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ABSTRACT: Substituting silicon for carbon in reactive molecular frameworks
profoundly influences bonding characteristics, electronic structure, and reaction
pathways, making silicon-containing systems a topic of sustained interest in
fundamental and applied chemistry. Elucidating how silicon incorporation
modulates elementary reaction dynamics is essential for establishing predictive
principles relevant to organosilicon synthesis, materials chemistry, and heterocycle
design. In this context, the reaction of the silicon nitride radical (SiN) with propene
(C3H6) serves as an ideal model system to probe these effects. Previous studies have
shown that reactions of SiN with two-carbon unsaturated hydrocarbons such as
ethylene (C2H4) and acetylene (C2H2) predominantly yield acyclic silaisonitrile
derivatives, whereas reactions with four-carbon systems, exemplified by 1,3-butadiene (C4H6), favor the formation of cyclic products.
As a three-carbon unsaturated hydrocarbon, propene (C3H6) occupies a critical borderline position, offering a unique opportunity to
determine whether silicon nitride reactivity preferentially promotes cyclic or acyclic product formation in this borderline case.
Crossed molecular beam experiments, combined with high-level electronic structure calculations and Rice−Ramsperger−Kassel−
Marcus (RRKM) statistical analysis, reveal that the reaction proceeds via indirect dynamics involving long-lived intermediates and
tight exit transition states. Although the potential energy surface features multiple competing pathways, reaction energetics, and
barrier heights strongly favor the formation of acyclic products, while cyclic Si−N heterocycles emerge only as minor channels.
Together, these results provide fundamental insight into how main-group substitution governs reaction selectivity and pathway
control, establishing general principles for silicon-centered reaction dynamics and expanding the conceptual framework of silicon−
nitrogen chemistry.

Since Langmuir introduced the concept of isoelectronicity1 in
1919, this concept has played a central role in advancing
fundamental chemical science by providing a rational frame-
work for understanding chemical bonding and reactivity across
isoelectronic systems.2−15 A majority of the attention has been
devoted to silicon chemistry, particularly in drawing compar-
isons with its isovalent carbon atom.4−11 Although carbon and
silicon are isovalent group 14 elements with four valence
electrons, their bonding characteristics and reactivities often
differ markedly. For instance, ethylene (C2H4) adopts a planar
D2h geometry, whereas disilene (Si2H4) favors a nonplanar,
trans-bent C2h structure.16,17 A similar contrast in bonding is
seen between acetylene (C2H2), which has a linear geometry
(H−C�C−H) with D∞h symmetry, and disilyne (Si2H2),
which favors a double-bridged “butterfly” structure [Si(μ-
H2)Si] with C2v symmetry.18 The differences in chemical
reactivity are likewise pronounced: the reaction of the
methylidyne radical (CH, X2Π) with methane (CH4) proceeds
predominantly via atomic hydrogen loss to form ethylene
(C2H4),

19 whereas the isovalent silylidyne radical (SiH, X2Π)
plus silane (SiH4) reaction favors molecular hydrogen

elimination accompanied by formation of monobridged
silylidynesilylene [Si(μ-H)SiH2] and silylsilylidyne (H3SiSi),
with the atomic hydrogen loss being endoergic by 85 kJ
mol−1.20 These divergences arise from several intrinsic
properties of silicon in comparison to carbon including its
larger atomic radius (110 pm versus 70 pm), the lower
electronegativity (1.90 versus 2.55 on the Pauling scale), the
limited s−p hybridization and hence mixing between the 3s−
3p orbitals in silicon versus the facile 2s−2p hybridization of
carbon, and hence the reduced propensity of silicon in forming
double and triple bonds.

