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ABSTRACT:The reactions of the 1-propynyl radical '% >-0-0-0 E
(CH4CC; X2A)) with two GH, isomers, methylacetylen® ¢

(HsCCCH; XA)) and allene (HCCCH,; X'A,), along with

their (partially) deuteratedrhcounterparts were explored at ¢

collision energies of 37 kJ moéxploiting crossed moleculgr

beams to unravel the chemical reaction dynamics to s?fﬂﬁ-‘ s—O’"{‘ ‘}"’" - }"1!:

size distinct §Hg isomers under single collision conditiomsms —— — _ G—

The forward convolutiortting of the laboratory data along

with ab initio and statistical calculations revealed that both reactions have no entrance barrier, proceed via indirect (complex-
forming) reaction dynamics involvingl£intermediates with life times longer than their rotation period(s), and are initiated

by the addition of the 1-propynyl radical with its radical center telderon density of the unsaturated hydrocarbon at the

terminal carbon atoms of methylacetylene (C1) and allene (C1/C3). In the methylacetylene system, the initial collision
complexes undergo unimolecular decomposition via tight exit transition states by atomic hydrogen loss, forming
dimethyldiacetylene (GECCCCH,) and 1-propynylallene §8dCCHCCCH,) in overall exoergic reactions (123 and

98 kJ mol") with a branching ratio of 940.1; the methyl group of the 1-propynyl reactant acts solely as a spectator. On the
other hand, in the allene system, our experimental data exhibit the formation of the feii/&té,JésGmer via a six-step

reaction sequence with two higher energy isomexs-1,2-dien-4-yne ZCCHCCCH,)) and hexa-1,4-diyne (HCCGH

CCCH,;) also predicted to be formed based on our statistical calculations. The pathway to fulvene advocates that, in the
allene 1-propynyl system, the methyl group of the 1-propynyl reactant is actively engaged in the reaction mechanism to form
fulvene. Because both reactions are barrierless and exoergic and all transition states are located below the energy of th
separated reactants, the hydrogeriate GHg isomers identéd in our investigation are predicted to be synthesized in low-
temperature environments, such as in hydrocarbon-rich atmospheres of planets and their moons such as Titan along with colc
molecular clouds such as Taurus Molecular Cloud-1.

(b)

1. INTRODUCTION most favorable g isomers and their decomposition

During the last decade, the untangling of the reaction d namff:r%annels using the chemiqally accurate G.ZM modgl chemistry
g ging y R? #” Scheme tlepicts selectedid; isomers in the

and energetics leading to the formation of distigid C approach _ i . )
isomers has received considerable attention from the reactfjfi€r Of increasing relative energies with respect to benzene
dynamic$,combustior, ” and astrochemistry communtties. (0 kJ mol’). These isomers can be sorted into three classes:
Classied as the most fundamental building block of polycycliEt) monocyclic isomers with a six-membered (A) aed
aromatic hydrocarbons (PARS) 2* organic molecules membered ring (B); (2) acyclic molecule_s (C to J), and (3)
composed of fused benzene rifgmnzene (g Dep) cyclic r_noleculeswnh a three-membered ring (K to I\_/I).A_mong
represents not only the simplest neutrafliickel aromatic these8 isomers, fulvene (B) wast prepared by Thiele in
hydrocarbon molecule but also the thermodynamically mo$P00°and represents a prototype of a class of exotic hydrocar-
stable structure among all 216l{somers $cheme 11572 bons fprmally ob_talned by cross-conjugating one ring and a
Dinadayalane et al. computed thgiCpotential energy Methylidene moiety through an exocyclic cadasbon
surface (PES), exploiting ab initio [MglRiesset perturba- double bond. Several acycljelddsomers such as hexa-I,3-dien-
tion theory and coupled cluster single and double substitutiéhyne (C), hexa-1,2,4,5-tetraene (G), hexa-1,2-dien-5-yne (I), and
method with a perturbative treatment of triple excitation
(CCSD(T)] and hybrid density functional theory (B3LYP) Received: April 22, 2019
calculations with the triplebasis séf Mebel, Lin, and  Revised: June 5, 2019
co-workers calculated the isomerization pathways between thélished: June 9, 2019
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Scheme 1. Structures of SelectegHglsomers$'

O 4

A. benzene B. fulvene
("Asg, Den, 0) ('A1, Cay, 129)
\ —Cc==
c. he):a-'1,3-dien-5-yne D. hexa-1,5-diene-3-yne E. dimethyldiacetylene F. hexa-1,2-dien-4-yne
(A Cs. 254) (*Ag. Con, 258) ("Arg, D3g, 287) ('A', Cq, 304)
N\
\\ / —C== i
c\ —
G. hexa-1,2,4,5-tetraene H. hexa-1,4-diyne 1. hexa-1,2-dien-5-yne J. hexa-1,5-diyne
('Ag, Con, 305) (A, Cq, 322) (A", Cq, 323) ('Ag. Con, 324)
C. c
/& L < A <
K. 1,2,3-trimethy yclopropane L1 2-vinyli propane M. 1-methyl-3-vinyli loprop-1-ene
('Ay', Dyn, 354) (A, G4, 372) (A, C,, 409)

2point groups and energies (kJ Maklative to benzene are also shown. Energies were obtainediffom ref

hexa-1,5-diyne (J) were observed in the reaction of self-recdmenzene are suggested to involve hydrogen atom-assisted
bination of the propargy! radicaiig)***° and in the pyrolysis  isomerization of fulvefig}#3 4+

of hexa-1,5-diyne €J)lsomers carrying a three-membered ring

such as 1,2,3-trimethylenecyclopropane (K), 1—methylene-2-|_|2CCCH+ HLCCCH — GHe @

vinylidenecyclopropane (L), and 1-methyl-3-vinylidenecyclo- H,CCCH + H,CCHCH, CgHg M H 2)

prop-1-ene (M) are among the thermodynamically least stable )

