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Unraveling the Dynamics of the C#P,D) 4+ C,H, Reactions by the Crossed Molecular Beam
Scattering Techniqué

I. Introduction

The reaction of ground-state carbon atoms3PJ,( with
acetylene exhibits three competing, thermodynamically acces-

sible channels
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A detailed investigation of the dynamics of the reactions of ground- and excited-state carbon afés, C(
and C{D), with acetylene is reported over a wide collision energy range—2%1 kJ mot?) using the
crossed molecular beam (CMB) scattering technique with electron ionization mass spectrometric detection
and time-of-flight (TOF) analysis. We have exploited the capability of (a) generating continuous intense
supersonic beams of &, 'D), (b) crossing the two reactant beams at different intersection angles (45, 90,
and 138) to attain a wide range of collision energies, and (c) tuning the energy of the ionizing electrons to
low values (soft ionization) to suppress interferences from dissociative ionization processes. From angular
and TOF distribution measurements of productsn&=37 and 36, the primary reaction products of the
C(®P) and CID) reactions with GH, have been identified to be cyclic (¢ + H, linear (I)-GH + H, and

Cs + H,. From the data analysis, product angular and translational energy distributions in the center-of-mass
(CM) system for both the linear and cycligiCisomers as well as thes@roduct from C{P) and for I/c-GH

and G from C(D) have been derived as a function of collision energy from 3.6 to 49.1 kJ3'nibhe
cyclic/linear GH ratio and the @(Cz + ¢/I-CsH) branching ratios for the éR) reaction have been determined

as a function of collision energy. The present findings have been compared with those from previous CMB
studies using pulsed beams; here, a marked contrast is noted in the CM angular distributions faHboth C
and G-forming channels from CP) and their trend with collision energy. Consequently, the interpretation

of the reaction dynamics derived in the present work contradicts that previously proposed from the pulsed
CMB studies. The results have been discussed in the light of the available theoretical information on the
relevant triplet and singlet4El, ab initio potential energy surfaces (PESS). In particular, the branching ratios
for the CEP) + C,H, reaction have been compared with the available theoretical predictions (approximate
quantum scattering calculations and quasiclassical trajectory calculations on ab initio triplet PESs and, very
recent, statistical calculations on ab initio triplet PESs as well as on ab initio triplet/singlet PESs including
nonadiabatic effects, that is, intersystem crossing). While the experimental branching ratios have been
corroborated by the statistical predictions, strong disagreement has been found with the results of the dynamical
calculations. The astrophysical implications of the present results have been noted.

Channel 1c is spin-forbidden, however, and can only take place
via intersystem crossing (ISC) from triplet to singletH3
potential energy surfaces (PESs). The indicated exoergicities
for channels 1a and 1b are those obtained by Ochsenfeld et al.
by high-quality ab initio calculations of reaction inter-

clp)+ CZHZ(X129+) — -C,H(XI1,,) + H(%S,,) mediates and products (estimated uncertainties are atbtb

. 1 kJ mol1), while that for channel 1c is taken from literature

AH%y=—1.5kImol" (1a) data on the heats of formation (see section IV.3). Reaction 1

. 2 2 can be seen as a prototype of a host of reactions of C atoms

C-GH(X'B,) + H(S,) with alkynes, which are efficient pathways for the production

AH®%,=—8.8kJ mol * (1b) of long carbon chain molecules both in the interstellar
i 1w+ medium (ISM¥ and in combustion systenid.Notably, both

— GXZg) + H(XZy) [-CsH and c-GH have been observed by radioastronomy in

AH°,= —106+ 16 kJ mol* (1c) a range of interstellar environments, including both cold,

dense interstellar clouds (ISCsand warmer translucent

T Originally submitted for the “Giacinto Scoles Festschrift”, published
as the December 13, 2007 issueJofPhys. Chem. AVol. 111, No. 49).

clouds® C; has also been detected both in circumstellar
envelope$™® and ISCS as well as in comets (see section
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C('D) + CH,(X'E;") — -CH(XTT,,) + H(’S, )
AH°, = —123.4 kJ mol* (2a)

— c-GH(X’B) + H(’Sy)
AH°, = —130.5 kJ mal* (2b)

— Cy(X'Z,") + Hy(X'E,")
AH°, = —228+ 16 kI mol'* (2c)
Here, for the I/eCsH-forming channels, the reaction enthalpies

are obtained by adding théQ—3P) energy splitting (121.9 kJ
mol~?1) to the enthalpiésfor the corresponding €P) reactions.

Leonori et al.

nique with continuous beani%28 The title reactions were
studied atE; = 29.3 kJ mof? using a continuous carbon atom
beam containing both €R) and excited GD) (in a significant
percentage), and it was clearly demonstrated that, in addition
to the H-elimination channel (channels 1a and 1b), the H
elimination pathway (channel 1c) leading ta(8'=4") + H,-
(X1=Z4™) also plays an important rofé.A synergic study of
differential and integral reactive cross sections for théPL{
C,H, reaction was then published in collaboration with the
Bordeaux group’'® The derivedT(0) of the GH product at
E. = 29.3 kJ mot?! was interpreted as arising from a reaction
occurring through an intermediate long-lived compfexhose
lifetime is on the order of a few rotational periods. The
branching ratio of cross sections in the’) reactiong(Cs +

Reaction 1 has been studied extensively over the past 10 Year§y,)/[6(Cs + Hy) + o(CsH + H)], was determined to be 0.37.

both experimentally and theoretically. Kinetic studies at room
temperature of a variety of €R) reactions with unsaturated

hydrocarbons, including acetylene, found them to be very fast

(k ~ 2—3 x 10719 cm?® molecule’® s71), suggesting that they

are barrierless processes dominated by long- range attractiv

forces!® Novel kinetic measurements down to 15 K demon-
strated that these reactions are very fast(4 x 10710 cm?
molecule’! s71) even at this very low temperatdteand hence
confirmed the earlier hypothesis. Dynamics experimé&ht¥,

in addition to theoretical studiég}26 were able to provide
information on the primary products and their relative impor-
tance as a function of collision energy. Figure 1 depicts
schematically the triplet and singletld; PESs as predicted by
electronic structure calculatioAg32¢ |t should be noted that
all recent ab initio calculatioAg? 26 on the CPP) + C,H»
reaction agree that the cyclic;@ isomer is more stable than
the linear isomer, but uncertainty still exists on the exoergicity

This result was found to be consistent with that of a comple-
mentary investigatiofl of the detailed kinetics of GP) + C,H,

at 300 K, which found an upper limit for the branching ratio of
H production, that isKiarinyki, of only 0.53+ 0.04, thus

&uggesting that pathway 1c could account for the rest (that is,

ki/ki = 0.47 £+ 0.04). At that time, no information could be
obtained about the respective weights of pathways 1la and 1b.
In addition, we derived information on the dynamics of
formation of GH from C(D) + C;H; (reaction 2a,b) at the
sameE.'" In 2001, Kaiser et ai! reported the preliminary
results of a reinvestigation of the ¥ + C,H, reaction atE.

= 16.6 kJ mot? using two pulsed beams of the reagents in
which, due to an improvement in the signal-to-noise ratio (S/
N) with respect to the previous studi#s!4 they observed that
the m/z = 36 signal actually originates from two different
channels and thus confirmed the occurrence of thet-CH,
channel.

of processes la and 1b. Despite the extensive body of earlier

work, there is still no consensus on the microscopic mechanism
and dynamics for this reaction. In fact, a strong disagreemen

The above experimental studies triggered several theoretical

t Studies, mainly aimed at predicting the branching ratio between

exists between the results of the experimental dynamical ¢CsH and FCsH from the CEP) reaction as a function d..

studies} 127141720 as well as between the results of the
theoretical dynamical investigatiof%.26

A brief summary of previous dynamical work is given here
to remark on the most significant discrepancies. A first CMB
study at three collision energiek; (8.8, 28.0, and 45.2 kJ
mol~1), complemented by ab initio calculations of the relevant
triplet GGH, PES, was published by Kaiser etéf14 This CMB
study, which used pulsed ) beams obtained by laser ablation
of graphite and a continuous;i, beam, identified gH + H

Buonomo and ClaRt developed a reduced-dimensionality
model for generation of the PES and, using time-dependent wave
packet calculations to obtain reaction probabilities, provided
information about the ratio of cross sections feC4#1 and FC3H
formation,ocyciic/Giinear The FC3H was found to be overwhelm-
ingly formed at the lowest collision energy samplegiic/Giinear

< 0.02 atE. = 5 kJ mol%, with c-GH formation augmenting
gradually to reach a plateauisycicd/Oiinear = ~0.17 betweerk.