Despite extensive comparisons between organosilicon
molecules and hydrocarbons, studies focusing on silicon−
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nitrogen-containing hydrocarbons and their comparison with
carbon−nitrogen analogues have remained scarce. One of the
promising approaches to synthesizing silicon−nitrogen hydro-
carbons commences with the reaction of the silicon nitride
radical (SiN, X2Σ+) with unsaturated hydrocarbons. Although
SiN is isovalent with the cyano radical (CN, X2Σ+), their
bonding and reactivity differ substantially. In the cyano radical,
carbon and nitrogen are connected by a strong triple bond
(C�N, 117 pm, 435 kJ mol−1), whereas the chemical bonding
in silicon nitride is characterized by a Si�N double bond; this
bond is longer (157 pm), weaker (372 kJ mol−1), and
significantly more polarized, leading to preferential localization
of the unpaired electron on the nitrogen atom. Consequently,
cyano (CN, X2Σ+) and silicon nitride radicals (SiN, X2Σ+)
exhibit distinctly different reactivities. In bimolecular gas-phase
reactions, organic molecules typically react with the cyano
radical to form nitriles (RCN);21 for instance, its reaction with
acetylene yields cyanoacetylene (HCCCN).22 Interestingly,
isomeric isonitrile (RNC) is not formed via such gas-phase
reactions at low collision energies. In contrast, Parker et al.
reported that the reaction of ethylene (C2H4) and acetylene
(C2H2) with the silicon nitride radical (SiN, X2Σ+) produces
silaisocyano ethylene (C2H3NSi)23 and silaisocyanoacetylene
(HCCNSi), respectively.4 An even more striking divergence is
observed for reaction with 1,3-butadiene: reactions with the
cyano radical yields predominantly (99%) an acyclic cyano-
substituted product, 1-cyano-1,3-butadiene, via atomic hydro-
gen elimination,24 whereas the silicon nitride radical
predominantly forms the cyclic six-membered ring isomers
(1-aza-2-silacyclohexa-3,5-dien-2-ylidene, 1-aza-2-silaben-
zene).25 In this context, the reaction of the silicon nitride
radical (SiN) with propene is of particular interest, as propene
represents a three-carbon olefin system positioned between the
two-carbon (acetylene and ethylene) and four-carbon olefin
(butadiene) systems, raising the question of whether a five-
membered cyclic ring is formed. Notably, two-carbon systems
yield acyclic products, whereas the four-carbon system favors
the formation of cyclic products.

Here, we report the reaction dynamics study of the
bimolecular reaction of the silicon nitride radical (SiN,
X2Σ+) and propene (C3H6, X1A′) under single collision
conditions using a crossed molecular beam setup26−33

accompanied by electronic structure calculations and a
statistical analysis (Rice−Ramsperger−Kassel−Marcus,
RRKM). This study demonstrates that the reaction between
silicon nitride and propene predominantly yields acyclic
silicon−nitrogen-containing hydrocarbons. This molecular-
level investigation into the reaction dynamics between the
silicon nitride radical (SiN) and propene (C3H6) is especially
compelling from a physical-organic chemistry standpoint, as
the detected products provide insight into chemical reactivity,
bond dissociation pathways, and the cyclization of acyclic
precursors into organosilicon rings. These findings pave the
way for deeper exploration of the predominantly underex-
plored class of silicon−nitrogen-containing hydrocarbon
molecules.

Reactive scattering signal of the bimolecular gas-phase
reaction of the silicon nitride radical (SiN, X2Σ+; 42 amu) with
propene (C3H6, X1A′; 42 amu) was monitored at m/z = 83
(SiNC3H5

+), 82 (SiNC3H4
+), and 69 (SiNC2H3

+) correspond-
ing to the atomic hydrogen loss, molecular hydrogen loss, and
methyl loss, respectively. However, only the signal at m/z = 83
was observed, suggesting that the reaction proceeds predom-

inantly through the atomic hydrogen loss channel (reaction 1).
If competing H2-loss or methyl-loss channels occur, their
branching ratios must lie below the detection limit of
approximately 20−30% relative to the dominant H-loss
channel.