CeH;s structures and hold strong tendencies to either decyclize N GHy/iCH gt CH , Citg H ®)

or dimerizeé® Hence, these isomers have not yet been observed

in combustionames or in the interstellar medium (IS¥). nGH+ CH,  Cdis Q)
The thermodynamically most stable isorbenzene has +

been observed in combusti@mes, ’ in the ISM? and in Cofls+ CHg Gt M H ®)

our solar systeft> The majority of the experimental and C,Hg+ C,H Cg H (6)

theoretical investigations indicate that benzgHg)(@hd the

phenyl radical (§1<) might be formed involving reactions of ~ CaHe+ C2 CgHy H @)

resonantly stabilized freedicals including propargyl
(H,CCCH) self-combinationl),*®*® the reaction of prop- HCCCH + HCCCHHLCCH,  Cdte H  (g)

argyl (HLCCCH) with allyl (HCCHCH,) (2),* the reaction The aforementioned compilation reveals that the untangling
of acetylene (£1,) with the n- and/or i-1,3-butadien-1-yl  of the formation mechanisms of fulvene along with its isomers
radical (GHs)® (3), collisions of acetylene ,(G) with the under single collision conditions is still in its infancy. Here, we
n-1-buten-3-yn-1-yl radical,¢G) ®° followed by third body  access thegHs and GH, PESs via the barrierless reactions of
stabilization 4),>° and the radicaladical recombination of the 1-propynyl radical (GEC) with methylacetylene (GH
methyl (CH) with cyclopentadienyl (8:) (5).'**” Under =~ CCH) and allene (CKCCH,). By combining the experimental
single collision conditions as provided in crossed moleculasults, including selective isotopic labeling with electronic struc-
beam experiments, benzene and phenyl are synthesized viduhe calculations, we provide compelling evidence that several
barrierless, bimolecular gas-phase reactions of 1,3-butadieigh-energy §ls isomers among them fulvenecan be for-
(C,He) with ethynyl (GH)* and dicarbon (§,®respectively = med via barrierless elementary reactions under single collision
(6 and 7). Fulvene, a higher energy isomer of benzene, hasnditions excludinghydrogen-assisted isomerization pro-
been suggested to play a critical role in the formation sfesses, thus providing an unprecedented approach of
benzené&’%%° 41 Hansen et al. pointed out that benzene elucidating the primary reaction products formed.

might be formed via fulvene in allene OEH,) and

methylacetylene (GBCH) ames involving reactions of 2. EXPERIMENTAL AND COMPUTATIONAL

propargyl (GH,) with C;H, molecules&).*° *? Fulvene is METHODS

predicted to be the major product in the reactiongtdf € 2.1. Experimental Methods. The reactions of 1-propynyl
CsH; (1), CHy + CH %23) and GHs + CH; (5) under (CH4CC; XA)) with methylacetylene (GACH; XA),
combustion conditio%% 53639 The key pathways to methylacetylers- (CDsCCD; X'A;), methylds;-acetylene
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(CD4CCH; XA)), methylacetylerdy- (CH,CCD; XA), constant of 4.25s amu'? and then ltered according to
allene (CHCCH,; X'A)), and allene, (CD,CCD,; XA) mass-to-charga(z) ratios using the QMS (Extrel; QC 150)
were studied under single collision conditions, exploiting equipped with a 2.1 MHz oscillator. The ions are then
universal crossed molecular beams machine at the Universitgelerated by a negative 22.5 kV potential onto an aluminum-
of Hawaif®> In the primary source chamber, the pulsedcoated stainless steel target, thus generating a cascade of sec-
1-propynyl molecular beam was produced by photodissociationdary electrons that is directed toward an aluminum-coated
of 1-bromopropyne (GECBr; 1717 CheMall, 95%) seeded at scintillator. The resulting signal is collected by a photomulti-
a level of 0.5% in helium (99.9999%; AirGas) at 193 nrplier tube (Burle, model 8850) operated at a negative potential
(Complex 110, Coherent, Inc.) at 60 Hz and 20 mJ per pulsef 1.35 kV. The signal output is discriminated at 1.6 mV
This gas mixturestored in a Teon-lined sample cylin- (Advanced Research Instruments, model F-100TD) and
def* was regulated to 760 Torr and introduced into arecorded by a multichannel scaler (SRS 430).

piezoelectric pulsed valve operating at 60 Hz at pulse widths ofime-of-ight (TOF) spectra were recorded at laboratory
80 s and peak voltages of00 V. The pulsed 1-propynyl (LAB) angles in the range 6f 0 69 with respect to the
beam passes through a skimmer and is velocity-selected Hy@opynyl radical beam € 0°). The TOF spectra were then

four-slot chopper wheel rotating at 120 Hz. On-axs(() integrated and normalized to obtain the product angular
characterization of the primary beam determines a pedistribution in the LAB frame. To obtain information on the
velocityv, of 1759 m s and a speed ratfof 8.3 (Table ). reaction dynamics, a forward convolution method is used to
transform the LAB data into the CM fratheé® This repre-
Table 1. Peak Velocitiesf) and Speed Ratiosy of sents an iterative method, whereby the useedleCM
1-Propynyl (CHCC), Methylacetylene (CYCCH), translational energyE;) and angulaf( ) ux distributions
Methylacetylend, (CD;CCD), Methylds;-acetylene are varied until a suitabteof the LAB frame TOF spectra and
(CD3CCH), Methylacetylené; (CH;CCD), Allene angular distributions are achieved. The CM functions comprise

(CH,CCH,), and Allened, (CD,CCD,) Beams along with  the reactive derential cross-sectitfn,u), which is taken to
the Corresponding Collision Energie4) and CM Angles  be separable into its CM scattering angled CM velocity

( cm) for Each Reactive Scattering Experiment u componentd(u, ) P(u) x T( ). The di erential cross-
E section is plotted as ax contour map that serves as an image
e v (m's Y s (Imol) o (deg) of the reaction. Errors of tiE;) and T( ) functions are

determined within the lerror limits of the accompanying

2
CaHs (XA 1767+ 10 8.0+ 03 LAB angular distribution while maintaining a goad the

CH,CCH 800+ 10 12.0+ 0.4 37.1* 04 257 0.3
OCA,) LAB TOF spectra.
CD,CCD 790+ 10 12.0+t 04 38. % 04 275 03 2.2. Computational Methods. Geometry optimization
(X*A) for the reactants, intermediates, transition states, and products
CDsCCH 790+ 10 12.0+ 0.4 383 04 27.6: 03 on the GH; PES pertinent to the reactions of 1-propynyl
(X*A) radical with allene and methylacetylene were carried out on the
C(H;&?)D 800+ 10 120t 04 37604 262203 density functional B3LYP level of th&o® with the
CaHs (X2A) 1750+ 8 8.6+ 0.4 6-311G(d,p) basis set. Vibrational frequencies were computed
CH,CCH, 800+ 10 12.0t 0.4 36.4: 03 250 03 on the same B3LYP/§—31;G(q,p) level and were used for the
(X*A) evaluation of zero-point vibrational energy (ZPE) corrections
CD,CCD, 790+ 10 12.0+ 0.4 37.3 0.3 27.3 0.3 and in calculations of rate constants. Single-point energies for
(X'A) all stationary structures werenegl by single-point calcu-

