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Abstract

The gas-phase bimolecular reaction of the methylidyne (CH; X2Π) radical with vinylacetylene 

(H2CCHCCH; X1A’) was conducted at a collision energy of 20.3 kJ mol-1 under single collision 

conditions exploiting the crossed molecular beams experimental results merged with ab initio 

electronic structure calculations and ab initio molecular dynamics (AIMD) simulations. The 

laboratory data reveals that the bimolecular reaction proceeds barrierlessly via indirect scattering 

dynamics through long-lived C5H5 reaction intermediate(s) ultimately dissociating to C5H4 

isomers along with atomic hydrogen with the latter predominantly originated from the 

vinylacetylene reactant as confirmed by the isotopic substitution experiments in the D1-

methylidyne–vinylacetylene reaction. Combined with ab initio calculations of the potential energy 

surface (PES) and statistical Rice–Ramsperger–Kassel–Marcus (RRKM) calculations, the 

experimental determined reaction energy of -146 ± 26 kJ mol-1 along with the distribution 

minimum of T(θ) at 90° and isotopic substitution experiments suggests ethynylallene (p1; ΔrG = 

− 230 ± 4 kJ mol-1) as the dominant product. The ethynylallene (p1) may be formed with extensive 

rovibrational excitation, which would result in a lower maximum translational energy. Further, 

AIMD simulations reveal that the reaction dynamics leads to p1 (ethynylallene, 75 %) plus atomic 

hydrogen with the dominant initial complex being i1 formed by methylidyne radical addition to 

the double C=C bond in vinylacetylene. Overall, combining the crossed molecular beams 

experimental results with ab initio electronic structure calculations and ab initio molecular 

dynamics (AIMD) simulations, ethynylallene (p1) is expected to represent the dominant products 

in the reaction of the methylidyne (CH; X2Π) radical with vinylacetylene (H2CCHCCH; X1A’).
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1. INTRODUCTION

The investigation on the formation mechanisms of polycyclic aromatic hydrocarbons (PAHs) – 

organic molecules composed of fused aromatic rings – has caught attention of the physical 

(organic), astrochemistry, and theoretical chemistry communities over the last few decades as a 

result of the importance of PAH-like species in various environments, such as combustion flames, 

interstellar media, and planetary atmospheres.1-10 In deep space, spectroscopic features of PAH 

related molecules including alkylated, ionized, (de)hydrogenated and protonated counterparts11-16 

have been inferred from the diffuse interstellar bands (DIBs) and unidentified infrared (UIRs) 

bands within the wavelength range of 200–400 nm (ultraviolet) and 3–20 mm (infrared).2-4, 17-22 

Further, PAHs and their derivatives, which contribute up to 20% of the galactic carbon budget,23 

are potential crucial intermediates and nucleation sites that ultimately yield carbonaceous 

nanoparticles (‘‘interstellar grains’’).4, 21, 22, 24-26 In terrestrial environment, largely produced in the 

incomplete hydrocarbon combustion, PAHs are believed to be the key precursors to unwanted soot 

formation5 resulting to combustion inefficiency and a public health hazard.6-8 Hence, the 

understanding of the fundamental reaction mechanisms in the synthesis of PAHs and their 

precursors in combustion systems as well as deep space will provide significant insights into how 

complex aromatic molecules and even graphenes and fullerenes are formed.27-37

Odd-carbon radicals tend to be resonantly stabilized free radicals (RSFRs) and have been 

proposed to promote PAH formation and growth in combustion flames.38, 39 There is a consensus 

that the chemistry of cyclopentadienyl (c-C5H5) radical plays a significant role in the formation of 

naphthalene and phenanthrene and, consequently, in the formation of PAHs.1, 40-43 Nevertheless, 

the origin of cyclopentadienyl (c-C5H5) along with its structural isomers has remained elusive. 

Gabriel da Silva studied the C5H5 potential energy surface (PES) via the reaction of the propargyl 

radical (C3H3) with acetylene (C2H2) from ab initio calculations.44 The addition of acetylene (C2H2) 

to the end of the propargyl radical (C3H3) leads to the initial complexes 1-penten-4-ynyl (HCC 

H2CCHCH•) and 1,3,4-pentatrienyl (H2CCCHCHCH•) via similar barriers, about 59 kJ mol-1 

above the separated reactants.44 The acyclic C5H5 isomers may isomerize to cyclopentadienyl (c-

C5H5) with the highest transition state located 64 kJ mol-1 above the separated reactants.44 The 

chemical kinetic models revealed that the yield of the l-C5H5 and c-C5H5 isomers are similar at 

temperatures and pressures relevant to combustion processes.44 Crossed molecular beam studies 

were performed on the reaction of (D-)ethynyl radical (C2H/C2D) with methylacetylene 
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(CH3CCH)45, 46 under single collision conditions. Combining the experimental findings with a 

theoretical study of C5H5 PES, methyldiacetylene (CH3CCCCH) was revealed as the dominant 

atomic hydrogen loss product along with a smaller contribution of ethynylallene (H2CCCHCCH). 

The reactions of the ethynyl radical (C2H) with allene (H2CCCH2) were explored both 

experimentally47 and computationally.48 Ethynylallene (H2CCCHCCH) emerged as the major 

product, with 1,4-pentadiyne (HCCH2CCCH) contributing up to 20%.47, 48 Later on, Jamal and 

Mebel conducted systematic studies via ab initio CCSD(T)/cc-pVTZ//B3LYP/6-311G** 

calculations of the C5H5 PES investigating the reaction mechanism of ethynyl radical (C2H) with 

C3H4 isomers, allene (H2CCCH2) and methylacetylene (CH3CCH).49 For the C2H-H2CCCH2 

system, 1,4-pentadiyne (56–63%), ethynylallene (22–24%), and pentatetraene (10–15%) are 

expected to be prominent atomic hydrogen loss  products.49 On the contrary, for the C2H-CH3CCH 

reaction, the methyl (CH3) loss channel which leads to diacetylene may contribute up to 21–61%, 

while the other important products include methyldiacetylene (27–56%) and ethynylallene (11–

22%).49

The aforementioned studies revealed that the reaction mechanisms involved in the formation of 