+

+

SiN(42 amu) C H (42 amu)

SiNC H (83 amu) H(1 amu)
3 6

3 5 (1)

Time-of-flight (TOF) spectra were recorded at m/z = 83
across laboratory angles ranging from 20.25° to 50.25° in 5°
intervals. The TOFs were then scaled and integrated to derive
the laboratory angular distribution (LAD). This LAD spans
some 30° within the scattering plane defined by the
intersecting beams (Figure 1) and exhibits a maximum at the

center-of-mass angle of 35.25°. The symmetric nature of the
LAD around the center-of-mass angle indicates that the
reaction proceeds via indirect scattering dynamics, involving
the formation of one or more long-lived SiNC3H6 reaction
intermediates. The TOF spectra are relatively broad and
display signal spread over some 300 μs ranging from 575 to
875 μs. Overall, the laboratory data provide strong evidence for
the gas-phase formation of SiNC3H5 isomer(s) through the
elementary reaction of silicon nitride radicals (SiN, X2Σ+) with
propene (C3H6, X1A′).

To investigate the reaction mechanisms, a forward-
convolution routine is employed to transform the laboratory
data (TOFs, LAD) into the center-of-mass (CM) reference
frame.34−36 Laboratory data can be best fit with a single-
channel (reaction 1) with a barrierless entrance channel. Figure

Figure 1. (a) Laboratory angular distribution and (b) time-of-flight
(TOF) spectra recorded at m/z = 83 for the reaction of silicon nitride
(SiN, X2Σ+) with propene (C3H6, X1A′). In (a), the solid circles with
error bars denote the normalized experimental distribution with ±1σ
uncertainty calculated from the standard deviation of the TOF
integrals at each angle. The red lines represent the best-fit results from
the forward convolution analysis. In (b), the experimental TOF data
are shown as open black circles. For each angle, 1 × 106 TOF spectra
(total acquisition time: 10 h) were averaged to achieve an acceptable
signal-to-noise ratio, and the red line indicates the corresponding best
fit.
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2 shows the translational energy flux distribution, P(ET), and
the angular flux distribution, T(θ), in the CM frame,
corresponding to the best fit of the experimental data. To
clarify the fundamental reaction dynamics, examining the
translation energy flux distribution, P(ET), provides several
important insights. First, the maximum translational energy
(Emax) can be related to the reaction energy of the products, as
Emax represents the sum of the reaction exoergicity and the
experimental collision energy (Ec) for those molecules formed
without any internal energy. The maximum translation energy
for this reaction, derived from the “best” fitted experimental
data, is 114 ± 25 kJ mol−1 (Figure 2a). By subtracting the
collision energy of 22.8 ± 0.3 kJ mol−1, we calculated the
reaction exoergicity to be 91.2 ± 25.3 kJ mol−1. Second, the
peak of the translational energy distribution P(ET) at 18 ± 4 kJ
mol−1 indicates a tight exit transition state, which is associated
with significant alterations in geometry and electron density as
the SiNC3H6 intermediate decomposes into the final SiNC3H5
products.26,29,37 The angular flux distribution, T(θ), exhibits
nonzero intensity across the entire angular range with a
forward−backward symmetry, supporting the involvement of
indirect scattering dynamics via the formation of SiNC3H6
intermediate(s) (Figure 2b). The flat T(θ) distribution
suggests that the product SiNC3H5 receives substantial
rotational excitation due to dissociation of intermediate
SiNC3H6, and that the products are scattered in all directions
with equal probability. These observations are further
illustrated in the velocity−angle flux contour map (Figure
2c), which offers a comprehensive view of the scattering
dynamics.