lations using the explicitly correlated coupled clusters CCSD-
The primary beam crosses perpendicularly the secondary supBr-F12 method** with Dunnings correlation-consistent
sonic beam of the hydrocarbon reactant generated in the sec-pVTZ-f12 basis sét.The expected accuracy of the
ondary source chamber. In each reaction system, the hyd@=SD(T)-F12/cc-pVTZ-f12//B3LYP/6-311G(d,p) + ZPE-
carbon backing pressure was regulated to 550 Torr and f@BLYP/6-311G(d,p) relative energies is within 4 kJ*mol
into the secondary pulsed valve operated at a repetition rateasfbetter:® The B3LYP and CCSD(T)-F12 calculations were
60 Hz, a pulse width of 88, and a peak voltage @f00 V.  performed using the GAUSSIAN ‘Ggnd MOLPRO 2016
The methylacetylene and allene velocity distributions wemgogram packages, respectively. Energy-dependent rate con-
determined to bg, = 800+ 10 m s' with S= 12.0+ 0.4 stants of all unimolecular reaction steps on ¢He RES
resulting in nominal collision enerdgigof 37.1+ 0.4 and following initial association of the 1-propynyl radical with the
36.4+ 0.3 kJ mol and center-of-mass (CM) angleg, of C;H, isomers were computed using the Feensperger
25.7+ 0.3 and 25.% 0.3, respectively. The peak velocities KasselMarcus (RRKM) theory. °* The available internal
and speed ratios along with the collision energies and Ckhergy was taken as a sum of the collision energy and the
angles for methylacetylene, methylacetyleneethylacety- chemical activation energy, that is, negative of the relative
leneel;, methylacetylertg; allene, and alledgare summar-  energy of a species with respect to the reactants. One energy
ized inTable 1 level was considered throughout as a zero-pressure limit
The machine operates a triplyedéntially pumped detector corresponding to crossed molecular beam conditions. The
rotatable in the plane ded by both sources; this detector numbers and densities of states were computed within the
comprises a Brink-type ionize,quadrupole mass spectrom- harmonic approximation mgi the B3LYP/6-311G(d,p)
eter (QMS), and a Daly-type ion coufitethe neutral frequencies. Product branching ratios were evaluated by
products formed in the reactive scattering process enter thelving rst-order kinetic equations within steady-state
detector and are ionized through electron impact at an electrapproximation utilizing the RRKM rate constants for individual
energy of 40 eV, at a current of 1.4 mA, and anigbh reaction steps. Rate constants for barrierless hydrogen atom
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eliminations in the unimolecular decomposition of fulven 100
were computed using variational transitional-state theory@ 2275
The RRKM and branching ratio calculations were carried ol
using a newly developed in-house code, which processes
output of GAUSSIAN 09 frequency calculations to carry ot
the direct count of the number of states for transition state
and the density of states for local minima.

® 25.25

Counts

3. RESULTS

3.1. LAB FrameFor both the reactions of the 1-propynyl
radical (CHCC; 39 amu) with methylacetylene (CI&H;
40 amu) and allene (GHCH,; 40 amu), the reactive
scattering signal was observed at mass-to-chargenfajios (
of 79 (3CCH¢"), 78 (GHe"), and 77 (GHs") formally
connected to the adduct, the hydrogen loss reaction produ
and the molecular hydrogen loss product, respectively. T 100
TOF spectra recorded at these mass-to-charge ratios exhib(®)
identical patterns after scaling with the signal zat 79
collected at a level of about 7%ntf = 78. Thesendings
suggest that the signalsnét = 78 and 77 originate from the
same reaction channel forming the heavy prodgdds; (C
78 amu) along with atomic hydrogen (H; 1 amu); the signal a
m/z = 77 can be attributed to dissociative electron impac
ionization of the §Hg product in the electron impact ionizer, % 2775 3025
whereas the ion countswiz = 79 can be correlated with the
13C-substituted gy product arising from the natural
distribution of carbon atom isotopes. Therefore, havin
evidenced the hydrogen atom loss channel, the TOF spec
of the nascentlg reaction product were collected at the best
signal-to-noise ratio e z = 78 at distinct LAB angles from
15.28 to 45.28 in 2.5 intervals with up to 18 1¢° TOFs

per angle kigure ); note that the signal @z = 77 was  from the reaction of 1-propynyl (§EC; XéA,) with (a) methyl-
detected at a level of typically 128% companatizte 78. acetylene (CKCCH, XA, and (b) allene (CHCCH, X'A).
Contributions from the nonreactive scattering of the primaryhe open circles are experimental data, and the red lines are the
beam, vered by scattering with argon, were subsequentligest ts.

subtracted from the TOF spectra close to the primary bean
The resulting TOFs were then normalized with respect to the H,CCC (39 amu)}+ Q CCCD (44 amu)
CM angle ( ¢y) to obtain the LAB angular distribution (LAD;
Figure 2. Considering the interference from the primary beam,
the lowest angle of the LAD can just reach°19:86 LAD
distributions for both systems span neaflyB6in the scat-
tering plane and are symmetric aroufgl This result suggests
indirect scattering dynamics and bougtd; Ceaction inter-
mediate(s) dissociating tgHg plus atomic hydrogen.

In order to elucidate the detailed position(s) of the atomic T4 further pinpoint the position of the deuterium loss from

hydrogen loss(es), the reass of 1-propynyl radical (e meth

: ! . ylacetylene reactantethyl or ethynyl groupdata

(CH4CC; 39 amu) with (partially) deuterated me_thylacetyler)qure collected in the 1-propynyl (O€; 39 amu) methyl-

and allene were performed as well. Isotopic substitutiof . . 1ane (CIZCH; 43 amu) s stem at/z = 81

experiments present an ideal tool to extract the hydrogen at @ H Dy+) (11) andm/,z = 80 (GH DX) (12 for potential
6' 133 - 42

drogen and/or deuterium atom losses from the acetylenic

80 20.25 25.25

Counts

Flight Time (us)

Figure 1. TOF spectra recorded at mass-to-chawgg {8 (CsHg")

CsH,D,(82am) H (1 amu) 9)

H,CCC (39 amu)+ L CCCD (44 amu)
C;HD481lamu) D (2 amu) (10)

loss position(s)? °° First, these studies focused on the atomi
hydrogen and deuterium loss channels of the 1—propyr£&

radical (CHCC; 39 amu) with methylacetyleahdCD,CCD;
X'A;; 44 amu), methyds-acetylene (CECCH; XA
43 amu), and methylacetyleh¢CH,CCD; XA;; 41 amu).
For the 1-propynyl radical (GEC; 39 amu) methylacety-
lened, (CD5CCD) system (reactioBsand10), TOFs recorded
atm/z =82 (GH,D,") (9) andmvz = 81 (GH3D5") (10 at
the CM angle of 26.8uggest no signahaliz = 82 (Figure 3);

ydrogen and/or the methgy-group at methylacetylene.