C5Hx (x = 4, 5) isomers are very complex and far from being resolved. Here, we provide a unique 

glimpse into the chemistry of distinct C5Hx (x = 4, 5) isomers by unraveling their gas-phase 

preparation under single-collision conditions via the bimolecular reaction of the methylidyne 

radical (CH; X2Π) with vinylacetylene (H2CCHCCH; X1A’). The combination of the experimental 

data with electronic structure calculations as well as ab initio molecular dynamics simulations on 

the C5H5 PES identified that ethynylallene (p1) along with atomic hydrogen may be formed under 

single-collision conditions. Since in crossed molecular beam studies, the nascent products ‘fly 

away’ from the collision center, they form without successive reactions in the gas-phase.50, 51 

2.    EXPERIMENTAL & COMPUTATIONAL

2.1. EXPERIMENTAL

The elementary gas-phase reaction of the (D1-)methylidyne (CH/CD; X2Π) radical with vinyl-

acetylene (H2CCHCCH; X1A’) was carried out under single-collision conditions in a universal 

crossed molecular beams machine at the University of Hawaii.52 In the primary source chamber, a 

pulsed supersonic beam of the (D1-)methylidyne (CH/CD) radicals was generated by 

photodissociation (COMPex 110, Coherent, Inc; 248 nm; 30 Hz) of (D1-)bromoform 
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(CHBr3/CDBr3, Aldrich Chemistry, ≥ 99 %) seeded in helium (99.9999 %; AirGas).53 After 

passing through the skimmer, the methylidyne radicals were velocity-selected by a four-slot 

chopper wheel yielding a peak velocity vp of 1867  13 m s-1 and a speed ratio S of 12.6  0.4 

(Table 1). The rotational temperature of the methylidyne radicals was determined to be 14 ± 1 K 

utilizing laser-induced fluorescence.54 In the secondary source chamber, a supersonic beam of 5 % 

vinylacetylene seeded in argon (99.9999 %; AirGas) with vp = 642 ± 20 m s-1 and S = 26.0 ± 1.0 

(Table 1) crossed the methylidyne radicals perpendicularly in the interaction region of the 

scattering chamber resulting in a collision energy (EC) of 20.3 ± 0.3 kJ mol-1 and a center of mass 

angle (ΘCM) of 54.0 ± 0.9°. Vinylacetylene was synthesized in house.55 The neutral reaction 

products entering the detector were ionized via electron impact ionization (80 eV, 2.0 mA),56 mass-

filtered according to their mass-to-charge ratio (m/z) utilizing a quadrupole mass spectrometer 

(QMS, Extrel, QC 150), and eventually recorded by a Daly-type ion counter.57 The detector is 

housed within a triply differentially pumped (6×10-12 Torr), rotatable chamber that allows the 

collection of angularly-resolved time-of-flight (TOF) spectra in the plane defined by both reactant 

beams. To obtain the information on the reaction dynamics, a forward-convolution method was 

used to transform the laboratory frame (LAB) data into the center of mass frame (CM);58, 59 this 

iterative method exploits a user-defined CM translational energy P(ET) and angular T(θ) flux 

distributions, which were varied until a best fit of the laboratory-frame TOF spectra and angular 

distributions was achieved. These functions define the reactive differential cross-section I(u, θ) ~ 

P(u)×T(θ) with the CM scattering angle θ and CM velocity u. The error ranges of the P(ET) and 

T(θ) functions were determined within the 1σ limits of the corresponding laboratory angular 

distribution and beam parameters (beam velocity and angular spread, beam velocity) while main-

taining a good fit of the laboratory TOF spectra.

2.2.     COMPUTATIONAL

2.2.1. AB INITIO ELECTRONIC STRUCTURE CALCULATIONS

          Geometries of all species involved in various chemical reactions accessing the C5H5 PES 

including reactants, intermediates, transition states, and products were optimized using the doubly 

hybrid density functional theory (DFT) B2PLYPD3 method60-62 with Dunning’s correlation-

consistent cc-pVTZ basis set (4).63 Then, vibrational frequencies for all optimized structures were 

computed using the same method to evaluate zero-point vibrational energy corrections (ZPE) and 
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to be utilized in rate constant calculations. Single-point energies were rectified using the explicitly 

correlated coupled clusters approach with single and double excitations with perturbative treatment 

of triple excitations, CCSD(T)-F12,64, 65 with Dunning’s cc-pVQZ-f12 basis set. The anticipated 

accuracy of the CCSD(T)-F12/cc-pVQZ-f12//B2PLYPD3/cc-pVTZ + ZPE (B2PLYPD3/cc-

pVTZ) relative energies is typically within 4 kJ mol−1 or better.66 The Gaussian 16 67 and 

MOLPRO 202168 program packages were used for the ab initio calculations. Energy-dependent 

rate constants of all unimolecular reaction steps on the C5H5 PES following initial addition of 

methylidyne radical to vinylacetylene were computed using Rice-Ramsperger-Kassel-Marcus 

(RRKM) theory.69, 70 Here, a rate constant k(E) at an internal energy E for a unimolecular reaction 

A*→A#→P was evaluated as

𝑘(𝐸) =
𝜎
ℎ

𝑊#(𝐸 ― 𝐸#)
𝜌(𝐸)

where  is the reaction path degeneracy, h is Planck’s constant, W#(E–E#) is the total number of 

states for the transition state A# with a barrier E#, (E) is the density of states of the energized 

reactant molecule A*, and P denotes products. Harmonic approximation was employed to compute 

the total number and density of vibrational states employing the direct count method,69 whereas 

rotational states and hence the dependence of k on J was not taken into account in the present 

statistical calculations assuming that rotational constants do not change significantly along the path 

of a unimolecular reaction. Rate constants for various barrierless entrance channels were not 

computed statistically; instead, the population of different initial complexes produced was assessed 

through molecular dynamics calculations (vide infra). For barrierless exit channels, e.g., H losses 

leading to p9-p11, we utilized the microcanonical variational transition state theory (VTST) 

approach71 by considering different positions for the transition state along the reaction path, 

calculating rate constants corresponding to each of them and finding the minimal rate. Within 