For reactions involving polyatomic species, combining
experimental observations with electronic structure calcula-
tions provides a powerful approach to elucidating the
underlying reaction mechanisms. Specifically, the SiNC3H5
structural isomer(s) can be identified by correlating the
experimentally determined reaction exoergicity with reaction
energies computed for the possible product isomers. The
geometries of the relevant reactants, product isomers,

intermediates, and transition states are optimized at the
B2PLYP-D3(BJ)/def2-TZVPP level of theory38−41 using
ORCA,42 and vibrational analyses were also performed at
this level to obtain zero-point energies (ZPE). The energies are
subsequently refined using the CCSD(T)-F12/cc-pVTZ-F12
level of theory43−45 with an expected accuracy46 of ±4 kJ
mol−1 using the MOLPRO47 software. Statistical calculations
based on Rice−Ramsperger−Kassel−Marcus (RRKM)
theory48−50 were also performed to predict unimolecular
reaction rate constants and product branching ratios.

The computational investigation revealed ten hydrogen loss
reaction channels for silicon nitride radical (SiN) and propene
(C3H6) system leading to distinct SiNC3H5 isomers: 1-aza-2-
silacyclopenta-3-en-2-ylidene (p1, Cs, X1A′, −97 kJ mol−1), 1-
aza-2-silacyclopenta-4-en-2-ylidene (p2, Cs, X1A′, −94 kJ
mol−1), 2-silaisocyano-prop-1-ene (p3, Cs, X1A′, −72 kJ
mol−1), 1-silaisocyano-prop-1-ene (p4, Cs, X1A′, −62 kJ
mol−1), 1-silaisocyano-prop-2-ene (p5, Cs, X1A′, −35 kJ
mol−1), 1-aza-2-silacyclopenta-1,3-diene (p6, Cs, X1A′, −6 kJ
mol−1), and 1-aza-2-silacyclopenta-1,4-diene (p7, Cs, X1A′, −6
kJ mol−1) (Figure 3). The high-energy isomers of SiNC3H5
(p8−p10), which are acyclic and carry a silicon−carbon bond,
were not considered in constructing the potential energy
surface, as they are highly endoergic and inaccessible at the
experimental collision energy range (Figure 3). The calcu-
lations also identified ten intermediates (i1−i10) on the
doublet potential energy surface, which are connected by 16
transition states (TS1−TS16) (Figure 4).

The computational study reveals that the reaction is initiated
by a barrierless addition of the silicon nitride radical (SiN) via
its radical center at the nitrogen atom to either the C2 or C1
carbon atom of propene (C3H6) forming the collision
complexes i1 (C1, X2A, −177 kJ mol−1) and/or i3 (C1, X2A,
−178 kJ mol−1); these can interconvert through a three-
membered ring intermediate, i2 (C1, X2A, −151 kJ mol−1).
From i1, the reaction may proceed either via isomerization to
i2 and i3 or through hydrogen atom elimination to p3 via an
exit barrier of 29 kJ mol−1 above the energy of the products.

Figure 2. (a) Center-of-mass translational energy distribution P(ET), (b) the angular flux distribution T(θ), and (c) the flux contour map (top
view) depicting the formation of silicon−nitrogen-containing hydrocarbon products from the reaction between ground state silicon nitride (SiN,
X2Σ+) and propene (C3H6, X1A′). The solid red lines indicate the best fit, and the shaded regions represent the error margins. The direction of the
silicon nitride is defined by 0°, while that of the propene is defined at 180°. Atoms are color-coded in blue (nitrogen), violet (silicon), gray
(carbon), and white (hydrogen).
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Apart from reverting to i1 via i2, intermediate i3 can follow
three distinct pathways: atomic hydrogen elimination from C1
or C3 to yield the acyclic products p4 and p5 via tight exit
transition states of 17 and 13 kJ mol−1 above the energy of the

products, respectively, or isomerization to i4 (C1, X2A, −173 kJ
mol−1) through a barrier of 168 kJ mol−1 above i3.