=50 and 70 kJ mot. These results were in disagreement with

as the sole reaction channel. It was concluded that the spin-the conclusion of Kaiser et &4 Another theoretical study
forbidden pathway (1c) was not open in the investigated energy Was more recently performed by Takayartagiith a model in

range. The linear and cyclics8 isomer contributions were not

three degrees of freedom treating thetGC;H, reaction as a

resolved in the experiments, and the data analysis was carriecstandard atomdiatom system; results completely contradictory
out in terms of a single set of center-of-mass (CM) product 0 those of Buonomo and Clérywere obtained from ap-

angular,T(0), and translational energy(E'r), distributions.
Nevertheless, on the basis of theHCproductT(0), Kaiser et
allz"1 inferred the formation of «€3H and I-GH isomers via
direct and indirect, respectively, scattering dynamics, withld-C
being preferentially formed at lo®,. and becoming negligible
at highE.. Later, Kaiser et a7 also published a CMB study
on the dynamics of reaction 2, exploiting the fact that by
selecting the fast part of the laser-ablated carbon beatd)C(
could be produced almost exclusively. Th#z = 36 and 37
time-of-flight (TOF) and angular distributions were reported to
show identical patterns, indicating that thg € H, channel
(which is spin-allowed for GD)) was absent within their
detection limits.

In our laboratory, we initiated an investigation of C atom

proximate quantum scattering calculations, Witlid/Giinear >
10%>—10* betweenE; = 0.1 and 58 kJ mot.

In view of these discrepant results, it was clear that the
detailed dynamics of the €R) + C,H, reaction were still
unresolved and that more precise theoretical and experimental
work was required to determine the exoergicity of tésH +
H and ¢CsH + H pathways as well as for the evaluation of the
dynamics of 1C3H, ¢-CsH, and G formation and branching
ratios as a function oE.. To address these issues, in our
laboratory, we took advantage of the novel variable beam
crossing angle setup and studied the reactioB.at 3.5 and
18.5 kJ mot?, achieved by crossing the two reactant beams at
45° and seeding the C beam in Ne and He, respectielne
study*® was performed in synergistic fashion with pulsed CMB

reactions with unsaturated hydrocarbons using the CMB tech- experiments in Bordeaux using VUV H-atom detection within
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Figure 1. Schematic representation of the triplet and singlgtiCpotential energy surfaces (adapted from refs 1, 21, 22, 23, 26, and 32). The
energetic is taken from ref 32. The triptedinglet seam of intersystem crossing (see refs 23 and 32) is labeled with ISC.

a Doppler scheme, down & = 0.8 kJ mot™. Although the being dominant in the energy range considere¢d®kJ mot ™).

data analysis aE; = 3.5 and 18.5 kJ mol permitted us to These results are consistent with the finding of Buonomo and
derive also the reaction dynamics of the'@) reaction, DCSs Clary2* while they are opposite to those of Takayarfgi;

in the CM system were reported and discussed only for tA@)C(  however, they are also in disagreement with our recent
reaction (channels &). The two main reaction pathways experimental finding$? Limited calculations of unimolecular
leading to H and Kl elimination were unambiguously disen- reaction dynamics on the singlet PES found bothl @Gomeric
tangled from differences in thevz = 37 and 36 angular  products to be generated in comparable amounts from te) C(
distributions (Figures 4 and 5, respectively, of ref 19) and the + C,H, reaction in addition to the £+ H, productsZ®
observation of distinct features in the TOF measurements at Very recently, Kaiser and co-workéfshave reinvestigated
m/z = 36 (see Figure 6 in ref 19). Because of the high S/N in the dynamics of the GP) + C,H, reaction by performing new
the angular distribution data atz = 37, measured at every CMB experiments with pulsed beams using a new apparatus
degree in the laboratory (LAB) frame, and by exploiting the with improved S/N at three differeri;’s (8.0, 20.4, and 30.7
theoretical informatiohon the relative exoergicity of the linear  kJ mol?). These studies were supplemented by experiments
and cyclic channels (1a and b), it has been possible to deriveusing three isotopomers0,, C;HD, and!3C,H,, because the
CM angular and translational energy distributions for th&kl presence of large concentrations of &d G in the carbon

+ H and FC3H + H forming channels, as well as forG- Ha, beam represents a complication in those studies. Specifically,
and determine their branching ratios. At b&s, the formation the reaction @ + C,H, produces GH as the main product,

of c-CsH, I-C3H, and G from C@P) was found to be character-  which fragments heavily under electron ionization € (nvz

ized by a backwardforward symmetricT(68), which indicates = 37). Furthermore, gelastically scattered from the;8, beam

that all three channels (3&) proceed through the formation gives a very large contribution to th/z = 36 signal at small

of long-lived GH, complexes, that is, complexes whose angles (close to the C beam). Despite these problems, the former
lifetimes are of many ¥5) rotational period$? This is cor- complication could be disentangled in the data analysis through
roborated by statistical calculations of the various possige,C ~ TOF measurements, and the latter was overcome by using
complexes on ab initio PESs that found their lifetimes to be on 13C,H,.2° Notably, the dynamics of formation of:8 + H was

the order of tens of picoseconds to nanoseconds at 380 K. confirmed to be identical to that derived in the previous
Our result$® were found to be in strong disagreement with those experimentd2-14 and therefore, they remain in strong contrast

reported previously by Kaiser et #:14 for the GH + H with our results® In this reinvestigatioR® the dynamics of
channel. The ratios of cross sectiangciicd/oiinear @s a function formation of G + H, were also derived.

of E; were also obtainetf. The experimental results indicated Finally, Mebel et aF? very recently combined ab initio
that cCgH is preferentially formed at lovize. The ratioocyeiic/ CCSD(T) calculations of intermediates and transition states on
oiinear Was found to decrease with increasiag from ~9 atE¢ the singlet and triplet ¢4, PESs extrapolated to the complete
= 0.8 k mot to ~3.4 atE; = 3.5 kJ mot! and~1.6 atE. = basis set limit with statistical computations of energy-dependent

18.5 kJ mot?. These results contradict both quantum scattering rate constants of the €¥) + C,H, reaction under CMB
studies by Buonomo and Cl&fyand by Takayanagf In conditions. RRKM theory was applied in this study for
addition, from the extent of th@(E'r) functions for |- and isomerization and dissociation steps within the same multiplicity
c-CsH, we were able to derive an improved exoergicity for and radiationless transitions, and nonadiabatic transition-state
channel 1b; the latter was found to be&2.5 kJ mot? larger theories were used for singtetriplet ISC rates. The calculated
than the theoretical valtief 8.6 kJ mof! and was corroborated  rate constants were utilized to predict product branching ratios.
by the Bordeaux measurementsEt= 0.8 kJ moi1.1° This detailed studd offers the opportunity to compare the
In 2006, Bowman and co-workefsreported a full-dimen- branching ratios derived from the previdt&® and present
sional density functional theory (DFT) study of theHG triplet experimental work with detailed statistical predictions, which
and singlet PESs and used these surfaces in QCT calculationsilso include nonadiabatic effects. In addition, new accurate
of the C@P) + C;H, reaction dynamics. The calculations on exoergicities for channel 1aAH°% = —3.1 £ ~4 kJ mol?)
the triplet PES found both I4El and c-GH products, with I-GH and channel 1bAH° = —14.14+ ~4 kJ mol™?) are reported?
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TABLE 1: Characteristics of the Continuous Supersonic Beams of the Reactants

beam crossing

gas mixture P (mbar} v(msh)P Avl® Ec (kJ moltyd Ao (degy angle (deg)
C-Atom Beam

1.5% CO/0.8% @/ Ne 300 1326 0.35 3.6 3 45
1.5% CO/0.8% @/ Ne 50 1196 0.36 8.6 3 90
1.5% CO/0.8%Q/ He 100 2632 0.25 18.6 3 45
1.5% CO/0.8%0Q/ He 210 2838 0.32 49.1 3 135
CoH, beam

neat 450 828 0.26 7 45
neat 450 823 0.26 7 90
neat 400 810 0.26 7 135

a Pressure of the gas mixture in front of the nozzle. Nozzle diameter is 0.26 mm for the He-seeded bedrarad 1135Ne-seeded beam af 45
while there is a 0.52 mm diameter for the Ne-seeded beant @r@?Dthe He-seeded beam at 45Peak velocity from single-shot TOF measurements.
Systematic errors are estimated within 19%/elocity spread (fwhm)¢ Collision energy obtained when crossed with thelbeam.©c Beam angular
divergence (fwhm).