VTST, we first calculated a series of energies at different distances between two dissociating 

fragments through partial B2PLYPD3/cc-pVTZ geometry optimization with fixed values of the 

reaction coordinate. Next, 3N - 7 vibrational frequencies were computed projecting the reaction 

coordinate out and finally, single-point energies for the optimized structures were refined at the 

CCSD(T)-F12/cc-pVQZ-f12 level of theory. The RRKM and VTST rate constants were utilized 

to obtain product branching ratios under single-collision conditions using our inhouse code.72

Page 6 of 30Physical Chemistry Chemical Physics



7

2.2.2. AB INITIO MOLECULAR DYNAMICS SIMULATIONS

         The potential energy profile of the title reaction has been identified at the CCSD(T)-F12/cc-

pVQZ-f12//B2PLYPD3/cc-pVTZ level of theory (section 2.2.1). However, as millions of energy 

gradients are needed for ab initio molecular dynamics (AIMD, also known as direct dynamics) 

simulations in propagating the trajectories, an accurate yet computationally efficient quantum 

chemistry method must be identified. Therefore, the aforementioned potential energy profile is 

employed as the benchmark to evaluate the performance of a series of affordable basis sets with 

B3LYP.73-75 Previous studies have found that B3LYP is able to identify all intermediates and 

transition states on the CCSD(T)-F12 PES for similar open shell hydrocarbon system (CH + C4H2 

and CH + C4H6)76, 77 as well as replicating key features of the product scattering angle and 

translational energy distributions when used in AIMD. Further, B3LYP has been found to be one 

of the most effective functionals in minimizing unphysical jumps in total energy over a trajectory. 

Table S1 in the Supporting Information lists the potential energy profile of this reaction calculated 

from these various candidate combinations. In this study, further comparison was made with 

different basis sets before the most accurate, aug-pc-1,78 was chosen with respect to the benchmark 

potential energy surface. The minimal root mean square displacement (RMSD) between the 

benchmark and candidate combination's energies79 is used to measure the accuracy of the method 

while the average time per energy gradient calculation (t) is used to measure the efficiency. In 

general, AIMD seeks to employ the most accurate methods while being affordable, and as a result, 

B3LYP/aug-pc-1 was selected.

       The AIMD simulations are set to model the conditions of the crossed molecular beams 

experiment. The centers of mass of the reactant molecules, vinylacetylene (C4H4) and methylidyne 

radical (CH), are initially separated by 1000 pm, far enough that the interaction between them is 

negligible. The relative orientation between these two molecules is randomly sampled. C4H4 and 

CH are set to collide with a fixed relative translational energy of 20.3 kJ mol-1. This translational 

energy is distributed into both reactant molecules such that the total momentum of the system is 

zero. The initial vibrational and rotational energies for C4H4 are selected from a canonical 

ensemble at 10 K while the methylidyne radical (CH) is set to be at its ground state. This setting 

has been shown to accurately model bimolecular collisions in similar conditions.76, 77, 80 In order 

to accurately mimicking the conditions of the experiment, the AIMD simulations sample a large 

ensemble of trajectories. The largest impact parameter, , is determined by systematically 𝑏𝑚𝑎𝑥
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increasing the impact parameter . Starting from  = 0.0 pm with an increment of  = 100.0 𝑏 𝑏 𝑏𝑚𝑎𝑥

pm, 100 trajectories are sampled at each impact parameter.   is identified as the largest  where 𝑏𝑚𝑎𝑥 𝑏

at least one of the trajectories are reactive and further sampling at larger  is deemed as unnecessary 𝑏

due to low reaction probability. Since the trajectories are sampled at discrete  values, the number 𝑏

of trajectories at each impact parameter, , needs to be proportional to its area defined by the 𝑁(𝑏)

ring, .81 50 trajectories are sampled at the smallest impact parameter of   = 100.0 pm 2𝜋𝑏∆𝑏 𝑏𝑚𝑖𝑛

and  in this study is computed as:𝑁(𝑏)

𝑁(𝑏) = 𝑁(𝑏𝑚𝑖𝑛) ∙
𝑏

𝑏𝑚𝑖𝑛
;𝑏 ≤ 𝑏𝑚𝑎𝑥

(1)

The positions of atoms are propagated by VENUS (a chemical dynamics software) using the 

velocity Verlet algorithm with energy gradients calculated using B3LYP/aug-pc-1 in the NWChem 

quantum chemistry package.82-84 The AIMD trajectories use a 0.2 fs time step and the conservation 

of the physical properties (e.g., total energy) of the system is rigorously monitored. Whenever the 

total energy jumps greater than 4.2 kJ mol-1, the trajectories are restarted. The trajectories are halted 

once either reactants (i.e., non-reactive collision) or products (i.e., reactive collision) are clearly 

formed. This occurs when the centers of mass of two groups (A and B) of atoms are separated by 

more than 10000 pm while a maintaining positive relative velocity ( ) between them, defined 𝑣𝑟𝑒𝑙

as:

𝑣𝑟𝑒𝑙 ∙ 𝑟𝑟𝑒𝑙 > 0

Eq. 2

in which .  and   are the center of mass velocity and position of the 𝑣𝑟𝑒𝑙 = 𝑣𝐴 ― 𝑣𝐵;𝑟𝑟𝑒𝑙 = 𝑟𝐴 ― 𝑟𝐵 𝑣 𝑟

group of atoms, respectively. A trajectory is also halted once its length has exceeded 8 ps (e.g., 

40,000 or more steps) due to the limitation of computational resources and numerical stability, and 

as demonstrated in section 3.3, this situation occurs frequently. On average, each 8 ps AIMD 

trajectory with B3LYP/aug-pc-1 takes 4 days (wall time, ~1.5 hours for initial sampling and ~94.5 

hours for trajectory propagation) with 9 Intel Xeon Gold 6342 CPUs (20 cores).
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3.    RESULTS

3.1. LABORATORY FRAME 

For the bimolecular reaction of the methylidyne radical (CH; X2Π) with vinylacetylene 

(H2CCHCCH; X1A’), reactive scattering signal was observed at mass-to-charge ratios (m/z) of 65 

(13CC4H4
+), 64 (C5H4

+), and 63 (C5H3
+) with signal at m/z = 65 collected at a level of 6 ± 2% with 

respect to m/z = 64. The time-of-flight (TOF) spectra of these m/z ratios are identical after scaling 