Intermediate i4 subsequently may undergo facile ring
closure to form i5 (C1, X2A, −159 kJ mol−1), which can
then undergo either hydrogen migration from the carbon atom
to nitrogen to form i6 (C1, X2A, −245 kJ mol−1) or hydrogen
transfer from carbon to silicon, yielding i7 (Cs, X2A″, −152 kJ
mol−1). Intermediate i6 may undergo unimolecular decom-
position to the cyclic product p1 via hydrogen atom
elimination or rearrangement to i8 (Cs, X2A″, −219 kJ
mol−1) through a barrier of 188 kJ mol−1. Intermediate i8 can
either decompose to p1 by overcoming an exit transition state
of 16 kJ mol−1 or undergo further isomerization via carbon-to-
silicon hydrogen migration to i10 (C1, X2A, −275 kJ mol−1).
Intermediate i10 can access product p2 via a loose exit
transition state by hydrogen atom emission. On the other
hand, i7 can evolve to p6 through atomic hydrogen elimination
from the C2 carbon atom, overcoming a tight exit transition
state of 15 kJ mol−1 above the energy of the products or
isomerize to i9 (Cs, X2A″, −126 kJ mol−1) via a hydrogen shift
from C2 to C3. This intermediate may form p7 by the atomic
hydrogen elimination from C1.

The most plausible reaction pathway from reactants to
products can be inferred by correlating the experimental results
to theoretical calculations. The experimentally determined
reaction exoergicity of 91.2 ± 25.3 kJ mol−1 indicates the
formation of at least the products p1−p4, as their calculated
reaction energies fall within the corresponding experimental
and computational error limits. In contrast, the calculated
reaction energies for p5−p7 are substantially less exoergic and
can therefore be excluded as the dominating product; however,
their formation might be hidden in the low-energy section of
the center-of-mass translational energy distribution. Focusing
on the viable channels, Figure 4 illustrates two competing
pathways originating from i1: i1 → TS3 → p3 and i1 → TS1
→ i2 → TS2 → i3. The former pathway proceeds via a
substantially higher barrier (134 kJ mol−1 relative to i1) than
the latter (76 kJ mol−1 relative to i1), which leads to the

Figure 3. Optimized geometries of possible product (SiNC3H5)
isomers formed in the reaction of the silicon nitride radical (SiN,
X2Σ+) with propene (C3H6, X1A′). Geometry optimizations were
performed at the B2PLYP-D3(BJ)/def2-TZVPP level of theory. Point
groups and electronic ground states are provided inside the
parentheses. Relative energies with respect to the separated reactants,
calculated at the CCSD(T)-F12/cc-pVTZ-F12 level of theory, are
colored blue (kJ mol−1). Atom colors denote nitrogen (blue), silicon
(violet), carbon (gray), and hydrogen (white).

Figure 4. Potential energy surface of the reaction between the silicon nitride radical (SiN, X2Σ+) and propene (C3H6, X1A′). Dotted lines indicate
the doublet surface. Values in blue represent the energies (kJ mol−1) of each species, calculated at the CCSD(T)-F12/cc-pVTZ-F12\\B2PLYP-
D3(BJ)/def2-TZVPP level of theory. The dominant (red) and second-dominant (blue) pathways are highlighted.
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formation of i3 and is therefore the more favorable path. From
i3, pathway i3 → TS4 → p4 proceeds with a lower energy
barrier (133 kJ mol−1) relative to i3 than the competing path
i3 → TS6 → i4 (168 kJ mol−1), indicating that the formation
of p4 is more preferred. Nevertheless, all intermediates and
transition states lie well below the collision energy threshold,
indicating that the less favored pathways proceeding via i4 may
also contribute to the formation of the cyclic product. The
comparison of the competing channels i5 → TS8 → i6 and i5
→ TS9 → i7 reveals that the former path is likely favored due
to its lower barrier height (141 kJ mol−1 vs 175 kJ mol−1) with
respect to i5. From i6, between the two competing pathways i6
→ TS10 → p1 and i6 → TS11 → i8, the lower barrier (154 kJ
mol−1 vs 188 kJ mol−1 relative to i6) associated with the
formation of p1 can be inferred as the preferred channel. On
the other hand, i7 predominantly leads to less exoergic
products and is therefore excluded from further consideration.
The distribution maximum of the center of mass translational
energy distribution of 18 ± 4 kJ mol−1 is indicative of a tight
exit transition state; consequently, the i8 → TS14 → i10 → p2
pathway, which proceeds via a loose exit transition state, can be
excluded as a major contribution. Overall, the conclusive step
originates from i3, where the transition state (TS4) for atomic
hydrogen elimination leading to p4 lies 35 kJ mol−1 lower in
energy than the transition state (TS6) for the [1,2]-hydrogen
shift from the methyl sp3 carbon (C3) to the vinyl sp2 carbon
(C2) leading to i4, conferring a strong preference for
formation of the acyclic product over the cyclic pathway.