A signal was observedrérz = 81 (GH3D5*) andm/z = 80
(CgH4D,"). Therefore, the signal af z = 81 suggests the
existence of a hydrogen atom replacement (rebbtisince

the aforementioned data reveal that no atomic hydrogen was
lost from the methyl group, for the 1-propynyl LOEF)
methylds;-acetylene (CIZCH) system, the hydrogen atom

ion counts were only observethat = 81. Consequently, the can only be emitted from the ethynyl (CCH) moiety.

signal atm/z = 81 is attributed to the formation ofHzD5
resulting from an exclusigeuterium atom loskannel.

H,CCC (39 amuj+ LQ CCCH (43 amu)

Therefore, no atomic hydrogen was emitted from the methyl

moiety of the 1-propynyl radical (§3<).
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Figure 2.LADs recorded at a mass-to-chamge) (ratio of 78 (GH¢'") in the reaction of 1-propynyl (QEIC; X2A,) with (a) methylacetylene
(CH4CCH, XA)) and (b) allene (CHCCH,; X'A,). The circles dee the experimental data, and the red lines represétmgieased on the best-

t CM functions depicted iigure 1Error bars arel . The CM arrow indicates the CM angle. The corresponding Newton diagrams relating the
LAB reactant and CM frame product velocities are shown below each respective angular distriQhitiopro@ibetQix is inlaid within the
Newton circle (colored), which has a radius equal to the maximum CM velagityasf @ened by the CM functions depicted-igure 1

H,CCC (39 amu)+ [ CCCH (43 amu) extent the hydrogen loss occurs from the propynyl and/or
from the allene reactant. We probed the reactive scattering
CeHD, (B0 amu) D (2 amu) (12) signals at/'z = 82 (GH,D,") (reaction15 andm/z = 81

(CgHsD3") (reaction16) and observed a strong signal at both

Further, a set of data was collected for the reaction of tf}ﬁ : : :
X ) - e mass-to-charge ratios. This suggests that at least the atomic
1-propynyl radical (CRC; 39 amu) with methylacetylehe- 41450 Joss is open (reacti@y once again, the signal at

I(CHSCCD; 41 glel) to probte the hydrt?gen abr;d/or d_el;tgeriumnvz = 81 could also arise from dissociative electron impact
ossesKigure 8). lon counts were observa B ionization of the neutralgd,D, product, so it is dicult to

(CeDHs") (reactionl3) andm z = 78 (GHs') (reactionl4). experimentally pin down the contribution of reactidn

The data atr/ z = 79 suggest that the hydrogen atom is los ; ;
from the methyl group of the methylacetylene reactant. Notg;acause of the associated costs of the (partially) deuterated

. . ¢ L emicals, data were only collected at the CM angles.
that ion counts at/z = 78 can also arise from dissociative y 9

electron impact ionization of the produgdlds formed via H4CCC (39 amuy+ D CCCD (44 amu)

reactionl3. Therefore, the results from the 1-propynyl radical

(CH,CC) methylacetylertg-(CH,CCD) system demonstrate CeH:D,(82amu)  H (1 amu) (15)
the existence of a second hydrogen loss chaesales

reaction9 from the methyl group (reactidf). Accounting H,CCC (39 amu)+ [ CCCR (44 amu)

for the 13 isotopic contributions totaling to 6.6% for six CHD,(Blamy) D (2 amu) (16)

carbon atoms and integrating the ion counts, the branching
ratio of the hydrogen atom loss from the ethynyl group versusin summary, the isotopic experiments reveal that for the
the methyl group of the methylacetylene reactant ig-propynyl (CHCC) methylacetylene (GBCH) system,

determined to be 94 0.1. the hydrogen loss originates solely from methylacetylene with
branching ratios of the ethynyl versus methyl group bf 9.4
HCCC (39 amu}+ H CCCD (41 amu) 0.1. However, for the reactions of the 1-propynyl radical
DH. (7 H (1 (CHSCC) with allene (CHCCH,), the hydrogen loss orig-
CeDH5 (79 ame (1 amu) (13) inates at least from the 1-propynyl radical.
3.2. CM Frame.In both the reactions of the 1-propynyl
HLCCC (39 amu)+ H CCCD (41 amu) radical (CHCC; 39 amu) with methylacetylene (C&H;
CeHg (78 amu) D (2 amu) (14) 40 amu) and allene (GBCH,, 40 amu), TOFs and LAD

angular distribution can be using a single reaction chan-
Finally, the reaction of the 1-propynyl radical ;QCH nel with the products of the generic formugCand
39 amu) with allengr (D,CCCD,; 44 amu) gauged to what atomic hydrogen. The besting CM functions are shown in

5450 DOI:10.1021/acs.jpca.9b03746
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(@) 100 Additional_informgtion on the reaction dynamics can be
80 s . obtained by inspecting the CM angular distrib@ijon For
&0 CeH.D,* oD, the reaction of the 1-propynyl radical {C8; 39 amu) with
40 methylacetylene (GBCH; 40 amu), the CM angular distri-
bution T( ) (Figure 4) displays nonzero intensity over all
angular range, suggesting that the product was formed via
indirect scattering dynamics via activately Gomplex(es).
100 Second, the forward-backward symmefry plsuggests the
lifetime of the intermediate being longer than its rotational
period. For the reaction of the 1-propynyl radicatGCH
with allene (CHCCH,), the CM angular distributiof( )
(Figure #) displays similar features compared to the reaction
of the 1-propynyl radical (GEC) with methylacetylene (GH
CCH; 40 amu)T( ), with a nonzero intensity at all angles and
forward-backward symmetry, indicates that the product was
10 formed via a relatively long-lived activatet) Complex via
(c) - X _
indirect scattering dynamics as well.

Counts

A9, SRR S SRR L

m/z 80 m/z 81
& CeH,D," CeHaDs5*

Counts
s
8

4. DISCUSSION

In the case of polyatomic systems such as the reactions of the
1-propynyl radical with methylacetyléngufes 59; Tables 2

and3) and alleneKigures 1013 Tables 4and5), it is bene-

100 cial to combine experimental data with the electronic

8 \ structure and statistical calculations to elucidate the underlying
reaction mechanism(s).