(Figure S1); this finding suggests a single reaction channel namely the reaction of the methylidyne 

radical (CH; 13 amu) with vinylacetylene (C4H4; 52 amu) leading to C5H4 (64 amu) along with 

atomic hydrogen (H; 1 amu). The signal at m/z = 63 can be associated with dissociative electron 

impact ionization of the neutral C5H4 product in the electron impact ionizer, whereas ion counts at 

m/z = 65 represent the 13C-substituted, ionized molecule 13CC4H4
+ accounting for the natural 

abundance of 13C. These findings reveal that the C5H4 isomer(s) can be prepared through the 

methylidyne versus atomic hydrogen exchange channel (reaction (R1)). Since ion counts of the 

parent ion at m/z = 64 (C5H4
+) are collected only at a level of 25 ± 4 % compared to the fragment 

ion at m/z = 63, time-of-flight (TOF) spectra and the full laboratory angular distributions were 

extracted at the best signal-to-noise ratio of m/z = 63 (C5H3
+). The resulting laboratory angular 

distribution depicts a distribution maximum at the center-of-mass (CM) angle of 54.0° ± 0.9° and 

spans at least 38° in the laboratory frame (Figure 1, Table 1). These experimental results suggests 

that the reaction proceeds through indirect scattering dynamics involving C5H5 reaction 

intermediate(s), which ultimately undergo(es) unimolecular decomposition by ejecting atomic 

hydrogen to form the neutral C5H4 product(s). 

Since the atomic hydrogen can be emitted from the methylidyne radical and/or from the 

vinylacetylene reactant, the reaction of the D1-methylidyne radical (CD; 14 amu) with 

vinylacetylene (C4H4; 52 amu) was conducted as well. TOFs were recorded at m/z = 65 (C5DH3
+) 

(reaction (R2)) and 64 (C5H4
+/C5DH2

+) (reaction (R3)) at a center-of-mass angle of 52.1º (Figure 

S2). Here, signal was observed at both m/z = 65 and 64 (Figure S2). Ion counts at m/z = 64 may 

also originates from dissociative electron impact ionization of C5DH3 if formed through reaction 

(R2). Accounting for the 13C isotopic contribution of 5.5 % for five carbon atoms, the ratio of the 

ion counts at m/z = 65 versus 64 is calculated to be 30 ± 5%. This data correlates well with the 

ratio of the ion counts of m/z = 64 to m/z = 63 in the methylidyne - vinylacetylene system. These 

findings propose that for the D1-methylidyne - vinylacetylene reaction, ion counts at m/z = 64 can 
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be attributed to a dissociative electron impact ionization of m/z = 65 (C5DH3
+) product(s) in the 

ionizer, whereas the C5DH3 product(s) was (were) formed via hydrogen atom loss from the 

vinylacetylene reactant.  In brief, based on the laboratory data alone, we may conclude that, for 

the reaction of the methylidyne radical (CH; 13 amu) with vinylacetylene (H2CCHCCH; 52 amu), 

the hydrogen atom loss originates predominantly from the vinylacetylene reactant, but not from 

the methylidyne radical. 

CH (13 amu) + C4H4 (52 amu)  C5H4 (64 amu) + H (1 amu) (R1)

CD (14 amu) + C4H4 (52 amu)  C5DH3 (65 amu) + H (1 amu) (R2)

CD (14 amu) + C4H4 (52 amu)  C5H4 (64 amu) + D (2 amu) (R3)

3.2. CENTER-OF-MASS FRAME 

       The laboratory data delivered explicit evidence on the gas-phase formation of C5H4 isomer(s) 

under single-collision conditions via atomic hydrogen emission at least from the vinylacetylene 

reactant. However, the prime directive of our studies is to elucidate the nature of the C5H4 isomers 

formed and to unravel the underlying reaction mechanism(s) on the pertinent C5H5 PES accessed 

via the bimolecular reaction of the methylidyne radical (CH; X2Π) with vinylacetylene 

(H2CCHCCH; X1A’). To achieve these goals, the laboratory data have to be transformed into the 

center-of-mass frame85 by exploiting a forward-convolution routine.86 This procedure yields the 

CM translational energy P(ET) and CM angular T(θ) flux distributions (Figure 1). Within our error 

limits, the best-fit CM functions were gained with a single channel fit via reaction (1). The P(ET) 

reveals a maximum translational energy release (Emax) of 166 ± 26 kJ mol−1 for those products 

formed with minimum internal excitation. Since the maximum translational energy release relates 

to the reaction energy (ΔrG) and the collision energy (EC) via Emax = EC − ΔrG due to energy 

conservation, the reaction is revealed to be exoergic by 146 ± 26 kJ mol−1. Further, the P(ET) 

distribution peaks away from zero translational energy at 23 ± 4 kJ mol−1; the average translatio-

nal energy of the products was derived to be 43 ± 7 kJ mol−1 suggesting that only 26 ± 4% of the 

available energy is released into the translational degrees of freedom of the products. These fin-

dings propose indirect scattering dynamics involving C5H5 intermediate(s) undergoing unimole-

cular decomposition through tight exit transition state(s) leading to C5H4 molecules from the C5H5 

intermediates(s).87, 88 Finally, the T(θ) depicts a forward−backward symmetry and displays non-

zero intensity from 0° to 180°; these findings reveal indirect scattering dynamics through long-
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lived C5H5 intermediate(s) with lifetimes longer than or at least comparable with their rotation 

periods.89

4.    DISCUSSION 

4.1. POTENTIAL ENERGY SURFACES (PESs)

       The computational investigation of the elementary reaction of the methylidyne radical with 

vinylacetylene is a daunting task as methylidyne can add to the carbon-carbon double and triple 

bond as demonstrated in the methylidyne – ethylene 54 and methylidyne – acetylene systems,90, 91 

respectively. Further, methylidyne may insert into carbon-hydrogen single bonds as unraveled in 

the elementary reaction of methylidyne with dimethylacetylene.77 Therefore, in the case of 

polyatomic systems such as the methylidyne – vinylacetylene reaction, it is of great advantage to 

merge the experimental data with electronic structure calculations and statistical analysis in an 

attempt to unravel the underlying reaction mechanism(s) (Figures 2-4; Table 2; Figures S3-S6; 