these new values should be more accurate than the previouasing the single-shot TOF analysis, while the velocity of the

valued (AH°%9 = —8.6 £+ ~4 and —1.5 + ~4 kJ mofl, products is obtained by using the pseudo-random TOF tech-
respectively), although they lie within the estimated uncertain- nique?® In the present work, continuous supersonic beams of
ties. C atoms were produced by means of a radio frequency (RF)

In this paper, we report new measurements at two collision discharge in a water-cooled quartz nozzle which operated at
energieskE. = 8.6 and 49.1 kJ mol (obtained by crossing the  high RF power (260 W) and relatively high pressure300
two reactants beams at 9With a C/Ne-seeded beam and at (100) mbar with a 0.24 (0.50) mm diameter nozzle) on a dilute
135 with a C/He-seeded beam, respectively) and a fine-tuning (1.5%) mixture of a suitable precursor molecule, CO, g O
partial reanalysts of the previous dafd at E.=3.5 (now 3.6) (0.8%)/He or Ne carrier gases. Atomic carbon was produced
and 18.5 (now 18.6) kJ mol. The new results, together with  mainly in the groundP state, but a significant concentration in
the recent oné&atE. = 3.6 and 18.6 kJ mol and the previous  the excited!D; state (lying 121.9 kJ mot above the ground
oned’ obtained atE; = 29.3 kJ motl?, permit us to examine  state) was also present, as demonstrated by a CMB study of
the reaction dynamics of the ¥) + C,H, reaction in an the C{D) + Ho/D; reaction4*3 and by measurements of
extended range of collision energies. As the continuous carbonelectron ionization efficiency curves of the carbon atom beam.
beam contains boti¥R,!D) species, the dynamics of the'Dj The C beam contained only-3% G, and no detectable {C
reactions (2ac) have also been characterized. The derived (from mass spectroscopic TOF analysis); this characteristic is
C(P) and CID) reaction dynamics will be discussed in the light particularly important in the present study becausés®ne of
of the ab initio triplet and singlet £1, PESs and compared to  the energetically allowed products of the reaction under study,
those derived from previot&!327 and recerff CMB work and the low concentration of.Gnade the contribution of 481
carried out using pulsed beams. In particular, the branching coming from dissociative ionization of the@ product formed
ratios will be compared with the theoretical predictions from from the G + C,H, reactiort* also negligible (this reaction
both QCT calculatior® and reduced dimensionality QM  has been recently studied also in our labordfnA supersonic
calculation$*2 on ab initio triplet PESs and from the recent beam of acetylene was produced by expanding 0.40 or 0.45
statistical calculations of Mebel et @A clearer picture of the  bar of pure gas through a stainless steel nozzle (0.1 mm
reaction dynamics as a function of collision energy will be given. diameter) kept at room temperature. An acetone/dry ice slush

trap (=78 °C) was used on the £, gas line to trap acetone

II. Experimental Section impurities. Under these expansion conditionsiHEclustering

The experiments were performed using a CMB apparatus with was negligible. The various characteristics of the C apld,C

mass spectrometric TOF detectidSwhich has been recently beamfs and the rgsultir}g relative translational energies of the
upgraded?®3° First, product detection by the “soft” electron experiments are "Ste‘?' 'rf Taple 1.
ionization technique, which allows us to limit the dissociative ~ Product angular distributions atVz = 37 and 36 were
ionization of interfering species, was implemented on the recorded by modulating the;H, beam at 160 Hz for back-
experiment. Second, the accessible rang&ofvas extended ~ ground subtraction and taking at leastéiscans at each mass,
by adding 45 and 135beam intersection angle configurations With a typical 50 s counting time at each angle, sufficient to
to the previous one at 90 reduce the uncertainty {13%). Product TOF distributions at
Briefly, two continuous supersonic beams of the reactants Mz = 37 and 36 were then recorded at selected LAB angles
collimated in angle and velocityare crossed at 45, 90, or 135  Using the pseudo-random TOF technique asghannel; typical
under single-collision conditions in a large scattering chamber counting times varied from 10 to 180 min depending on the
kept at 2x 1078 mbar in operating conditions (2 10~7 mbar signal intensity.
base pressure). The angular and velocity distributions of the The relevant dynamic information, that is, the product flux
reaction products are recorded by a triply differentially pumped, in the CM frame)cm(6,u), is as usual retrieved using a forward
ultrahigh-vacuum (10 mbar) electron impact ionizer followed  convolution fit of the angularN(®), and TOF, N(©, t),
by a quadrupole mass filter and particle multiplier. The ionizer distributions obtained in the LAB frame. The CM product flux
features tunable electron energies from 100 eV downge-9 is treated as being separable into an angular p@tf and a
eV and was typically operated at 25 eV to suppress elastic velocity partP(u), Icm(6,u) = T(6) x P(u), with the latter part
interferences from the acetylene beam. The whole detector unitgenerally expressed as a function of the product recoil energy
can be rotated in the plane of the two beams around their distribution, P(E'r). The transformation of the CM flux to the
intersection axis. The velocity of the reactants is derived by LAB number densityN(®) is given byN(®) = (v/U?)lcu(6,u).6
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Figure 2. Laboratory angular distributio\(®) of CsH products at ze e C3 from (1D)

m/z = 37 (solid circles) from the reactions ®(D) + C;H, at E. = . L
49.1 kJ mot?, together with the velocity vector (“Newton”) diagram  Figure 3. Laboratory angular distributio(©), of products atz

of the experiment. Error bars, when visible outside of the dots, represent > 36 (solid circles) from the reactions ®('D) + CoH at E; = 49.1
+1 standard deviation from the mean. The circles in the Newton kJ mol?, together with the velocity vector (“Newton”) diagram of the

diagram delimit the maximum velocity that the indicated products (from €Xperiment. Error bars, when visible outside of the dots, repreisént
the reaction of the indicated electronic state of the carbon atom) can Standard deviation from the mean. The circles in the Newton diagram

attain on the basis of linear momentum and energy conservation if all delimit the maximum velocity that the indicated products (from the
of the available energy goes into product translational energy. The solid feaction of the indicated electronic state of the carbon atom) can attain

line is the total angular distribution calculated according to eq 3 (see N the basis of linear momentum and energy conservation if all of the

text). The separate contributions of the two possile Bomers from _available energy goes ir_1to product translational energy. The solid line
the CEP) reactions are indicated with dashed (cyclic isomer) and dotted IS the total angular distribution calculated according to eq 4 (see text).
(linear isomer) lines, while the contribution of €ZtH from the C{D) The separate contributions of the two possiblgiGsomers and €
reaction is indicated with a dashedotted line. from the CP) reactions are indicated with dashed (cycliti@omer),

dotted (linear GH isomer), and light solid (¢ lines, while the
contributions of cACsH and G from the C{D) reactions are indicated

Simulated LAB densities are calculated by taking into account iy gasheet dotted line (GH) and dasheddouble dotted lines (g

this transformation and the averaging over experimental pa-

rameters, including the energy dependence of the integralmol=2. Error bars, when visible outside of the experimental dots,
reactive cross section, which was taken to varyEa¥s, that represent a single standard deviation from the mean. The signal
is, the typical behavior for barrierless reactions dominated by at m/z = 37 corresponds only to 4 products, while that at
long-range attractive forcé$.Simulations obtained using the  m/z= 36 can originate from direct ionization og@roducts as
energy dependend& 28 measured by Costes et!ail’ for E; well as from dissociative ionization ofs8 products. The dotted
below 10 kJ mot! showed very small differences; only Bt and dashed circles in the Newton diagram of Figure 2 delimit
= 49.1 kJ mot?! were the differences significant; however, use the maximum velocity that the-C;H and eCsH isomer

of the E708 energy dependence at hidh is not warranted products, respectively, from the ) reaction can attain if all
because it has been derived only from experiments atHdgw  of the total available energ¥: = —AH®% + E., goes into

The approximation is made that all reaction channels-¢la  product relative translational motion; the dashedtted line

and 2a-c) exhibit the same energy dependence of the integral delimits the maximum velocity of I€£3H formed from the
reactive cross section; this appears reasonable because all oE(*D) reaction (because of the very small energy difference in
the PESs of these processes have similar long-range behaviorthe stability of the two isomers with respect to the total energy,
The procedure is repeated until a satisfying fit of the experi- a single circle is used to display them in the figure; for the same
mental LAB densitiesN(®) andN(®, t), is achieved and the  reason no attempt has been made to disentangle them in the
CM functions, T(0) and P(E'r), so determined are the best-fit data analysis; see below). The Newton diagram of Figure 3
functions. In the present study, for the analysis of the distribu- exhibits two additional circles which, as indicated, delimit the

tions at variousn/z values, a weighted toté¢m(6,E'7) was used, maximum velocity that the £product from the CP) and C{D)
reflecting the contributions of the various possible reaction reactions can attain. As can be seen, tile = 37 angular
channels, as described in section I11.2. distribution features an intense broad peak centered around the