4.1. 1-Propynyl Methylacetylene System. For the
1-propynyl methylacetylene system, the electronic structure
calculations idengd ve exit channelpl p5) leading via
indirect scattering dynamics through multipld, Gnter-
mediatesil i7) through atomic hydrogen logd ( p3, p5)
and methyl radical eliminatig) to distinct GHg and GH,
isomers Figure 3. With the exception @5 (+2 kJ molY),
with (a) methylacetylemk- (CD,CCD), (b) methyld-acetylene  the reactions are overall exoergic by 27&J mol*. A com-
(CD3CCH), (c) methylacetylertg-(CH;CCD), and (d) allenel parison of the computed reaction energies for the atomic
(CD,CCD,) leading to D- and H-loss products. The open circleshydrogen loss with the experimentally determined reaction
represent the experimental data, and the red line represents theenergy of 122+ 19 kJ mol* suggests the formation of at
obtained from the forward convolution routine. least the dimethyldiacetylene (CBCCCH,) isomer along
with atomic hydrogenp{). On the basis of the reaction
Figure 4 The hatched areas of tRgsr) and T( ) func- energies leading p@ andp5, these isomers might be masked
tions are determined within the drror limits of the LAB by the low energy tail of the CM translational energy
angular distribution along with the peak velocities andistribution. How can the dimethyldiacetylene molecule be
speed ratios. It is important to highlight that both the systenfermed? Our calculations revealed four barrier-less entrance
reveal striking derences in the reaction energies. The maxiehannels dictated by the addition of the 1-propynyl radical
mum energ¥,,.,0f each CM translational energy distribution (CH;CC) with its radical center to the carboarbon triple
P(E;) (Figure 4,b) is represented by the sum of the collisionbond at C1 and/or C2 of methylacetylene leading to the cis/
energy and the reaction eneigy,, = Ec G. For the trans doublet radical intermediatdy/[[i2] and [i3]/[ i4],
reactive scattering of the 1-propynyl radical@CH39 amu) respectively. Considering the destabilizing sterical interaction
with methylacetylene (GEICH; 40 amu), the maximum with the methyl group] and [i4] are less stable by 14 kJ rhol
P(E;) was derived to be 159 19 kJ mol' suggesting a compared toil] and [i2]. Each cis/trans isomer pair can be
reaction energy of122+ 19 kJ mol* to form GHg along converted by a low barrier of only 28 kJ mol*. The cyclic
with atomic hydrogen loss. The distribution maximum ofntermediate ip] interconverts il] and [i3] through the
P(E;) at 23 kJ mol indicates a tight exit transition state migration of the 1-propynyl groujf][can lose a hydrogen
leading to gHg formation. An average translational energy ofitom forming the 1-methyltriafulvene isonp&). (Inter-

69 + 8 kJ mol* suggests that only 43% of the energy ismediatesif] and [i7] are the results of hydrogen migrations
channeled into product translation, thus proposing an indireit [i1] and [i2] from the former ethynyl or methyl moieties of
reaction mechanism. On the other hand, for the reactivie methylacetylene reactant; these hydrogen shifts have signif-
scattering experiment of the 1-propynyl radicakQCH icant barriers between 117 and 184 kJ'midbst impor-

39 amu) with allene (CIECH,; 40 amu), the maximum tantly, intermediategl] and [i2] can undergo unimolecular

Counts

Counts

Flight Time (us)

Figure 3.TOF spectra for the reaction of 1-propynylJOEt XCA,)

P(E;) terminates sigréantly higher at 305 18 kJ mol,
deriving a reaction energy &f69+ 18 kJ mol* for CHg
along with atomic hydrogen. The distribution maximum othe separated produgté and p2, respectively. Therefore,

P(E;) at 59 kJ mol* suggests thatg8, is formed via a tight

exit transition state as well.

decomposition via atomic hydrogen loss via tight exit transition
states located 24 and 12 kJ mol* above the energy of

based on the experimentally derived energetics along with
the electronic structure calculations, we can reveal that the
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Figure 4.CM functions for the formation ofH via atomic hydrogen loss in the reactions of 1-propymyC@CHZA,) with (a) methyl-
acetylene (CKCCH, XA)) and (b) allene (CHCCH,; X'A,). Top: Translational energyx distributions; bottom: angulax distributions.
The hatched areas de regions of acceptabts.
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Figure 5.PES for the bimolecular reaction of the 1-propynydCH@ZA,) radical with methylacetylene ({€H, XA,).

1-ethynyl radical adds with its radical center without entran@8 kJ mol*. It should be noted that because of the mismatch
barrier to the sterically more accessible C1 atom of methyf the computed (276 kJ mol) and experimentally derived
acetylene forming1] and/or [i2], which can interconvert reaction energies {22 + 19 kJ mol'), the fulvene [{4)
easily. Hereafter, these initial collision complexes can losésamer is not formed. This pathway would require the involv-
hydrogen atom via tight exit transition state(s) forming at leasiment of the intermediat&] along with multiple isomer-

the dimethyldiacetylene (GECCCCH;) isomer f1). The ization processeSdction 42

indirect scattering dynamics via long-liyeld @action inter- Having identied the dimethyldiacetylene ({C,ECCCH)
mediate(s) and the tight nature of at least one exit transitioisomer p1) as at least one reaction product, we are attempting
state are also vezd by the CM functionssgction 3)2 with to reconcile the results of the isotopic substitution experiments

the CM translational energy distribution peaking at aroun(iSection 3)lwith the aforementionechdings that (a) the
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Figure 7.PES for the bimolecular reaction of the 1-propynyGCHYA,) radical with methyl--acetylene (CITCH; XA,)).

hydrogen atom is emitted from the methylacetylene reactaptoduct of the hydrogen atom loss; this labeling experiment
and not from the methyl group of the 1-propynyl reactant anderi es the aforementioned ideadition of the dimethyldia-

(b) two distinct GHg isomers are formed via hydrogen atomcetylene isomer. Finally, the 1-propymegthylacetylerd-

loss from the ethynyl and methyl groups of the methylacetylesgstemigure $ helps to identify a second channel. H&e,

reactant with a branching ratio of8.8.1.Figures 68 trace

p3, andp5 would correlate with an atomic hydrogen loss; how-

the position of the deuterium atoms incorporated in theever, sincp4 andp5 were already excludgddgure §, only
methylacetylene reactants. Most important, the sole detectip@ remains as a possible product of the hydrogen atom loss,
of the deuterium atom loss channel in the 1-propynyl revealing that propynylallene@ECHCCCH) is formed via
methylacetylersy-system provides clear evidence that neithedecomposition off] and/or [i2]. These pathways are com-
thep4 nor thep5 isomer is formed because their pathways arpiled inFigure 9

solely connected with the loss of atomic hydrogen but not To further test our ndings, statistical RRKM calculations

deuterium Figure §. On the other hand, the formatiorpaf

were conducted to predict the branching ratios of the products,

andp2 can fully account for the deuterium loss pathway. Witlissuming that a complete energy randomization in the reaction

the exclusion g#4 andpb5, the 1-propynylmethylacetylene-
d; system ftigure Y provides conclusive evidence {Hat
dimethyldiacetylene (GEICCCCH;) is formed. Tagging
the deuterium atoms reveals that in pringglgl, andp5
can account for atomic hydrogen loss; gdh@ndp5 were

intermediate takes pladables 2and3). The initial approach
discriminates the attack of the 1l-propynyl radical at the C1
(Table 3 and C2 carbon atoms of methylacetyl&énélé 3.

