of-mass (CM) angle of 27.11 � 0.81 and
spans a scattering range of about 401 (Fig. 3). These findings
propose an indirect reaction mechanism and the involvement of
C2H4BS collision complex(es).58

Our goal is not only to assign the molecular formula of the
reaction product(s), but also to attribute the chemical structure(s)
and the underlying reaction mechanism. Hence it is crucial to extract
information on the chemical dynamics from the experimental data.
This is accomplished by exploiting a forward-convolution routine to
transfer the laboratory data (TOF spectra, laboratory angular dis-
tribution) to the data in the CM reference frame. This approach leads
to the ‘best fit’ functions: the CM translational energy flux distribu-
tion P(ET) and the CM angular flux distribution T(y) (Fig. 4). Based on
the best fit functions, we concluded that P(ET) extends up to 62 �
12 kJ mol�1. For those products formed without internal excitation,
the high-energy cutoff represents the sum of the absolute reaction
energy and the collision energy; thus we determined the reaction
energy to be�44� 13 kJ mol�1 for this reaction system considering
our collision energy of 18.0� 1.0 kJ mol�1. Further, P(ET) depicts the
distribution maximum of 22 � 9 kJ mol�1 indicating a relatively
tight exist transition state(s) upon the decomposition of C2H4BS
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complex(es) to the final product(s). For the reversed reaction,
we expect to find an entrance barrier of the same order of
magnitude, when the hydrogen atom reacts with the closed
shell C2H3BS isomer(s) due to the principle of the microscopic
reversibility of a chemical reaction.58

The center-of-mass angular flux distribution, T(y), also delivers
important information on the reaction dynamics. First, T(y) displays
intensity all over the complete angular range, which indicates an
indirect reaction mechanism via bound C2H4BS intermediate(s).58

Second, the intensity ratios at poles, I(1801)/I(01), was found to
be 0.4 � 0.1, and the angular distribution is slightly asymmetric

with respect to 901, which depicts an enhanced flux in the
forward hemisphere with respect to the primary radical beam.
This feature reflects that the decomposing intermediate can be
classified as an ‘osculating complex’59 with a lifetime that is
comparable to, or slightly shorter than its rotational period.60

Lastly, we observed that the CM angular distribution depicts a
peak intensity at around y = 831 indicating that the decomposing
complex preferentially emits a hydrogen atom almost parallel to
the total angular momentum vector and nearly perpendicular to
the rotational plane of the decomposing complex (sideways scat-
tering).58 These geometrical constraints have also been identified,

Fig. 3 Selected time-of-flight (TOF) spectra at mass-to-charge (m/z) ratio of 70 (C2H3
11B32S+) (top), and the corresponding laboratory angular

distribution (bottom) for the reaction of boron monosulfide (11B32S; X2S+) with ethylene (C2H4; X1Ag). The circles represent the experimental data points,
while the solid lines represent the best fits.
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for instance, in the reactions of isovalent cyano (CN)61 and
boron monoxide (11BO)26 radicals with ethylene.

4. Discussion

Considering the reaction exoergicity to form the C2H3BS isomers
plus atomic hydrogen to be �44 � 13 kJ mol�1, we can compare

the experimentally-determined reaction exoergicity with the
energetics obtained from electronic structure computations
for distinct C2H3BS isomers. The computations indicate the
formation of three C2H3BS isomers (p1 to p3): vinylsulfidoboron
(p1, C2H3BS), methylsulfidoboroncarbene (p2, CH3CBS), and
vinylisosulfidoboron (p3, C2H3SB) (Fig. 5). The calculations
predict that vinylsulfidoboron is more stable by 314 kJ mol�1

compared to the vinylisosulfidoboron isomer. Recall that the
preferential stability of the sulfidoboron structure compared to
the isosulfidoboron structure correlates nicely with the pre-
vious study by Mebel et al.,62 indicating that HBS is thermo-
dynamically more stable by 258 kJ mol�1 compared to the HSB
isomer. Further, the theoretical calculations predict an overall
reaction exoergicity of �39 � 5 kJ mol�1 to form vinylsulfido-
boron (C2H3BS) plus atomic hydrogen; this agrees very well
with the experimentally-determined reaction exoergicity of
�44 � 13 kJ mol�1. The carbene structure methylsulfidoboron-
carbene (p2, CH3CBS) and the vinylisosulfidoboron (p3, C2H3SB)
isomers are energetically not accessible under single collision
conditions since the computed endergonic reaction energies of
255 and 275 kJ mol�1 could not be compensated by the collision
energy of about 18.0 � 1.0 kJ mol�1. Therefore, we can deduce
that vinylsulfidoboron (C2H3BS) presents the sole product in the
reaction of boron monosulfide with ethylene. In summary, our
experiment observed for the very first time the vinylsulfidoboron
molecule (C2H3BS).

How is the vinylsulfidoboron molecule (C2H3BS) formed
under single collision conditions? A comparison between the
molecular structures of the reactants and the product proposes
that one of the four chemically equivalent hydrogen atoms in
the ethylene reactant is effectively replaced by the boron
monosulfide moiety. This requires the formation of a C–B bond
and the cleavage of a C–H bond to yield the vinylsulfidoboron
molecule (C2H3BS). The computations indicate that the boron
monosulfide radical adds without barrier to the p electron
density of the C–C double bond of the ethylene molecule
leading to intermediate i1, which is stabilized by 175 kJ mol�1

Fig. 4 Center-of-mass translational energy flux distribution (P(ET), top)
and center-of-mass angular flux distributions (T(y), bottom) for the for-
mation of the C2H3

11B32S product(s) in the reaction of boron monosulfide
(11B32S; X2S+) with ethylene (C2H4; X1Ag). The hatched areas account for
the experimental error limits.