Table S1-S2). Overall, the addition (C C, C=C) and insertion pathways along with successive ≡

isomerization of the initial reaction intermediates (i1, i2, i10, i14, i22) involve 33 distinct C5H5 

intermediates (i1-i33) and 67 transition states leading eventually to nine C5H4 isomers via emission 

of atomic hydrogen (p1-p3, p6-p11). Some of these intermediates can be reasonably expected with 

chemical intuition, but others are found with the guidance of ab initio molecular dynamics 

simulation, which will be addressed later in the manuscript. C5H4 species include ethynylallene 

(p1; ΔrG = − 230 ± 4 kJ mol-1), 1,4-pentadiyne (p2; ΔrG = − 218 ± 4 kJ mol-1), methyldiacetylene 

(p3; ΔrG = − 254 ± 4 kJ mol-1), 1,2,3,4-pentatetraene (p6; ΔrG = − 218 ± 4 kJ mol-1), 3-

ethynylcyclopropene (p7; ΔrG = − 143 ± 4 kJ mol-1), 1-ethynylcyclopropene (p8; ΔrG = − 151 ± 

4 kJ mol-1), 3-ethenylidenecyclopropene (p9; ΔrG = − 122 ± 4 kJ mol-1), 2-ethenylcyclopropene-

3-ylidene (p10; ΔrG = − 125 ± 4 kJ mol-1), and pent-1-en-4-yne (p11; ΔrG = − 77 ± 4 kJ mol-1) 

with the reaction energies provided in parenthesis. Considering the strain energy of the 

cyclopropene moiety, p7-p10 are thermodynamically less stable by up to 100 kJ mol-1 compared 

to the acyclic isomers p1-p3 and p6. Besides the atomic hydrogen loss, the intermediates can also 

undergo unimolecular decomposition through carbon-carbon bond rupture involving methyl (CH3) 

and propargyl radical (C3H3) elimination along with diacetylene (C4H2; p4) and acetylene (C2H2; 

p5) (Figures 2-3; Figure S3).  Note that in the present experiments, dissociative electron impact 

ionization of the vinylacetylene reactant produces background counts of CH3
+, C2H2

+, C3H3
+, and 

Page 11 of 30 Physical Chemistry Chemical Physics



12

C4H2
+; therefore, the aforementioned reaction channels involving carbon-carbon bond cleavage 

cannot be probed under our experimental conditions. A comparison of the experimentally derived 

reaction energy of 146 ± 26 kJ mol-1 with the aforementioned reaction energies energetics suggests 

that the cyclic isomers 3-ethynylcyclopropene (p7), 1-ethynylcyclopropene (p8), 3-ethenylidene-

cyclopropene (p9), 2-ethenylcyclopropene-3-ylidene (p10) represent likely products of the 

elementary reaction of methylidyne with vinylacetylene. The higher energy isomers p11 might be 

masked in the low energy section of the CM translational energy distribution P(ET). For example, 

if p11 is solely formed, the resulting translational energy distributions would terminate close to 97 

kJ mol−1. This is clearly not observed experimentally. Our electronic structure calculations suggest 

that the formation of p7/p8 and p9/p10 is initiated by a barrierless addition of the methylidyne 

radical to the carbon-carbon double and triple bond forming intermediates i1 and i10, respectively 

(Figures 2 and 3). These cyclic doublet radical intermediates are stabilized by 343 and 368 kJ mol-1 

with respect to the separated reactants. Unimolecular decomposition of i1 via atomic hydrogen 

loss from the C1 and C2 carbon atom can lead to p7 and p8, respectively, via exit transition states 

located 12 and 21 kJ mol-1 above the separated products, respectively. The thermodynamically 

least stable isomer p9 is accessible though atomic hydrogen elimination from i10 after passing a 

transition state located 6 kJ mol-1 above the separated products. The hydrogen migration between 

the adjacent CH moieties in i10 yields i11. The calculations also reveal that the CH radical may 

insert into one of the C-H bonds in CH2 moiety of vinylacetylene forming the chain structure 

intermediate i2, which can isomerize to a cyclic intermediate i26. The unimolecular decomposition 

of i10, i11, and i26 leads to the product p10. In this sense, the formation of p7/p8 and p9/p10 

involves indirect scattering dynamics through three-membered ring, doublet C5H5 collision 

complexes via a de-facto methylidyne addition – atomic hydrogen elimination pathway involving 

tight (p7/p8/p9) and loose (p10) exit transition states. The indirect scattering dynamics (through 

long lived C5H5 reaction intermediates) along with the presence of a tight exit transition state 

(p7/p8/p9) was contemplated from the experimental findings (3.1 and 3.2), whereas the formation 

of p10 via a loose exit transition state reveals the discrepancy with the experimental results. 

Therefore, p10 can be eliminated as a predominant product. Further, the experimental data from 

the D1-methylidyne – vinylacetylene system revealed that the ejected hydrogen atom originates 

predominantly from the vinylacetylene reactant, which is in agreement with the computationally 

predicted reaction mechanism (Figures S4-S6).  For the initial intermediate i1 (Figure 3), the 
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decomposition behaviors of i1  p7/p8 with significant barriers of over 213 kJ mol-1 are less →

competitive than the isomerization process i1  i2 with barrier of only 73 kJ mol-1. In contrast →

with intermediate i1, the decomposition process i10  p9 carries lowest barrier compared with the →

isomerization pathways i10  i11/i12/i13. Therefore, the formation of products p7 and p8 can be →

ruled out. These findings suggest that p9 is the likely product.

Under ‘normal’ circumstances, the formation of lower energy products p1, p2, p3, and p6 with 

overall reaction energies of -218 ± 4 to -254 ± 4 kJ mol-1 can be excluded considering the 

discrepancy between the theoretically predicted and experimentally derived reaction energy of -

146 ± 26 kJ mol-1. However, recent crossed molecular beam studies suggested that in the case of 

polyatomic reactions, the nascent reaction products can be highly rovibrationally excited thus 

shifting the high energy cutoff of the center-of-mass translational energy distribution to energies 

lower than the reaction energies computed for products in the rotational and vibrational ground 

states.77 This might be also the case for p1, p2, p3, and p6. Based on the computed surfaces, the 

initial addition complexes i1 and i10 along with the insertion intermediates i2, and i14 may 

undergo extensive isomerization involving ring openings and hydrogen migrations to eventually 

yield p1, p2, p3, and p6 via tight exit transition states. 