For the atomic hydrogen loss, at our collision energy of
37.1 kJ mol, the statistical calculations predict a predominant

already excludedrigure §, only p1 remains as a possible formation oplandp2with a branching ratio of &@0.2/1.0;
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Figure 8.PES for the bimolecular reaction of the 1-propynyQCHXA,) radical with methylacetylehe(CH,CCD; XA,).

here, the uncertainty in the branching ratios was evaluated teyeal the possible existence of 11 chapielsl(l) leading

varying the energies of critical transition states ky mol* via indirect scattering dynamics through multigle iGter-

the expected uncertainty in retaénergies. This branching ratio mediatesil i23) to atomic hydrogen lospl p5 andp9

agrees very well with our experimentally determined result @f0) and elimination of heavy fragments [methy] (i);

9.4+ 0.1 if the 1-propynyl radical only attacks the C1 carborinyl GH; (p7); and acetylene,8, (p8 andpl11)] in overall

atom of the methylacetylene reactant. This ratio only slightBxoergic reactions 406 to 12 kJ mol') (Figures 1013

varies with the collision energy from 11.1 to 7.7 when th&ables 4and5). Once again, a comparison of the compu-

collision energy increases from 0 to 41.8 kJ.rAnlattack at  tationally predicted reaction energies for the atomic hydrogen

the C2 carbon atom would also result in a branching ratio ddss channel with the experiratiytdetermined reaction energy

pl versusp2 of 9.0+ 0.2/1.0. However, the methyl loss of 269+ 19 kJ mofl* correlates well with the formation of at

channel which was unobserved experimentally with uppeleast the formation of the fulvene isompér ( 280 kJ mof).

limits of 15% should dominate the scattering dynamics if theFits attempting the inclusion of the thermodynamically more

1-propynyl radical adds to the C2 carbon atom. Therefore, thiavorable benzengs) channel yield TOF spectra too fast and

mismatch between the predicted methyl versus atomic hydi@-LAD distribution too broad. On the other hani,

gen for the C2 attack and the agreement with the branchiragcounting for the formation of 1-propynylallee yield

ratio for the hydrogen loss and lack of methyl eliminatiosimulated TOFs being too slow and a LAB angular distribution

pathway would support an initial addition of the 1-propynytoo narrow. However, based on energetical constraints alone,

radical to the Cl-atom of methylacetylethe sterically the isomerpl p3 andplO might be hidden within the low-

preferred addition site. energy section of the CM translational energy distribution.
In summary, the reaction dynamics of the 1-propyetfyl- Can the results from the 1-propyalened, system elimi-

acetylene system are dictated by an initial barrierless additiomafe any pathways? Recall that at least the atomic hydrogen

the 1-propynyl radical with its radical center to the stericallglimination from the methyl group of the 1-propynyl was

more accessible C1 carbon atom of the methylacetylene reactédgerved. This can account for the formatiq3,qi4, p5,

leading via indirect scattering dynamics to intermedi#itg(s) [ andp10 (Figures 1'and12). Recall that the assumption of a

and/or [i2]. These intermediates are likely to interconvert tobenzenef5) channel cannott the experimental data since

each other, considering the low barrier of only 25 k3 mol the ts resulted in TOF spectra being too fast and a LAD

Upon unimolecular decomposition of these collision condistribution too broad. Therefore, the data of the isotopic

plexes via tight exit transition states, both dimethyldiacetyleagperiment along with the energetics of the reaction propose that

pl (CH,CCCCCH;) and 1-propynylallerg (H,CCCHC- at least fulven@4) and possiblp3 and/or p10are formed as

CCH) are formed in overall exoergic reactions with an expefisell with both higher energy isomers masked in the low-energy

mental branching ratio of 4.1 compared to 8400.2/1.0, section of the CM translational energy distribution.

as predicted by RRKM calculations. The formation of theseOn the basis of our electronic structure calculations, the

isomers requires the energy mw’ from the initially formed  1-propynyl radical may add to the terminal or the central carbon

carbon carbon single bond over one and three bonds to formatom of allene, forming intermediatd{ [i2] and [i3], respec-

the nalplandp2 products, respectively. It shall be noted thattively, without barrier to addition. Considering the barrierless

the experimental branching ratio was derived based on partiaiture of the reaction, large impact parameters should dominate,

deuterated systems, whereas the RRKM studies exploited falhgl hence the 1-propynyl radical should add preferentially to

hydrogenated reactants; this might explain the slight quantine of the terminal carbon atoms of alléfiéis position of

tative disagreement. addition is also favored by the electrophilic 1-propynyl radical
4.2. 1-Propynyl Allene System. Considering the because it preferentially adds to the carbon atom of the allene

1-propynyl allene system, the electronic structure calculatiomaolecule with the highest electron density (C1/AB46;
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Figure 9.Reaction schematic for the reaction of 1-propynyQCHEA,) with (a) methylacetylerta-(CD,CCD), (b) methylds-acetylene
(CD4CCH), and (c) methylacetyledg{CH,CCD), leading to D- and H-loss products.