To verify the most favorable reaction pathway, Rice−
Ramsperger−Kassel−Marcus (RRKM) statistical analyses were
performed (Supporting Information). The calculations were
carried out for two distinct scenarios, starting from initial
intermediates i1 and i3; however, the resulting branching
ratios do not differ significantly, indicating a negligible
dependence on the identity of the initial intermediate. This
is reflected by the fact that initially formed collision complexes
i1 and i3 can interconvert easily via i2. The RRKM
calculations indicate that, at the experimental collision energy,
the formation of the acyclic products p4 (83.0%) and p3
(14.9%) dominates via i3 → TS4 → p4 and i1 → TS3 → p3
pathways, respectively, while only a minor contribution
(0.03%) arises from the formation of the five-membered cyclic
product p1; p2 is not formed at all.

In summary, the reaction dynamics of the silicon nitride
radical (SiN, X2Σ+) with propene (C3H6, X1A′) have been
comprehensively elucidated through a synergistic combination
of cross-molecular beam experiments, high-level electronic
structure calculations, and RRKM statistical analysis. The
experimental results demonstrate that the reaction proceeds
exclusively via atomic hydrogen loss through an indirect
mechanism, mediated by the formation of long-lived SiNC3H6
intermediates. Analysis of the center-of-mass translational
energy distribution derived from the experimental data
provides a reaction exoergicity of 91.2 ± 25.3 kJ mol−1,
while the observation of a peak at 18 ± 4 kJ mol−1 in the
translational energy distribution indicates the presence of a
tight exit transition state, reflecting significant structural and
electronic rearrangements during product formation. Comple-
mentary high-level ab initio calculations reveal a rich potential
energy surface characterized by multiple intermediates and
competing reaction pathways. Correlating the computed
reaction energetics with experimental observations identifies
the products p1−p4 as energetically accessible, whereas the

less exoergic channels leading to p5−p7 can be confidently
excluded as the experimentally derived exoergicity constrains
the energetically accessible window and disfavors the less
exoergic channels. The reaction is initiated by the barrierless
addition of the silicon nitride radical to propene, followed by
multiple isomerization via hydrogen migrations, culminating in
hydrogen-atom elimination to yield the final products. Detailed
analysis of the potential energy surface further shows that the
probability of formation of the acyclic products p4 and p3 is
favored over pathways involving ring closure, although a minor
contribution from the five-membered cyclic product p1 is
predicted. RRKM statistical calculations corroborate these
findings, confirming that the acyclic products dominate the
distribution, with branching ratios of 83.0% for p4 and 14.9%
for p3, while the formation of cyclic products remains a minor
pathway. Overall, this study not only advances the fundamental
understanding of silicon−nitrogen chemistry under isolated
gas-phase conditions but also provides detailed molecular-level
insight into the formation mechanisms of silicon−nitrogen-
containing hydrocarbons. These findings carry broad implica-
tions for physical-organic chemistry and offer a conceptual
foundation for the rational design of novel organosilicon
heterocycles, bridging fundamental reaction dynamics with
potential synthetic applications.