Isotopic substitution experiments can provide further clarification. The potential energy surface 

of the D1-methylidyne – vinylacetylene system (Figures S4 and S5) allows tracing the extent to 

which the reaction intermediates lose atomic hydrogen versus atomic deuterium. If p1 or p3 is 

formed via initial intermediate i10 or i14, both the atomic deuterium and hydrogen loss should be 

observable. Within our error limits this is not observed. If p1, p2, and p3 are formed via initial 

intermediate i1 or i2, whereas p6 originated from initial intermediate i10 or i14, only hydrogen 

atom loss should be detected, which can match our isotopic substitution experimental results. The 

products p1, p2, p3, and p6 can be narrowed down even further. Compared with the product p1, 

the pathways lead to the formation of p2 and p3 involve higher barriers and more isomerization 

steps. Therefore, the product p1 would be the dominant product via initial intermediate i2, with p2 

and p3 being minor products. The product p6 may be the dominant product via intermediate i14, 

as the product p9 is the dominant product via intermediate i10. Hence, we may conclude that p2 

or p3 do not represent the dominating reaction products. However, in case of p1 and p6 only the 
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atomic hydrogen loss is predicted, and therefore these isomers could be formed highly 

rovibrationally excited thus resulting in a center-of-mass translational energy distribution shifted 

toward lower energies than the computed reaction energies. In brief, a comparison of the 

experimental data with electronic structure calculations proposes that based on energy 

conservation, the cyclic isomer 3-ethenylidenecyclopropene (p9) is formed via the pathway i10  →

p9. However, if the products are formed with extensive rovibrational excitation, this internal 

energy along with the results from isotopic substitution experiments may also account for the 

formation of the acyclic isomers ethynylallene (p1) via the pathways i3/i4/i5  p1 and/or 1,2,3,4-→

pentatetraene (p6) through i14  p6. Recall that, the distribution minimum of T(θ) at 90° proposes →

geometrical limitations and an emission of hydrogen atom nearly perpendicularly to the total 

angular momentum vector nearly within the rotational plane of the fragmenting complex(es). The 

computed geometries of the exit transition states lead to p1 via i3/i5  p1 (Figure 5) with the →

hydrogen atom ejected both at angles of 0° . This in-plane emission matches the experimental 

prediction of the ejection direction of the hydrogen atom based on the T(θ).85, 89 However, the 

transition states for i4  p1, i14  p6, i10  p9 with the hydrogen atom ejected at angles of 71°, → → →

90°, and 90° (Figure 5), can account for the sideways scattering.85, 89 Therefore, p6 and p9 can be 

eliminated as predominant products. In conclusion, p1 is the most likely products formed under 

our experimental conditions via i3/i5  p1. These exoergicities (p1; ΔrG = − 230 ± 4 kJ mol-1) do →

not correlate with our experimentally determined reaction energy of -146 ± 26 kJ mol-1. This could 

mean that the reaction is statistically leading to p1, but a significant amount of available energy is 

channeled into internal excitation of the polyatomic reaction products. This would in turn lead to 

a shift of the maximum energy release to values significantly lower than in the limit of zero internal 

excitation.

4.2. STATISTICAL CALCULATIONS 

       We also utilized Rice−Ramsperger−Kassel−Marcus (RRKM)92 theory to predict the 

branching ratios of the C5H4 isomers formed within the limit of a complete energy randomization 

of the initial collision complexes resulting from addition to the carbon-carbon double (i1) and triple 

bonds (i10) along with the methylidyne insertion intermediates into the CH and methylenic (CH2) 

moieties (i14, i22, i2) under zero-pressure conditions. These conditions correspond to a crossed 
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molecular beams experiment, where a single collision between the reactants is followed by 

unimolecular decomposition of initial complexes without a possibility of any collisional energy 

transfer. The initial population was derived from quasiclassical trajectory (QCT) simulations, 

which are combined with RRKM calculations for five distinct scenarios where only i1, i2, i10, i14, 

or i22 are formed in the entrance channel (Table 2). In the limit of complete energy randomization, 

the additions to the carbon-carbon double and triple bonds predicts predominantly lead to the 

formation of ethynylallene (p1) at levels of nearly 90 %. Whereas for the double-bond addition 

forming i1 the pathway to this product is straightforward, i1  i2  i3  p1 + H, the triple-bond 

addition complex i10 first undergoes a 1,2-H shift in its three-membered ring accompanied by the 

ring opening leading to a metastable species i33, which is then subjected to a spontaneous H 

migration forming i2 and the latter dissociates to p1 via i3. Further, RRKM predicts that the 

insertion pathways, may lead eventually to ethynylallene (p1) through i2, 1,2,3,4-pentatetraene 

(p6) via i14, and 1,4-pentadiyne (p2) via i22 at levels of 90%, 54%, and 68%, respectively. Recall 

that 1,4-pentadiyne (p2) and 1,2,3,4-pentatetraene (p6) are eliminated as major contributors to the 

reactive scattering signal due to isotopic substitution experiments and the distribution minimum of 

T(θ) at 90°. Overall, RRKM calculations predict that the hitherto elusive ethynylallene (p1) 

represent dominant reaction product – based on our experimental data - highly rovibrationally 

excited if the methylidyne radical inserts into the methylenic (CH2) carbon-hydrogen bond (i2) 

and/or adds to the double (i1) or triple carbon-carbon bond (i10). Hence, we may conclude at least 

qualitatively that ethynylallene (p1) represents the dominating reaction product. However, ab initio 

molecular dynamics (AIMD) simulations are imperative to validate these suggestions.