Table 2. Statistical Branching Ratios (%) from Intermediate Table 3. Statistical Branching Ratios (%) from Intermediate

i1 for the Reaction of the 1-Propynyl (GBC) Radical i3 for the Reaction of the 1-Propynyl (GBC) Radical
with Methylacetylene (KECCCH) at Various Collision with Methylacetylene (KECCCH) at Various Collision
Energie§ Energie§
Ec (kJ mol?) Ec (kJ mol?)
0 12.6 25.1 37.1 41.8 0 12.6 25.1 37.1 41.8
pl 80.1 81.6 82.5 82.9 82.9 pl 5.6 4.3 3.3 2.7 2.5
p2 7.2 8.3 9.4 10.3 10.7 p2 0.5 0.4 0.4 0.3 0.3
p3 125 9.8 7.8 6.5 6.1 p3 93.8 95.3 96.3 96.9 97.2
p4 0.2 0.3 0.3 0.3 0.4 p4 0.0 0.0 0.0 0.0 0.0
p5 0.0 0.0 0.0 0.0 0.0 p5 0.0 0.0 0.0 0.0 0.0

®Here,pl p5 are dimethyldiacetylene, hexa-1,2-dien-4-yne, methyfHere,pl p5 are dimethyldiacetylene, hexa-1,2-dien-4-yne, methyl-
acetylene, fulvene, and 1-methyl-3-vinylidenecycloprop-1-ene.  acetylene, fulvene, and 1-methyl-3-vinylidenecycloprop-1-ene.
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Figure 10.PES for the bimolecular reaction of the 1-propynyQCH@A,) radical with allene (C}ECH,; X'A,).

Figure 11.PES for the bimolecular reaction of the 1-propynyQCH?EA,) radical with allengs (CD,CCD,; X*A,).

5456 DOI:10.1021/acs.jpca.9b03746
J. Phys. Chem. 2019, 123, 54465462


http://dx.doi.org/10.1021/acs.jpca.9b03746

The Journal of Physical Chemistry A

Figure 12.Reaction schematic for the reaction of 1-propynyQCH?A,) with allened, (CD,CCD,), leading to D- and H-loss products.

C2; +0.08 according to the calculated natural atomic cfiéfges). Taple 4. Statistical Branching Ratios (%) from Intermediate

As a glatter of fact, reactions of allene with isolobal ethynli> for the Reaction of the 1-Propynyl (C}€C) Radical
(CzH) " and cyano (CNy’radicals studied under single colli- ith Allene (H,CCCH,) at Various Coliision Energiés
sion conditions in our laboratory revealed that the doublet

radical reactant solely added to the terminal C1/C3 carbo Ec (kJ mol?)

atoms of allene. Therefore, we might expect an (almos 0 12.6 25.1 36.5 41.8
exclusive addition of the 1-propynyl radical to the terminal C1/ pl 54.9 63.5 69.5 733 74.7
C3 atoms of allene leading td]/[ i2]. It should be noted 2 16.4 16.2 15.6 15.0 14.7
though that the addition of the 1-propynyl radical to the C2 3 0.0 0.0 0.0 0.0 0.0
carbon would produce a resonantly stabilized rigjicahjch p4 5.6 45 38 3.4 32
is 105 kJ mot lower in energy thanil]/[ i2]. The p5 0.4 0.4 0.4 0.3 0.3
intermediates3] and [i1]/[ i2] can interconvert relatively easily g 0.0 0.0 0.0 0.0 0.0
via barriers, which are lower than those for any of their p7 0.2 0.2 0.2 0.2 0.2
decomposition channels. With respect to the formation of pg 0.0 0.0 0.0 0.0 0.0
fulvene, we are focusing now on the 1-promiteried, system p9 225 15.0 10.2 7.4 6.5
and the experimentally ved atomic hydrogen lo$sdures 11 p10 0.0 0.0 0.0 0.0 0.0
and 12). Note that two distinct fulvene isotopologues can be p11 0.1 0.2 0.3 0.4 0.4

formed via atomic hydrogen (froil]) and deuterium 10SS  ayere p1 p11 are hexa-1,4-diyne, penta-1,2-dien-4-yne, 1-methyl-
(from [i15] and [i20]). The reaction pathways leading solely to ene-2-vinylidenecyclopropane, fulvene, benzene, cyclopenta-1,2,4-
fulvened, are compiled ifrigure 12 Here, two key reaction triene, buta-1,2,3-triene, 1,3-butadien-2-yl + acetylene, penta-1,2,3,4-
pathways can be ideptl. From the initial adduét], the “low tetraene, hexa-1,4-diyne, and buta-1,2-diene + acetylene.

barriet six-step reaction sequentk [ [i5] [i6] [i7]
[i8] [i9] fulvene + hydrogen involves three hydrogenrate-limiting transition stat@]]  [i24] located 36 kJ mdf
shifts, cistrans isomerization, and cyclization with inherenbelow with respect to the separated reactants; notélihat [
barriers ranging lower than 70 kJ hvaith respect to the sepa- can also isomerize ti29] in one step. Overall, all reaction

rated reactants. Note th#f] [can also isomerize @] prior to sequences involve an initial addition of the 1-propynyl radical
a hydrogen shift leading 16][ A secondhigh barriéreight- to the C1/C3 carbon atoms of allene leadingli@pd even-
step pathway involves the sequeiite [ [i2] [i24] tually form the decomposing intermediék ([Figure 1R

[i25] [i26] [i27] [i28] fulvene + hydrogen witha On the basis of the energies of the transition states, the
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Table 5. Statistical Branching Ratios (%) from Intermediate thermodynamically less stable isomers; further, ipdraacs

i3 for the Reaction of the 1-Propynyl (GBC) Radical with p2 should be formed exclusively via atomic deuterium loss
Allene (H,CCCH,) at Various Collision Energiés (Figure 1), which was masked in the 1-propyaltned,
system because of dissociative ionization ofHbB (arent

Ec (kJ mol) (Section 3)2 Therefore, fulvene can be clearly idettas a

0 12.6 25.1 36.5 41.8 reaction product, albeit with small branching ratios, with
pl 57.2 64.5 69.4 72.5 73.6 predicted scattering signal arisinggfaendp2. Note that the
p2 20.3 19.6 18.6 17.6 17.2 failed identication absence of benzene formation can be
p3 0.0 0.0 0.0 0.0 0.0 rationalized through a comparison of the barriers involved in
p4 4.2 3.4 2.8 2.5 2.3 the benzene versus fulvene formatieigu(e 1D The
p5 0.3 0.3 0.3 0.2 0.2 formation of benzeng%) has to proceed via the sequence
p6 0.0 0.0 0.0 0.0 0.0 [i9] [i21]  [i22] [i23]  benzene + hydrogen where
p7 0.2 0.2 0.2 0.2 0.1 the computed rate constant for the rate limiting isomerization,
p8 0.0 0.0 0.0 0.0 0.0 [i9] [i21], is 2.3x 1¢*s ~. The computed rate constant for
p9 17.7 12.0 8.7 6.8 6.2 the competing decomposition of % isomer to fulvene + H
p10 0.0 0.0 0.0 0.0 0.0 bimolecular product is higher by a factor of 6¢ 1&# s *.
p1l 0.1 0.1 0.2 0.2 0.3