CM angle (but slightly displaced in the forward direction with
respect to the direction of the C atom) that reflects mainif C
products from the weakly exoergic ¥ reactions 1a and b
III.1. Laboratory Angular and TOF Distributions. Figures and wings (visible only at large angles) of lower intensity which
2 and 3 show then/'z = 37 and 36 LAB angular distributions,  reflect GH products from CD) that can be scattered over a
respectively, together with the canonical Newton (that is, much wider angular range because of the much larger exoer-
velocity vector) diagrams of the experiments fr= 49.1 kJ gicity of the excited C atom reactions 2a and b with respect to

Ill. Results and Analysis
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those of ground-state C atoms. In contrast,ie= 36 angular
distribution exhibits wings (visible only at large angles) with a
somewhat higher intensity and extending over a wider angular
range than those atVz = 37, in addition to an intense peak
centered around the CM angle, which reflectsH(roducts
giving signal atm/z = 36 via dissociative ionization. The wings
reflect a signal from goriginating from both C{P) and C{D)
reactions, that is, pathways 1c and 2c.

Figure 4 shows, for comparison, the TOF spectra recorded
atm/z = 37 (lhs) and 36 (rhs) at nine LAB angles. Timz =
37 spectra are essentially unstructured and relatively slow,
reflecting contribution from the two 41 isomer channels from
C(P), which are weakly exoergic and therefore confined in a
narrow Newton circle around the CM. Thm/z = 37 spectra
are, however, relatively broad, and this reflects contribution from
also I/cCsH from C(D), which is expected to be significantly

faster because channels 2a and b are much more exoergic than

channels 1a and b. In contrast, tinz = 36 spectra exhibit, in
addition to the same main peak structure as that sepvzat

37 and now coming from dissociative ionization ofHC
products, also a well pronounced, faster shoulder which is
unambiguously attributed, on the basis of energy and linear
momentum conservation, tozGroducts from the strongly
exoergic G + H, channels 1c and 2c. Here, we have taken
advantage of the higher TOF resolution afforded by the°135
crossing beam configuration. The quality of the experimental
results at this higlt; well exemplifies the current capabilities
of our improved CMB instrument with a variable beam
intersection angle.

Measurements of thevz = 37 product angular and TOF
distributions atE. = 8.6 kJ mof! are shown in Figures 5 and
6, respectively. At thi&; (corresponding to the loweBt studied
by Kaiser et al229, the focus was mainly to characterize the
I/c-CsH-forming channels; therefore, no data were collected at
m/z = 36, and hence, the dynamics of @rmation at this
intermediateE; have not been derived.

I1I.2. The c/I-C3H + H Channels. In order to reproduce
quantitatively the shape of the angular and TOF distributions
at m'z = 37, a weighted total CM differential cross section,
lem(6,E'7), reflecting the various possible contributions was used
in the data analysis

lem(8.E'7) = wy x [T(6)* x P(E'T)sp]c—csH W, X
[T(6)* x P(E'T)3P.||—C3H +wy x [T(6)™ x P(E'T)lD]I/c—C3H
®)

with the parametersy; and w; representing the relative
contribution of cyclic and linear £ products, respectively,
from the C@P) reaction, anals that of I/cC3H from the C{D)
reaction. The dotted, dashed, and dastatted lines in Figures

2 and 5 and 4(lhs) and 6 are the LAB angular and TOF
distributions, respectively, generated by the best-fit product
angular,T(6), and translational energ(E'y), distributions for
the CEP) and CID) reactions l1a and b and 2a and b,
respectively, depicted in Figures 7(lhs) and 8(lhs) foirg@and

in Figure 9(Ihs) and 10(lhs) for dD). In Figures 7-10, the
best-fit functions aE; = 3.6 and 18.6 kJ mol, as obtained in
our previous work® and slightly revised her&,are also shown
for comparison. The solid lines in Figures 2, 4(lhs), 5, and 6
represent the global best fit according to eq 3 with= 0.42,

w, = 0.42, andws = 0.16 forE; = 49.1 kJ mot?! and withw;

= 0.39,w, = 0.19, andws = 0.42 for E; = 8.6 kJ mof?. It
should be noted that the; coefficients represent the product
of the ith relative reaction cross section multiplied by the
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Figure 4. Time-of-flight distributions of thewz = 37 (lhs) and 36
(rhs) products (open circles) for the reaction$RGD) + CH, at Ec

= 49.1 kJ mot* at the indicated LAB angles. Symbols are as those in
Figures 2 and 3. The area of each spectrum at a given angle is equal
to the correspondind!(®) intensity at that angle (see Figures 2 and
3); spectra at large angles are multiplied by the indicated factor for
display purposes.
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0.00 fes=gs product from the CGP) + C;H; reaction at the indicated collision
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Time of flight, t (us) In the data analysis &. = 49.1 kJ motf*, we have assumed
Figure 6. Time-of-flight distributions of than/z = 37 product (open the exoe_rglcny ofgchar_mel -lb o be ll-kJ molas derlve('i n
circles) for the reactions €R D) + C,H, at E; = 8.6 kJ mot* at the our previous work: As_ls evident from Figure 8(Ihs), tH.%(E 7
indicated LAB angles. Symbols are as those in Figure 5. The area of functions for the two different ¢ isomers are clearly different;

each spectrum is equal to the correspondi(@®) intensity at thatangle ~ the P(E'r) of the FC3H + H channel rises very fast and peaks
(see Figure 5). at about 10 kJ mott, while that of the eC3H + H channel has

a slower rise and peaks at about 22 kJ TholThe average

product translational energy, defined a&'t> = ZP(E't) x
fractional abundance of &%) or C{D) in the beam. The relative ~ E't+/SP(E'1), corresponds to a fraction of the total available
abundances of GP) and CID) have not been determined. A energy released in translatiofy, of 0.36 for the 1C3H + H
rough estimate can be done by assuming that the reactive crosghannel and 0.45 for the@3H + H channel. As can be seen
sections for GH formation from CfP) and C{D) are the same  from Figure 7(lhs), aE; = 18.6 kJ mot?, the T(#) function
and that similar fragmentation patterns hold fgHJproducts for the linear GH from C(P) is isotropic (that is, it has uniform
with somewhat different internal energy content; then, the ratio intensity equal to 1 over all of the CM angular range-(BC),

wa/(Wy + W) corresponds to the concentration ratidI)(C(EP) while that for the cyclic isomer is forward peaked. These shapes
in the beam. This points to a lower concentration of0g(in provide information on the lifetimes of the linear and cyclic
the He-seeded beams, especially when small nozzle diameter&;H, intermediates (see section V).

are used. The best-fitT(9) and P(E'7) at E. = 8.6 kJ mot! for the

It can be noted that the fast part of thiiz = 37 TOF spectra  two CsH channels from GP) are depicted in Figures 7(lhs)
(Figure 4(lhs)) and the forward part of the/z = 37 LAB and 8(lhs), respectively. At thig;, bothT(0)'s are backware
angular distribution (Figure 2) are due to theCgH product, forward symmetric; in particular, thg(6) of the FC3H isomer
which exhibits a significantly forward scatter&(b) (see Figure is isotropic, while that of c-gH exhibits a significant degree
7(Ihs)) and &P(E't) peaking away from zero and extending to of polarization, as already noted & = 18.6 and 3.6 kJ
60 kJ mof (see Figure 8(lhs)). In contrast, th€$H product, mol~1.19:33The P(E'7) distribution of the linear isomer extends
characterized by an isotropi¢6) and aP(E'r) peaking at very to a total energy of 10t 2 kJ mol?, consistent with the
low energies, gives a LAB angular distribution centered at the theoretical exoergicities of 1.3 4 and 3.1+ 4 kJ mol?
CM angle and TOF spectra peaked at the velocity of the center- calculated by Head-Gordband by Mebef? respectively, while
of-mass. that of the cyclic isomer extends to 1962 kJ moi2, indicating
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Figure 8. Best-fit CM product translational energy distributidp@'r) Figure 9. Best-fit CM angular distribution3(9) for (Ihs) the I/eCsH
for (Ihs) the €CsH + H (dashed curves) andd:H + H (dotted curves) ~ and (rhs) the € products from the CD) + CcH; reaction at the
and (rhs) the €+ H, forming channels from the €®) + C,H, reaction indicated collision energies.