4.3. AB INITIO MOLECULAR DYNAMICS SIMULATIONS  

       In ab initio molecular dynamics (AIMD, also known as direct dynamics),82 the motion of 

atoms is propagated interactively according to the forces (i.e., energy gradients) computed by 

quantum chemistry methods. Compared to statistical theories that based on a static potential energy 

profile (e.g., RRKM), AIMD does not rely on the presumptions made in deriving such theories 

and can capture the non-equilibrium, non-statistical nature of the reaction. In addition, properties 

such as scattering angles and relative translational energy distributions of the products can be 

directly measured and compared with experiments. 
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       Of the 750 trajectories in which methylidyne radical (CH; X2Π) and vinylacetylene 

(H2CCHCCH; X1A’) collide at different impact parameters, 14.9 % reacted (i.e., forming some 

intermediates after the collision) and the rest are non-reactive collisions. Of the reactive 

trajectories, only 6.3% ultimately dissociated to form product within 8 ps (40,000 or more steps, 

section 2.2.2), while the other 93.7 % formed long life-time intermediates and frequent 

isomerization was observed. This result is very surprising – AIMD simulations of bimolecular 

collisions of systems of similar potential energy profiles and excitations (e.g., collision energy, 

vibrational and rotational states), methylidyne radical (CH; X2Π) with dimethylacetylene 

(CH3CCCH3; X1A’)76 and methylidyne radical with diacetylene (HCCCCH; X 1A’),77 demons-

trated a much larger ratio (44% and 100%, respectively) of forming product with the same amount 

of simulation. Among these 6.3 % reactive trajectories that form products, only 25% undergoes 

direct reaction. The reactive trajectories form p10 and p11 with a ratio of 1:1. Both the lack of 

direct reactions and the long-lived intermediates found in AIMD support the experimental 

conjecture that the methylidyne radical (CH; X2Π) and vinylacetylene (H2CCHCCH; X1A’) 

collision predominantly goes through indirect reactions.

       As argued in section 2.2.2., extending 750 AIMD trajectories beyond 8 ps exceeds the capacity 

of the computational resources available to us. Nonetheless, those AIMD trajectories trapped at 

various intermediates are still valuable to predict the product branching ratio – the average time 

that it takes for the methylidyne radical (CH; X2Π) and vinylacetylene (H2CCHCCH; X1A’) to 

collide is only ~0.4 ps – because the lifetime of the intermediates (~7.6 ps) is much longer than 

the intramolecular vibrational energy redistribution (IVR) which is typically less than 1 ps.93 Under 

such conditions, all vibrational modes of the intermediate can be assumed to have equilibrated. 

Therefore, the AIMD-correct RRKM product branching ratios are estimated as the weighted 

average of the RRKM product branching ratios from each intermediate resulting from the collision 

between methylidyne radical (CH; X2Π) and vinylacetylene (H2CCHCCH; X1A’), of which the 

weights are the populations of intermediates determined from AIMD trajectories.

       The AIMD trajectories are examined by comparing the dynamic molecular graph against that 

of the intermediates and products. In molecular graph, edges (bonds) exist between nodes (atoms) 

i and j of the graph if rij < 300 pm and each hydrogen has at most one edge, which is to the atom 

closest to it. Each intermediate on the potential energy profile (Figures 2-4 and Figure S3) in 

principle has a unique molecular graph. During a trajectory, a certain intermediate is considered 
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to have formed if it has an isomorphic molecular graph to the current frame. Most trajectories form 

i1 immediately after collision, followed by i2/i3, but quickly, the three-membered ring in i1 breaks 

and i2/i3 becomes the majority after just 0.1 ps until the end of the simulation (e.g., 8 ps). At this 

point, virtually all i1 has been depleted, although minor concentrations of i22 and i14 are present. 

Additionally, a minor amount of i10 formed immediately after the collision but slowly depletes to 

zero. The population of various intermediates after the collision is shown in Figure 6. Animations 

of representative trajectories are provided in the Supporting Information.

       These populations of the intermediates by the end of the AIMD simulation are used as the 

weights in the AIMD-corrected product branching ratio, which results in 75.2 % p1, 10.0 % p2, 

4.6% p3, 1.4% p4, 3.8% p5, 2.0 % p6, 0.2% p7, 0.1% p8, and 2.7 % p9. The results can match 

the experimental and RRKM determined potential product p1. A possible factor that could 

contribute to this agreement is that the product molecules are highly rovibrational excited, as 

mediated by the long lifetime of the intermediates and sufficient IVR, which makes the detection 

of product molecules with large translational energy unlikely. This effect would shift the time-of-

flight distribution (Figure 1) toward smaller values. A similar phenomenon was reported in the 

reaction of methylidyne plus dimethylacetylene (C4H6).

5. CONCLUSIONS

       Our crossed molecular beams experiment on the reaction of the methylidyne (CH; X2Π) 

radical with vinylacetylene (H2CCHCCH; X1A’) reveals that it proceeds barrierlessly via indirect 

scattering dynamics through long-lived C5H5 reaction intermediate(s) ultimately dissociating to 

C5H4 isomers along with atomic hydrogen. Isotopic substitution experiments were also performed 

by replacing the methylidyne (CH) radical with D1-methylidyne, which revealed that the atomic 

hydrogen is lost predominantly from the vinylacetylene reactant in the methylidyne – 

dimethylacetylene reaction. The center of mass functions suggest an overall reaction energy of -

146 ± 26 kJ mol-1 with the CM angular distribution T(θ) depicts a forward−backward symmetry 

and displays non-zero intensity from 0° to 180°; these findings reveal indirect scattering dynamics 

through long-lived C5H5 intermediate(s) with lifetimes longer than or at least comparable with 

their rotation periods. Ab initio electronic structure and statistical RRKM calculations, suggests 

that p1 (i1/i2/i10), p6 (i14), and p2 (i22) with the initial complexes provided in parenthesis are the 

most likely atomic hydrogen loss products. The reaction has no entrance barrier; all barriers 
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involved in the formation of p1, p6, and p2 are well below the energy of the separated reactants, 

and the overall reactions to prepare the three isomers are exoergic by -230 ± 4 kJ mol-1 (p1), -218 