®Here,pl pll are hexa-1,4-diyne, penta-1,2-dien-4-yne, 1-methyb. SUMMARY

ene-2-vinylidenecyclopropane, fulvene, benzene, cyclopenta-1,2,4- : _ .
triene, buta-1,2,3-triene, 1,3-butadien-2-yl + acetylene, penta-l,z,?gissed molecular beam reactions of the 1-propynyl radical

A 1 o sCC; XeA) with two GH, isomers, methylacetylene
tetraene, hexa-1,4-diyne, and buta-1,2-diene + acetylene. (HCCCH: XlAl) and allene (bCCCH, XlAl), along with
their (partially) deuterated counterparts were investigated at
“low barrier routeto fulvene should be preferred among collision energies of around 37 kJ htolelucidate the chem-
various fulvene formation pathways. However, statistidahl reaction dynamics to form distingt{isomers under
RRKM calculationsT &bles 4and5) only propose a relatively  single collision conditions. The forward convoluttorg of
small branching ratio of fulvene (3%%) with isomensl the LADs and TOF spectra combined with ab initio and statis-
and p2 suggested to dominate. We should recall that outical (RRKM) calculations exposed that both systems have no
aforementioned discussions could not rule out the formation ehtrance barrier, proceed via indirect (complex-forming)

Figure 13.Reduced PES for the reaction of 1-propynysQCHX2A,) with allene (CHCCH,) leading to fulvene. The pathways have been
extracted based on the detection of the hydrogen atom loss pathway in the 1gbenmeiydystem.
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reaction dynamics involvingHG holding life times longer
than their rotation period(s), and are initiated by the addition
of the 1-propynyl radical with its radical center to the

-electron density of the unsaturated hydrocarbon at the termi-

nal carbon atoms of methylacetylene (C1) and allene (C1/C3).

In the methylacetylene system, the experimental data and
computations can be reconciled by proposing that the initial
collision complex] and possiblyi2], which can easily inter-
convert to {1], undergo unimolecular decomposition via tight
exit transition states through atomic hydrogen loss, yielding
dimethyldiacetylengl (CH;CCCCCH,) and 1-propynylal-

lenep2 (H,CCCHCCCH) in overall exoergic reactions (123
and 98 kJ mol) with an experimental branching ratio of
9.4+ 0.1. In simple terms, the formation of these isomers requires
the energy t6 ow’ from the initially formed carbocarbon
single bond over one and three bonds to form the prpducts
andp2, respectively, suggesting that the methyl group of the
1-propynyl reactant acts solely as a spectator. Here, the pathway
to fulvene,ill] [i7] p4, requires hydrogen atom migrat-
ion from the methyl group in the methylacetylene moiety via a
177 kJ motl barrier. For comparison, the atomic hydrogen
elimination pathways to tp& andp2 products exhibit 152
and 165 kJ md! barriers, respectively, and also are favored by
entropy. The computed rate constant for the [ [i7]
isomerization, 956 1 s %, is much lower than those for the
hydrogen atom elimination pathwais [ p1, 2.3x 10s?
and [i1] p2, 29x 10° s As a result, the reaction
dynamics of the 1-propyngiethylacetyene system mirror the
reaction mechanisms unraveled for the ethyggg (3C
methylacetylefi&’? and cyano (CN)methylacetylefg*>’
systems studied previously. These reactions are also initiated
by the barrierless addition of the doublet radical reactant with
its radical center at the carbon atom to the sterically more
accessible C1 carbon atom holding the acetylenic hydrogen
atom; for each system, the reaction intermediates decompose
via two exit channels via tight exit transition states, leading to
cyanomethylacetylene (SC|CCN) [1] along with cyanoal-  Figure 14Product channels detected in the reaction of methylacetylene
lene (HLCCCHCN) [4] and methyldiacetylene (QELC- and allene with ethynyl 4&) and cyano (CN) radicals under single
CCH) [2] together with ethynylallene {EICCHCCH) [3], collision conditions.
with cyanomethylacetylene and methyldiacetylene being lowet
in energy by typically 17 kJ matompared to their allene- future via quasi-classical trajectory calculations, that is, a direct
type isomersHigure 1% On the other hand, in the allene dynamics study onight, which at present remains a very
system, our experimental investigations propose the formatigitallenging and extremely computationally demanding task.
of the fulvene (c+«i,CH,) isomer via a six-step reaction The pathway to fulvene is quite unique compared to the
sequence with two higher energy isomeeza-1,2-dien-4- reactions of allene with the isolobal ethynydX\@nd cyano
yne (H,CCCHCCCH) and hexa-1,4-diyne (HCCGH radicals (CN) Figure 1}and advocates that in the allehe
CCCH;) predicted based on our statistical calculationspropynyl system, the methyl group of the 1-propynyl reactant
While the pathways to these acydild;@somers are statis- is actively engaged in the reaction mechanism to form fulvene.
tically preferable, peculiar vibrational features of the initi&inally, it is important highlighting that since both reactions
complexesiI]/[ i2] may favor the fulvene formation channel are barrierless and exoergic and all transition states reside below
dynamically. In particular, these complexes possess two lohe energy of the separated reactants, all hydrogientde
energy vibrational modes of about 71 and 14§ wrhich C¢Hg isomers inferred in our investigation are predicted to be
include signcant contributions of CCC and CCH bending synthesized in low-temperature environments such as in hydro-
involving the central GHjroup and thus could promote the carbon rich atmospheres of planets and their moons such as
hydrogen atom shift from GHo the neighboring carbon Titan, holding mole fractions up to a few? #9900 kn{*"®
atom, that is, theq)/[ i2] [i5] rearrangement, and then along with cold molecular clouds such as Taurus Molecular
starting from ip], the channel to produce fulvene over- Cloud-1. Considering the isolobal concept of the ethynyl and
whelmingly dominates statistically. High-energy content thhe 1-propynyl radicals, the reactions of 1-popynyl with both
these low-frequency bending modes from the initial chemiaalethylacetylene and allene are expected to proceed with rate
activation may increase the life timeiif[[i2] and hence  constants of a few 0 cnvs ! similar to those rates dete-
make the rearrangement ifs] pnd eventual yield to fulvene rmined for the ethynyallene and ethynyinethylacetylene
more likely than predicted by the statistical calculations. Thiystem&® Here, the 1-propynyl radical can be generated via
hypothesis on the non-RRKM behavior may be tested in thghotodissociation of methylacetyiéraoth in our solar
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