at the indicated collision energies.

noted that the error bars in tfi€6)’s are about twice as large
that the exoergicity of channel 1b is 11402.0 kJ mot?, in as those for the 81 and G products from the CD) reaction
agreement with the value derived from previous vi®end with (see Figure 9). Analogously, the uncertainty#20 kJ mot™)
the theoretical values. The overall width of the angular distribu- in the cutoff energies of thB(E'r) distributions for the CQ)
tion of Figure 5 is particularly sensitive to the amount of total reactions (see Figure 10) are significantly larger than those for
available energy released in translation, while the shape of thethe CEP) reactions (see Figure 8).
LAB distribution around its maximum determines the relative ~ 1l.3. The C3 + Hz Channels. In order to reproduce
ratio of linear to cyclic contributions since the linear isomer quantitatively the shape of the angular and TOF distributions
channel (1a) exhibits a very narrow LAB angular distribution atm/z= 36, two additional terms were needed in eq 3 to account
because of its very small exoergicity. About 62% of the total for the formation of G from both C¢P) and C{D) reactions 1c
available energy is disposed into product translation for the and 2c
c-CsH + H channel, while only 44% is disposed into products
translation for the-CsH + H channel. lem(B.E'7) = w; x [T(0)*" x P(E’T)SPJC,C3H + W, x

The best fits of our scattering data are most sensitive to the 3p . \3 1D

symmetry (or asymmetry) of th§6) functions and somewhat [T(O)™ x P(EY) PJ'—CsH +wy x [T(0) ™ x

less to their degree of polarization. The best fits are also very PE D™ )yecn + W, x [TO)F x PE)* s+
sensitive to the rise and peaking of ') distributions, while (E7) D]VC H s x [T(6) lD( v Plcsl
they are significantly less sensitive to the cutoff energp@), ws x [T(0)'° x P(ED)'"lcs (4)

especially at highe.. As already discussed above and previ-

ously® the uncertainties in the cutoff of tH&E'r) distributions Here, the best-fiff(6) and P(E'r) functions of the first three
at low E¢ are on the order of-2 kJ mol%, while they are higher ~ terms are those determined from the analysis ofntfe= 37
(on the order oft6 kJ mol?) at anE of 49.1 kJ mot?®. With data. As already mentioned, the ¢hannel, which was explored
regard to ther(0)’s, the uncertainty in th@(0°)/T(18C) ratio previously atE; = 3.6, 18.6, and 29.3 kJ mdl, has been now
for the isotropic or backwareforward symmetric functions for ~ characterized also & = 49.1 kJ mot?. The best-fit functions
both GH and G products from the GP) reaction (see Figure  of the G + H, channel from the CP) reaction are depicted in
7) is £0.05, while for the anisotropi@()’s, it is somewhat Figures 7(rhs) and 8(rhs).

larger (about0.10). The uncertainty in the ratig(90°)/T(0°) The dotted, dashed, and dashabtted lines in Figures 3
for the polarizedT(6)'s is on the order oft0.20. It should be and 4(rhs) are the LAB angular and TOF distributions,
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from the C{D) + C,H, reaction at the indicated collision energies.

respectively, generated by the best-fit CM functions for th#L(
and C{D) reactions 1a and b and 2a and b, respectively, with
wy = 0.26,w, = 0.26, andwz = 0.10 forE; = 49.1 kJ mot?,
while the light solid line and the dashedouble dotted line
are the LAB angular and TOF distributions, respectively,
generated by the best-fit CM functions fog @rmation from
the CEP) and CID) reactions 1c and 2c, respectively, with

= 0.28 andws = 0.10.

111.4. Branching Ratios. The best-fit analysis of the data in
our previous work® permitted the determination of the cyclic/
linear GH ratio of cross section®cyciic/oiineas Which were
determined to be 3.4 & = 3.5 kJ moit and 1.25 at, =
18.5 kJ mot™. The slight revision of these d&éhas led to the
new values of 4.6 0.5 and 1.2+ 0.3, respectively. The values
derived in the present study Bt = 8.6 and 49.1 kJ mol are
2.1+ 0.3 and 1.Gt 0.3, respectively. The trend ofycic/Tiinear
as a function ofE; is portrayed in Figure 11, where the
predictions of the recent statistical calculations of Mebel &% al.
are also shown.
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Figure 11. Ratio of cross sections for cyclic and lineagHformation,
OcyclidOiinear, @S @ function of collision (translational) enerdy,, as
derived from crossed molecular beam studies of th#®)C¢ C:H»
reaction. The corresponding translational temperature scale is indicated
on the top abscissa. The data point&at 3.6, 8.6, 18.6, and 49.1 kJ
mol~! are from the present work, while that Bf = 0.8 kJ mot? is
from ref 19. The solid line joining the data points is drawn to guide
the eye only. The ratio obtained from statistical calculations on ab initio
potential surfaces by Mebel et&lis reported with the dotted line (on
the triplet PES only) and with the dashed line (including ISC) for
comparison.

ratio of integral cross sectiongCs + Hy)/[0(Cs + Hy) + o-
(CsH + H)] of 0.13 4 0.04 atE; = 49.1 kJ mot™. This value

can be compared with the slightly revised values of G:50.10
atE; = 3.6 kJ mot?, 0.36+ 0.07 atE. = 18.6 kJ mot?, and
0.29 + 0.07 atE; = 29.3 kJ mot! (here, the associated
uncertainties reflect the uncertainties in the relative weights
obtained from the best fit-procedure). These branching ratios
are depicted in Figure 12, where the recent statistical predic-
tions® as well as the results of the recent pulsed CMB work of
Kaiser et af® at comparablde;'s are also reported.

IV. Discussion

The CM angular and translational energy distributions derived
from this work and displayed in the Figures 7 and 8 contain
detailed information on the dynamics of the competing reaction
pathways lac, while those displayed in the Figures 9 and 10
contain information on the dynamics of the corresponding
reactions 2ac. The detailed dynamics of reactions 1 and 2 will
now be discussed separately in light of the triplet and singlet
CsH, PESs (see Figure 1p1-23.26-28

IV.1 Dynamics of ¢C3H and I-C3H Formation from C( 3P).

The present DCS measurements were able to disentangle the
relative contributions of the two possibleisomers, which

are formed from reaction 1, by analysis of their different
dynamics of formation and energy release (see section Ill and
ref 19). Before discussing the results, it is useful here to briefly
recall the “osculating complex” model for chemical reactighs.

It has also been possible to estimate the branching ratio According to this model, the ratio of the backward to forward

between the competing c/lsB + H and G + H, reaction
pathways from the GP) + C,H, reaction. Assuming, very

scattering intensity in the CMI (6 = 18C°)/T(6 = 0°), can be
roughly related to the ratio between the typical rotational period

reasonably, that the transmission through the quadrupole mas®f the intermediate complex;o, and its mean lifetimez,

filter of the m/z = 36 and 37 ions are the same and that the
ionization cross sections and the fragmentation patterns-to C
and C-containing fragments of;8 and G are also the same,
from thew;, wy, andw, parameters given in sections I11.2 and
I11.3 and the relative signals atvz = 37 and 36, we derive a

through the relatio(0 = 18C°)/T(6 = 0°) = exp(—710f27).
According to that relation, when the mean time for decomposi-
tion of the complex is at least five rotational periods, {é

= 18C°)/T(6# = 0°) ratio is nearly equal to unity, and this
corresponds to a long-lived complex mechanism. Whes
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Translational Temperature (K) from ~5 ns atEc = 49 kJ mol* up to ~2 us atE; = 3.6 kJ
0 1000 2000 3000 4000 mol~! (see Table 4). These lifetime values are orders of
} } } } magnitude larger than the HCCCH rotational period (estimated
1.0 ; ; ; ; ; to be about 1 ps at 3.6 kJ md| corresponding to 300 K; see
—e—this work Table 2). Interestingly, th&(#) function for the c-GH product
08 -m Kaiser et al. (corresponding to path 1b) is also backwafdrward sym-
' {. - -~ Mebel et al. metric, with some degree of polarization, at the three lowest
. E:s (3.6, 8.6, and 18.6 kJ mol), while it becomes forward
06 ] peaked at the highe&; of 49.1 kJ mot? (see Figure 7(Ihs)).
% It should be noted that in the early experimenEgat= 29.3 kJ
S \ L . mol~1,*” where the data were analyzed in terms of a single pair
R +\% of T(#) andP(E'r) functions for the two isomeric 41 products,
Ll o i\ | the overallT(0) was somewhat forward biased, witli18C)/
Tee Ll % T(0°) = 0.8. This implies, in light of the constant isotropic trend
Tl with E; of the T(6) for I-CsH, that theT(0) of c-CsH is somewhat