Fig. 5 The computed C2H4
11B32S potential energy surface (PES) with the relative energies given in kJ mol�1.
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with respect to the separated reactants. Intermediate i1 either
isomerizes via hydrogen shift from the C1 to the C2 carbon
atom forming i2 over a barrier of 132 kJ mol�1 or undergoes
unimolecular decomposition by emitting a hydrogen atom
from the sp3 hybridized carbon atom. The latter pathway leads
to the formation of the vinylsulfidoboron molecule (C2H3BS)
and involves a tight exit transition state located 21 kJ mol�1

above the separated products. Alternatively, i2 can fragment by
emitting atomic hydrogen from the C2 carbon atom leading to
vinylsulfidoboron (C2H3BS); this pathway has a relatively loose
exit transition state of only 8 kJ mol�1 above the separated
products. Recall that the CM translational energy flux distribu-
tion predicted at least one channel to have an exit barrier in the
order of 22 � 9 kJ mol�1 upon the decomposition to the
vinylsulfidoboron molecule (C2H3BS). Therefore, we can conclude
that at least a fraction of the collision complexes i1 undergoes
unimolecular decomposition forming the vinylsulfidoboron
molecule (C2H3BS) plus atomic hydrogen. Based on the experi-
mental data alone, we cannot quantify the involvement of i2
leading to vinylsulfidoboron via atomic hydrogen loss. Finally, let
us have a look at the structures of the exit transition states related
to the decomposition of i1 and i2. Here, the hydrogen atom is
predicted to be emitted at angles of about 91.11 and 88.31 with
respect to the rotational plane of the respective decomposing
complex (Fig. 6). Therefore, the experimentally-predicted side-
ways scattering can be well matched with the existence and
decomposition of intermediate(s) i1 and/or i2. However, if we
assume that the available energy is equilibrated among mole-
cular degrees of freedom before the reaction occurs and
considering that energy is conserved, the rate constants for
the reaction steps can also be predicted by RRKM theory.25,26

These calculations suggest that 92% of the vinylsulfidoboron
molecule (C2H3BS) is formed via the unimolecular decomposi-
tion of i2, while only 8% of the final product is formed via the
fragmentation of i1.

It is attractive to compare the reaction mechanism of the
boron monosulfide radical (11B32S; X2S+) plus ethylene (C2H4;
X1Ag) with the isoelectronic reaction between the boron monoxide
radical (11BO; X2S+) plus ethylene (C2H4; X1Ag) studied earlier in
our group.26 Following indirect dynamics, the boron monoxide
radical adds its boron atom to one carbon atom of the ethylene
molecule barrierlessly. The initial reaction intermediate either
decomposes to the vinyl boron monoxide (C2H3

11BO) via a

hydrogen emission from the sp3 hybridized carbon atom via a
tight exit transition state, or involves a 1,2-hydrogen shift
to form CH3CH11BO followed by a hydrogen loss from the
terminal carbon atom to vinyl boron monoxide via a relatively
loose exit transition state. These features are similar to those in
the reaction of boron monosulfide with ethylene, and the
CH2CH2

11BO and CH3CH11BO intermediates are analogous to
i1 and i2 in the current reaction system. In addition, the
geometrical constraints upon the hydrogen emissions from the
decomposing complexes CH2CH2

11BO and CH3CH11BO show
preferred sideways scattering that is very similar to the case in
the 11B32S plus C2H4 system. Lastly, the RRKM calculations for
the formation of vinyl boron monoxide indicate that the branch-
ing ratios for the hydrogen loss channels from CH2CH2

11BO and
CH3CH11BO contribute 44% and 56% to the total yield of vinyl
boron monoxide, respectively. In the reaction system of boron
monosulfide with ethylene to vinylsulfidoboron, the branching
ratios to the final product system from the direct decomposition
channel and the channel involving hydrogen migration and
decomposition are 8% and 92%, respectively. Therefore, both
of 11B32S plus C2H4 and 11BO plus C2H4 systems actually share
strong similarities on the reaction mechanism.

5. Conclusions

Exploiting the crossed molecular beams technique and electronic
structure calculations, we have provided compelling evidence
that the vinylsulfidoboron molecule (C2H3

11B32S) – the simplest
member of an olefinic organo-sulfidoboron molecule (RBS) –
can be formed in the gas phase via a bimolecular reaction
under single collision conditions. The route to form an organo-
sulfidoboron molecule via the reaction of the boron mono-
sulfide radical with an unsaturated hydrocarbon molecule can be
considered as a prototype study to form even more complicated,
hitherto elusive organosulfidoborons in the gas phase via a

Fig. 6 Transition state geometries of hydrogen loss steps to product p1
via the i1–p1 (left) and i2–p1 (right) pathways. Bond angles are given in
degrees with respect to the molecular rotation plane and the dotted lines
represent the distances of the cleavage C–H bond in angstroms.

Fig. 7 Predicted products to be formed in the system of boron mono-
sulfide with unsaturated hydrocarbons in a bimolecular gas phase reaction
under single collision conditions.
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directed synthesis under single collision conditions. Considering the
isoelectronicity of the 11B32S–C2H4 and 11BO–C2H4 systems and the
facile formation of C2H3

11B32S and C2H3
11BO respectively, we can

predict that hitherto elusive organo-sulfidoborons can be synthe-
sized via bimolecular gas phase reactions of the boron monosulfide
radical with unsaturated hydrocarbons (Fig. 7), thus opening
up a novel path to access the previously poorly-characterized
class of organo-sulfidoboron molecules, which would be difficult
to synthesize through ‘classical’ synthesis.
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