± 4 kJ mol-1 (p6), and -218 ± 4 kJ mol-1 (p2), respectively. These energies do not match the 

experimentally derived reaction energy of -146 ± 26 kJ mol-1. If p1, p6, and p2 are also formed, 

suggesting that the reaction is either non-statistical or that a significant amount of the energy is 

channeled into the internal rovibrational modes of the heavy products. However, the products p6 

and p2 may be ruled out based on the distribution minimum of T(θ) at 90° and isotopic substitution 

experiments, respectively, whereas the formation mechanisms of p1 can match the experimental 

findings well. AIMD simulations were also performed and revealed that the reaction dynamics 

leading predominantly to p1 (75.2 %) and minor products are p2, p3, p6, p9 (19.3 %). The 

dominating pathways reveal an addition of methylidyne to the carbon-carbon double bond of 

vinylacetylene leading to the cyclic intermediate i1, followed by i2/i3; however, the three-

membered ring in i1 breaks quickly and i2/i3 becomes the majority. The intermediates i10, i14, 

and i22 carry minor contributions. These finding propose that the combination of the crossed 

molecular beam experiments with electronic structure calculations and quasiclassical trajectory 

(QCT) studies provide persuasive evidence on the formation of ethynylallene (p1) under single 

collision conditions via the bimolecular reaction of the methylidyne radical with vinylacetylene in 

the gas phase involving indirect scattering dynamics.
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SUPPORTING INFORMATION 

Computational details, optimized cartesian coordinates and vibrational frequencies for all 

intermediates, transition states, reactants and products involved in the reactions of the methylidyne 

radical with vinylacetylene, additional figures and tables are included.
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Figure 1. Laboratory angular distributions of the products recorded at m/z = 63 (C5H3
+) for the reaction of the methylidyne radical with vinylacetylene (a). The 

solid circles represent the experimental data, CM designates the center-of-mass angle, the error bars represent the 1 σ standard deviation and red solid lines 

represent the overall fit. Selected TOF spectra are presented in panel (b); open circles depict the experimental data and the solid lines the fit. Center-of-Mass 

(CM) translational energy distribution P(ET) (c) and angular distribution T(θ) (d) along with the associated flux contour map (e) leading to the formation of 

ethynylallene (p1). Shaded areas indicate the error limits of the best fits accounting for the uncertainties of the laboratory angular distribution and TOF spectra, 

with the red solid lines defining the best-fit functions. The flux contour map represents the flux intensity of the reactive scattering products as a function of the 

CM scattering angle (θ) and product velocity (u). The color bar indicates the flux gradient from high (H) intensity to low (L) intensity. Atoms are color coded as 

follows: carbon (black), and hydrogen (grey).
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Figure 2. Schematic representation of the portion of C5H5 potential energy surface (PES) leading to p1-p4, p7, p8, p10, and p11 via the reaction of the 
methylidyne radical with vinylacetylene through addition of methylidyne to the carbon-carbon double bond and insertion of methylidyne into a hydrogen atom 
of the CH2 moiety. Energies calculated at the CCSD(T)-F12/cc-pVTZ-f12// B2PLYPD3/cc-pVTZ + ZPE(B2PLYPD3/cc-pVTZ) level are shown in kJ mol-1 and 
are relative to the energy of the separated reactants. 
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Figure 3. Schematic representation of the portion of C5H5 potential energy surface (PES) leading to p1, p3, p5, p6, and p9-p11 via the reaction of the methylidyne 
radical with vinylacetylene through addition of methylidyne to the carbon-carbon triple bond and insertion into the acetylenic carbon-hydrogen bond. Energies 
calculated at the CCSD(T)-F12/cc-pVTZ-f12// B2PLYPD3/cc-pVTZ + ZPE(B2PLYPD3/cc-pVTZ) level are shown in kJ mol-1 and are relative to the energy of 
the separated reactants. 
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Figure 4. Schematic representation of the portion of C5H5 potential energy surface (PES) including i1, i2, i10, i14, i16, i26, i29-i32, and p9 via the reaction of 
the methylidyne radical with vinylacetylene. Energies calculated at the CCSD(T)-F12/cc-pVTZ-f12// B2PLYPD3/cc-pVTZ + ZPE(B2PLYPD3/cc-pVTZ) level 
are shown in kJ mol-1 and are relative to the energy of the separated reactants.
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Figure 5. Computed geometries of the selected exit transition states leading to p1, p6, and p9. Angles of the 

departing hydrogen atoms are given in degrees with respect to the rotation plane of the decomposing complex.
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Figure 6. The population of the six most important intermediates after the collision. The x-axis is in log scale. 

The number under the intermediate name is the relative energy. The population of i2 and i3 are plotted together 

instead of separately due to their fast interconversion. 
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Table 1: Peak velocities (vp) and speed ratios (S) of methylidyne radical (CH; X2Π), D1-methylidyne radical 

(CD; X2Π), and vinylacetylene (C4H4; X1A’) beams along with the collision energy (EC) and center-of-mass 

angle (ΘCM).

beam vp (m s-1) S EC (kJ mol-1) ΘCM (deg)

CH (X2Π) 1867 ± 13 12.6 ± 0.4 20.3 ± 0.3 54.0 ± 0.9

CD (X2Π) 1852 ± 9 13.1 ± 0.8 21.2 ± 0.2 52.1 ± 0.9

C4H4 (X 1A’) 642 ± 20 26.0 ± 1.0
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Table 2. RRKM calculated product branching ratios (in %) for various initial complexes for the collision energies EC of 20.3 kJ mol-1.

RRKM

initial complexesproducts

i1 i2 i10 i14 i22

AIMD

p1 89.58 89.80 88.47 10.13 22.55 75.2

p2 4.10 4.11 4.06 6.69 68.37 10.0

p3 4.26 4.27 4.30 28.18 2.16 4.6

p4 1.21 1.21 1.19 0.39 4.01 1.4

p5 0.28 0.28 0.35 0.15 0.55 3.8

p6 0.06 0.06 0.14 54.46 2.35 2.0

p7 0.37 0.18 0.17 0.00 0.01 0.2

p8 0.10 0.05 0.05 0.00 0.00 0.1

p9 0.04 0.04 1.27 0.00 0.00 2.7

p10 0.00 0.00 0.00 0.00 0.00 0.00

p11 0.00 0.00 0.00 0.00 0.00 0.00

Page 30 of 30Physical Chemistry Chemical Physics