005 20 30 20 80 8o forward peaked aE. = 29.3 kJ mot?, perfectly in line with

-1 the trend as a function d&; outlined in Figure 8(lhs). All of
Collision Energy, E¢ (kJ mol *) this indicates that the reaction channel leading-@d + H is
Figure 12. Branching ratiase/(oc, + ocys) as a function of collision ~ Proceeding through a long-lived complex mechanism at least
(translational) energyE,, as derived from crossed molecular beam Up to Ec = 18.6 kJ mot?, but atE; = 29.3 kJ mot?, the
studies of the CP) + C;H, reaction. The corresponding translational complex lifetime becomes comparable to and thel{at 49.1
temperature scale is indicated on the top abscissa. The solid line joiningkJ mol-) smaller than its rotational period. This interpretation
the data points (solid circles) is drawn to guide the eye only. The s consistent with a mechanism that leads to triplet cyclopro-

branching ratio obtained by Mebel et®lfrom statistical calculations : ; ; ; _
on ab initio potential surfaces including ISC is reported with a dashed penylidene (cyclic GHy) formation, which can undergo H-atom

line for comparison. The results of Kaiser e&bbtained at three  elimination with formation of c-H + H. The long-lived
collision energies are also shown as solid squares; again, the dottedcOMplex mechanism at loE;’s and the osculating complex
line joining the experimental points is drawn to guide the eye only. mechanism at higk.'s are in line with the trend of the statistical
calculations by Mebel et &.of the triplet cyclic GH, complex
lifetime (see Table 4).

The product translational energy distributions for I/g43-H
formation (Figure 8(lhs)) provide information on the partitioning
of the total available energy (given by collision energy
reaction exoergicity) between the translational and internal
(rovibrational) energy of the products. As can be seenP(Eér)
for the c-GH channel peaks far away from zero and exhibits a
similar shape at ak;’s. This indicates that a rather large fraction
of the total available energy is released in translation, suggesting
that cyclic GH, decomposes through a rather “tight” transition
state to c-GH+H. Conversely, th&(E'T) for the I-GH channel
peaks very close to zero, indicating a much smaller product
translational energy release and decomposition of the ling#dr C
intermediate via a “loose” transition state. The average fraction
of energy in translation is 0.6€0.62 for c-GH+H at the three
lowestE.'s, while it is 0.45 atE. = 49.1 kJ mot®. This indicates
that at highEc, a larger fraction of the relative translational
energy of the reactants is channelled into product internal
excitation. The average fraction of energy in translation is nearly
constant with thee. for I-C3H+H, being 0.39, 0.37, 0.34, and
0.35 atE. = 3.6, 8.6, 18.6, and 49.1 kJ md| respectively.
Therefore, the I-gH product is internally more excited{ ~
0.60-0.65) than the c-¢H product i ~ 0.40—-0.55).

04p

¢yl (cgtocsH)

shorter than five rotational periods, thi& = 18C°)/T(6 = 0°)

ratio becomes significantly smaller than 1. In other words, the
lifetime of the intermediate complexes can therefore be esti-
mated from theT(6) anisotropy. The rotational period of an
intermediate complex can be estimated through the classical
relationt,ot = 27li/Lmax Wherel; stands for the moment of inertia
of the complex rotating around theaxis § = A, B, C) and
Lmax IS the maximum orbital angular momentum. For an
estimation of the largestq, we can use the largest moment of
inertia of the triplet and singlet cyclopropenylidene, proparg-
ylene, and vinylidenecarbene intermediate reaction complexes
calculated by Mebel et & (see Table S1 in the supplement of
material to the papét, as described in its ref 30). The largest
moment of inertia is that around ti@axis, and this is reported

in Table 2 together with the estimated rotational periods for
the various triplet and singlet complexes at the various
experimental collision energielsyaxcan be estimated classically
by L = uvibmax Whereu andy, are the reduced mass and relative
velocity of the reactants, respectively, dngixis the maximum
impact parameter for reaction. The latter is estimated from the
relation o = zbma?, Where the reaction cross sectionas a
function of E; is obtained from the rate const&' k(T = 300

K) = 3 x 1071% cm? molecule* s™1 through the approximate

relatiorf” k ~ ou,. An E-13 energy dependence forhas also Our findings that theP(E't) for the c-GH + H channel
been used. Table 3 reports o, andbmay together withLmay at reflects a somewhat tight exit transition st&tayhile that for
the variousEd's, as used for obtaining thge; of Table 2. the I-GH+H channel reflects a loose exit transition stétare

As can be seen from Figure 7(lhs), th@) function for the corroborated by the theoretical work of Mebel efalThese
I-CsH product (corresponding to path 1a) is isotropic aEal. authors, indeed, found that H loss takes place via loose
This indicates that the reaction channels leading@H + H variational transition states, with the ones to form sHC

proceed through long-lived complex mechanisms, that is, significantly looser (they have lower vibrational frequencies)
intermediate gH, complexes whose lifetimes are longer than than those leading to the tighter giCisomer product.

at least five rotational period8.This is fully consistent with a An important point to note is that both-@H and FCzH
mechanism which sees the attack of the C atom at the acetylenebserved experimentally and originating from théR)(reaction
triple bond leading, after isomerization, to triplet propargylene can also be formed from the singlet intermediates (cyclopro-
(HCCCH) formation, which is the most stablets triplet penylidene and propargylene/vinylidenecarbene, respectively)
isomer (see Figure 1) and whose lifetime is calcuf&ttarange once they have been reached by ISC from the triplet PES. In
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TABLE 2: Rotational Periods of Various Triplet and Singlet Intermediate Complexes; the Moments of Inertia of the Same
Complexes for Rotation around theC axis Are Also Reported

triplet triplet triplet singlet singlet singlet
complex c-CGH» |-C3H> H,CCC c-CG3H, |-C3H» H,CCC
Ec (kJ mol?) rotational periods (ps)
3.6 0.82 1.25 1.25 0.76 1.25 1.25
8.6 0.60 0.95 0.95 0.58 0.94 0.95
18.6 0.46 0.73 0.73 0.45 0.72 0.73
49.1 0.33 0.53 0.53 0.33 0.53 0.53
moment of inertia (kg 1?)
Ic 5.2 x 10746 8.2 x 10746 8.2 x 10746 5.0 x 10746 8.1x 10746 8.2 x 1074
TABLE 3: Relative Velocity », Reactive Cross Sectiow, PES, the calculatedcycii/oinear s a function of; decreases
Maximum Impact Parameter bmay, and Maximum Orbital from 8.7 at 0 kJ mol! to approximately 0.2 at 50 kJ mdi
Angular Momentum Lmax at Various Collision EnergiesE. (see dotted line in Figure 11), while by including ISC with
Ec(kImol) u(ms?) o0(A)  bux(B) Lma(kgn?s?) triplet—singlet transition rate constants calculated by employing
3.6 955 31.4 3.16 4.1% 10733 nonadiabatic transition-state theory, the ratio decreases-ftiin
8.6 1447 23.6 2.75 5.43 1073 at 0 kJ mof?! to ~0.2 at 50 kJ moi! (see dashed line in Figure
18.6 2129 18.3 2.42 7.08 10°% 11). According to Mebel's work, bothransCsH, (pro-

33 . . . L .
49.1 3458 133 2.06 9.74 107 penylidene) and cyclic £, can be formed in the initial reaction

step (see Figure 1); because the isomerization processes for the
CsH, species occur much faster than their dissociation, an
equilibrium concentration of the variousld; isomers is reached
before they decompose, and this is at the basis of the statistical
calculations. The trends in branching ratios have been rational-
ized by Mebel et a¥? by considering the energies and tightness

of transition states involved in the dissociation processes. The
rate constant for H elimination from lineasld; to form I-CsH

d + H is calculated to increase 100 times faster, whgimcreases

from 0 to 60 kJ mot?!, than that for the H loss from cyclic

fact, ISC from triplet to singlet PESs is known to occur because
it is the only path leading to the spin-forbiddeg-€ H, channel
(see below). Once the singlet cyclopropenylidengH} is
formed, it can undergo CH bond cleavage with the formation
of c-CsH + H as well as isomerization to singlet propargylene
(HCCCH) and/or singlet vinylidenecarbene,ECC), both of
which can, in turn, lead teC3H formation by CH bond rupture.
It should also be noted that c/kE& formation from the singlet
CsH, intermediates is expected to proceed via a long-live
complex mechanism, considering that the lifetimes of the singlet o
comglexes (reached by ISC) aregcalculated to be very long vgvith CaH to produce c-gH + H.# Therefore, on statistical grounds,

t to H elimination f bout 195 (64 t= 49 1 it is not surprising_that the most exoergic qhannel Ieading to
rk(\elsfne(;:l’loup t%"&n?llgr; r:gn;Eac iu3 6 kJ( m)ofls%r linear c-GsH is preferentially formed at lowk;, while the relative