■ MATERIALS AND METHODS
The elementary reaction between silicon nitride radical (SiN, X2Σ+)
and propene (C3H6, X1A′) was investigated in the gas phase under
single-collision conditions using a crossed molecular beam apparatus.
The experimental setup, data acquisition method, and analysis
procedures were described in detail previously; here, we provide
only a brief summary.26−33,51 The crossed beams machine consists of
a stainless-steel vacuum chamber (10−8 Torr) which encloses two
source chambers and a triply differentially pumped ultrahigh-vacuum
(10−12 Torr), rotatable, differentially pumped quadrupole mass
spectrometric detector (QMS). A pulsed supersonic beam of silicon
nitride radicals was generated in situ via laser ablation30−33,51,52 of a
silicon rod (Si, 99.999%, Goodfellow) at 266 nm in the presence of
nitrous oxide (N2O, 99.99%, Matheson) which released from a
Proch−Trickl53 pulsed valve (−400 V) operating at repetition rates of
60 Hz with a backing pressure of 4 atm. The rotating and translating
silicon rod was ablated by focusing 2 mJ/pulse output of a Spectra-
Physics Quanta-Ray Pro 270 Nd:YAG laser operating at 30 Hz.
Nitrous oxide (N2O) acted as both a reactant and a carrier gas,
generating SiN radicals via nitrogen atom abstraction from N2O by
laser-ablated silicon atoms. No other silicon−nitrogen species were
detected in the molecular beam. Pulsed molecular beam of the silicon
nitride radical (SiN) then passed a skimmer and a four-slot chopper
wheel (120 Hz), which selects a segment of the beam with a well-
defined peak velocity (vp) of 1216 ± 9 ms−1 and speed ratio (S) of 4.0
± 0.1. It is important to note that the first excited state (A2Π) of the
silicon nitride radical (SiN) is located about 24 kJ mol−1 higher than
the ground state (X2Σ+) and the lifetime is expected to be shorter
than travel time from the ablation center to the interaction region
(approximately 20 μs) as it is observed in the case of isoelectronic
cyano (CN) radical whose lifetime is about 11 μs. The chopped
segment of pulse silicon nitride radical (SiN) beams then crossed the
pulsed molecular beam of propene (C3H6, 99.9%, Sigma-Aldrich)
perpendicularly in the interaction region with the mean collision
energy of 22.8 ± 0.3 kJ mol−1. Pulsed beam of propene (60 Hz, vp =
833 ± 15 ms−1, S = 11 ± 0.1) was produced using a similar Proch−
Trickl pulsed valve (−400 V), operated at a 60 Hz repetition rate with
a backing pressure of 550 Torr.

Reactively scattered products were analyzed using a triply
differentially pumped rotatable mass spectrometer, in which neutral
species were initially ionized by an electron impact ionizer operating
at 80 eV (2 mA); the resulting ions were subsequently directed into a
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quadrupole mass spectrometer (Extrel, QC 150; 2.1 MHz), where
they were filtered according to their mass-to-charge ratio (m/z),
before being detected by a Daly type particle ion counter54 operated
at 22.5 kV. Angularly resolved time-of-flight (TOF) spectra were
recorded at discrete laboratory angles between 20.25° and 50.25°,
with each spectrum instantaneously background-corrected by
operating the laser at 30 Hz and the pulsed valve at 60 Hz (“laser-
on” minus “laser-off”). Insight into the reaction dynamics was
obtained by transforming the laboratory-frame data into the center-of-
mass (CM) frame using the forward-convolution method.34,35 This
technique begins with trial center-of-mass angular flux, T(θ), and
translational energy, P(ET), distributions, which are used to simulate
the corresponding laboratory observables such as time-of-flight
(TOF) spectra and laboratory angular distribution (LAD). These
CM distributions were iteratively adjusted to achieve the best fit
between the simulated and experimental TOF and LAD data.
Collectively, the refined T(θ) and P(ET) distributions define the
reactive differential cross section, I(θ, u), where u is the center-of-
mass velocity and I(u, θ) ∼ P(u) × T(θ). This differential cross
section was ultimately visualized as a flux contour map, providing a
comprehensive representation of the reaction outcome.
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