(cyclic) singlet GHs (see Table 42 impqrtance of.th_e less _exoergic ke channql ir!creases
IV.2. Cyclic CqH/Linear C sH Ratios. As shown in Figure conS|de_ra_ny with |_nc_rea3|n_5C. As can be seen in Figure 11,
11, the ratiooeysid/dinear is found to decrease with increasing the statistical predlctlo_ns WIFhOUt ISC are in reasonably good
E., from ~9 atE, = 0.8 kJ mott to 1.0+ 0.3 atE, = 49.1 kJ agreement, and those including ISC are in very_gqod agreement
mol~L (the value aE. = 0.8 kJ mot in Figure 11 is from ref W|tk_1 experl_ment at IovEc’s_; however, both p_redlctlons appear

19). These results contradict those obtained from dynamical to mcreasmgly _underesﬂmate_the formation of W'th
calculations on the triplet PES, both those from quantum Ncréasing=c. This could be ascribed to some dynamical effects
scattering studies in reduced dimensionality by Buonomo and N the dissociation of the cyclic and lineagid; isomers, which
Clary2* which predicted I-GH to be preferentially formed at ~ could become important at higg:'s.

any E; sampled betweeE; = 5 (0cyciic/Tiinear < 0.02) and 70 As discussed above, the @i and I-GH isomers formed
kJ mol? (ocycidOiinear ~ 0.17), and those by Takayan#givho from the CPP) + C.H, reaction can originate from the
oppositely predicted overwhelmingly dominant gHOproduc- decomposition of both triplet and singlet intermediates after ISC.
tion betweenE; = 0.1 (cycic/Tinear > 107 and 58 kJ mot? The experiment cannot tell us quantitatively which fraction of

(OcyciclOinear ~ 10%). The experimental ratio is also at strong ¢-CsH comes from triplet cyclic €Hz and which one comes
variance with the results of QCT calculations on a full- from singlet cyclic GH.. However, from the experimental
dimensional ab initio triplet PES by Bowman and co-workérs, observation of the £+ H, channel, we know that ISC occurs
who found |-GH to be preferentially formed at alE.s with high probability, and therefore, it is reasonable to expect
investigated, from 5dcyciic/Giinear ~ 0.07) to 40 kJ mol* (ocyeiid/ that a significant fraction of c/l-¢H also originates from the
Oiinear ~ 0.05). The theoreticakeyqidoinear ratios calculated by  singlet intermediates. According to the statistical calculations
Buonomo and Clary and by Bowman and co-workers are not including ISC by Mebel et & at E. = 4.2 kJ mof? (at which
shown in Figure 11 because, being too small, they would not aocycidginear ratio of 3.85 is predicted, in good agreement with
be distinguishable on the scale of the figure. For the opposite the ratio of 4.0+ 0.5 derived from the experiment Bt = 3.6
reason, the results of Takayanagi are also not plotted becausé&J mol?), 12.2% of the predicted 50.8% of i€ originates
they are much too large for the scale of the figure. from triplet cyclic GH», while 38.6% is from singlet cyclic

In contrast to the sharp disagreement noted with the resultsCsH,. Of the predicted 13.2% of I-{Ei, 3.6% originates from
of dynamical calculations on the tripletsd, PES, good triplet HCCCH and 0.5% from triplet $CCC, while 3.5%
qualitative and semiquantitative agreement is found between originates from singlet LCCC and 5.6% from singlet HCCCH.
the present experimental results and those of the statisticalThe calculated remaining 36.0% of the reaction products is
calculations by Mebel et & These authors have applied RRKM represented by the G+ H; channel, which occurs via ISC
theory for isomerization and dissociation steps within the same (24.4% is computed to originate from singletGCC, with
multiplicity and radiationless transition- and nonadiabatic transi- 11.6% produced from singlet HCCCH). Similar estimates at the
tion-state theories for singletriplet ISC rates. On the triplet  different collision energies (from 0 to 62.8 kJ mél are
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TABLE 4: Statistical Lifetimes of Triplet and Singlet Complexes
in Table 2 of Ref 30) for the CEP) + C,H, Reaction

Leonori et al.

as a Function ofE. (Interpolated from the Theoretical Results

triplet triplet singlet singlet singlet singlet
C-C3H2—’ |-CgH2—' C-QHZ i |-C3H2_' |-C3H2_' HzCCC_'
Complex C-C3H+ H |-C3H+ H C-C3H+ H |-C3H+ H C3 + Hz C3 + H2
E. (kJ mol?)

3.6 260 ps 2060 ns 1790 ps 57 ns 26 ns 6 ns
8.6 157 ps 611 ns 1008 ps 17 ns 18 ns 4ns
18.6 67 ps 101 ns 440 ps 3ns 6.5ns 1.8ns
49.1 12 ps 5ns 64 ps 195 ps 2ns 292 ps

reported in Table S2 of the supporting information of Mebel et
al® It is interesting to note, in light of these statistical
calculations, that the ratigyciic/Oiinear COMing exclusively from
the triplet surface is predicted to be 3.0, while that from the
singlet surface is 4.24. That is, at Id#y, both triplet and singlet
intermediates undergo H loss to form gkC+ H preferentially
rather than |-@H + H. This statistical result on the triplet PES
of Mebel et af? is very different from the above dynamical
results on the PES of the same multiplicity. Obviously, it is

(see Table S2 in the supporting information of Mebel e@al.
The experimentally determined average fraction of total avail-
able energy released in product translation is 0.6B6.at 3.6
and 18.6 kJ mol',!® and it decreases to 0.57 & = 49.1 kJ
mol~1, a value very similar to that (0.564) already fodihdt

E. = 29.3 kJ mofl. These large values are an indication that
a high potential barrier is present in the exit channel of this
reaction pathway; indeed, an exit barrier of 98 kJ Thgith
respect to the products) has been calculated foellination

desirable to have dynamical calculations on a more accuratefrom singlet HCCC and a slightly lower one (94 kJ m@é) for

triplet PES and also with inclusion of ISC.

IV.3. Dynamics of C; Formation from C(3P). The T(0)
function for G formation from the CIP) reaction is isotropic
at the three lowedE.'s and becomes slightly forward biased at
E. = 49.1 kJ mot? (see Figure 8(rhs)). It should be noted that
C; formation was found to have a nearly isotropi@) also at
Ec = 29.3 kJ mot?1,17 with only a slight preference for forward
scattering, in line with the present results. This trendr )
with E. indicates that the £+ H, pathway is proceeding
through GH, complex(es), whose lifetimes are significantly
longer than their rotational periods. From the extent of the
translational energy release at the varidtis (see Figure
8(rhs)), the exoergicity of the £+ H, forming channel is
estimated to be~105 4 10 kJ moi?, in agreement with the
literature data on the relevant heats of formatiafH°o(C(P))
= 709.5+ 2 kJ mol 1,48 AH°y(CoHy) = 227.3+ 0.8 kJ mof 1,48
and AH°o(Cs3) = 831 4 13 kJ mot?® 49, which givesAH%=
—106 &+ 16 kJ mof™. It should be noted that the theoretical
exoergicity of channel 1c calculated by Mebel et%k 127.8
kJ mol?® (with an estimated uncertainty of at leakt10 kJ
mol~1),50 somewhat larger than that estimated from the literature

heats of formation and experiment. Clearly, there is a need for

a more precise determination of the heat of formation HfiC
any case, from the extent of thR€E'r), it is inferred that G is
formed in its ground-state linear formtXy* (channel 1c). This
can only be rationalized by invoking ISC between the triplet
and singlet PES leading to a singletH intermediate which,

by H; elimination, can produced(X'Z4"). Mebel et af*indeed
suggested in their earlier work that formation of lineas C
involves ISC from triplet propargylene to singlet cyclopro-
penylidene (the most stableld, isomer; see Figure 1), which
then isomerizes to singlet28CC, which undergoes a three-
center H elimination. However, in the most recent work, Mebel
et al32 were able to locate another singtétiplet seam of ISC
which is significantly lower in energy and resides in close
vicinity to singlet linear GH, (propargylene; see Figure 1).
Therefore, ISC from triplet to singlet propargylene is expected
to be the main nonadiabatic pathway in the’®)(+ CyH,
reaction32 Again, isomerization reactions between the three
singlet GH; isomers are calculated to be much faster than their
dissociatiort? Molecular hydrogen elimination can take place
from both HCCC (via a three-center elimination process) and
HCCCH (via a four-center process), with the rate for the former
being statistically about twice that for the latter at I&y(~4

kJ molt) and about three times larger at high(~50 kJ moi™?)

H, elimination from singlet HCCCH (see Figure 3)The fact
that the fraction of energy in translation decreases somewhat
with increasingE, indicates that the extra translational energy
of the reagents is mainly channelled into internal excitation of
the products.

The backware-forward symmetricT(6)’s for the G product
determined in this work (Figure 8(rhs)) are fully consistent with
Mebel’s picture in which the lifetime of triplet propargylene is
calculated to range from aboutu® atE; = 3.6 kJ moflto 5
ns atE. = 49.1 kJ moi?! (see Table 4), that is, the statistical
calculations of the €H, intermediate undergoing ISC predict a
long-lived complex mechanism even at Bpon the order of
50 kJ mot . ISC from triplet propargylene competes with H
elimination to form I-GH. Although atE; = 0 kJ mol, the
ISC rate constant is about 3 orders of magnitude higher than
that for H elimination®? at low E., a long-lived complex
mechanism fully applies for Helimination, at least at low and
moderateE;'s. While the rate of ISC remains essentially constant
(rises very slowly) withE., the rate of H elimination is
calculated to increase by 3 orders of magnitude Bs is
increased from 0 to 50 kJ ndl

IV.4. Comparison with previous pulsed CMB work.
Comparison of the present results with those of édfy* and
recent® CMB investigations using pulsed beams is in order.
Previous CMB experiments Bt = 8.8, 28.0, and 45.0 kJ midi
by Kaiser et al}213which were very recently confirmed by a
new series of experimem&jndicated a preferential pronounced
forward scattering of the 41 product at lowE. and a symmetric
scattering at high & a trend which is opposite to the present
results and is also contradicted by the Doppler shift measure-
ments at very lovE, in pulsed CMB experiments with H-atom
detection'® Kaiser et al. suggested that at Id&, c-GH is
formed through a short-lived triplet cyclopropenylidine (cyclic
CsHy) intermediate in a direct fashion, leading to a forward-
peakedr(0), whereas-IC3H is formed via a triplet propargylene
(HCCCH) intermediate and is characterized by a backward
forward symmetric angular distribution. AS; increased, the
m/z = 37 CM angular distribution culminated in an isotropic
T(0) at Ec = 45.0 kJ mot! leading solely to the I-gH isomer.
Notably, at that timé213the authors ruled out the interpretation
that a long-lived HCCCH (propargylene) collision complex
could contribute to an isotropid(@) for the I-GH isomer
because it was argued, by comparison with the related reaction
C(P) + CH3CCH, that the lifetime of triplet propargylene is
expected to be smaller than the rotational period of the HCCCH
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reaction intermediate. It was instead argued that tgH- 1.5 T T T T T T T
forming channel exhibiting an isotropi@(#) originated in the -1
rotation of a symmetric reaction intermediate (HCCCH) around - (@) Ec=36kJmol" 4
the C; symmetry axis, fragmenting te@sH + H (that is, the

two H atoms can be interconverted through a rotation). In this
regard, the notion that the propargylene intermediate is not long-
lived at thermal energies was challenged by subsequent ab initio
and RRKM calculations by Guadagnini et Zwho calculated
unimolecular lifetimes for intermediate propargylene complexes
from the CfP) + C,H, reaction to be 2500 and 1900 ps at 300 i
and 1000 K, respectively, with an upper limit for the rotational
period of the complex being44 ps (that is, on the order of 50
times shorter that the complex lifetime). In contrast to HuzH
product, the estimated forward scattering of th€stl product
was rationalizet¥—14 by invoking an impact-parameter-depend- 15
ent mechanism within the framework of simple capture theory,

whereby increasing the collision energy translates into a -

1.0F
* m/z=37

0.5F

N(®) (arb. units)

0.0

reduction of the maximum impact parameter leading to reaction. @
As such, it was speculated thatBsrises, reactive trajectories < 1.0f 7
with large impact parameters, which can account for the forward g
peaking, are quenched. The interpretation of the experimental 8 i 1
results was assisted by combined coupled-cluster ab initio @ osk i
electronic structure calculations of the triplet intermediates, z

product structures, and energetiche reaction mechanisms 5
derived by Kaiser et df 14 are quite surprising because
addition—elimination reactions of this type leading to two very 0.0
weakly exoergic product channels and proceeding through very

strongly bound reaction intermediates, such as triplet cyclopro-
penylidene/propargylene/vinylidenecarbene (see Figure 1), are 15
usually expected to proceed via a long-lived complex mecha- »
nism at lowE; and eventually through an “osculating complex” L (C) E,=18.6 kd mol " -
mechanism at higlk..2%47

In order to show the sensitivity of our experimental data to
the anisotropy of the CM angular distribution (that is, (6)
function), in Figure 13, we compare our experimental LAB
angular distributions (dots) measuredsat= 3.6, 8.6, and 18.6
kJ mol! with the predictions (lines) of the CM functiofi§6)
andP(E'r) derived by Kaiser et & from the analysis of their / N
most recent experimental data. The safé® energy depen- | =% ——" =~ = —. . X\ ;
dence of the integral cross section as that in ref 20 was used in 0-05 10 20 30 40
the simulations. Specifically, the CM functionsi&t= 8.0 and Lab scattering angle, ® (degrees)

20.4 kJ mot* from ref 20 are used to simulate our experimental Figure 13. Laboratory angular distributioN(©) of CsH products at
data atE; = 8.6 and 18.6 kJ mol, respectively. The same vz = 37 (solid circles) from the reactions ®(D) + C,H, at three

CM functions derived foEE; = 8.0 kJ mot? in ref 20 are also indicatedE;'s from our previou¥’ and present work compared with
used to simulate our experimental angular distributioE.at simulations using CM product angular and translational energy distribu-
3.6 kJ mot; this is a conservative assumption because, on the tions from the work of Kaiser et ak*°for the CfP) reaction and our
basis of the trend reported in Figure 5 of ref 20 (which is similar 2eStfit functions for the CD) reaction (see text for details).

to the trend reported in Figure 8 of ref 12), th@) function at discussed, the long-lived complex mechanism invoked to
E. = 3.6 kJ mof* would actually be expected to be even more rationalize the reaction dynamics observed in our study is fully
forward peaked than that at 8.0 kJ mblin these simulations,  corroborated by the statistical calculations of Mebel €2 ah

the C{D) contribution is kept identical to that derived in our the lifetimes of the various reaction intermediates as a function
best-fit simulations. As can be seen from Figure 13 at the lowest of E, (see also Table 4).

E., the total LAB angular distribution predicted by Kaiser’'s It is also worth comparing the present results for thetC
functions is strongly shifted in the forward direction (small H, channel with those recently obtained by Kaiser and co-
angles) with respect to the experiment and therefore is at theworkers2? Also for this channel, there is a considerable
intermediateE., with the shifting being smaller at the higher disagreement between our results and those obtained by Kaiser
Ec of 8.6 kJ mofL. These clear deviations are the consequence and co-workers. In fact, in their study, tfié9) of the G channel

of the increasingly forward peaking of ti&6) function with is already considerably forward peakdq180C°)/T(0°) ~ 0.55)

* m/z=37

0.5

N(®) (arb. units)

decreasinge. derived in the work of Kaiser et a%:132°0ur at the quite lowE; of 8.0 kJ mot! and becomes strongly
data and best-fit analysis show clearly that (@) for both forward peaked aE; ~ 30 kJ mot? (see Figure 5 in ref 20).
c-GH and |-GH formation is perfectly backwareforward This indicates that the lifetime of the triplet reaction complex

symmetric at all of these three collision energies and, in marked leading to ISC and of the singlet intermediate that then leads to
contrast to the results of Kaiser et al., does not become H; elimination is already somewhat smaller than its rotational
increasingly more forward peaked Bsdecreases. As already  period at 8 kJ moi! and much smaller than that at 31 kJ ol
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(at which T(18C°)/T(0°) ~ 0.15). Actually, Kaiser and co-
workerg® used their derived anisotropy of tHEO) function
for the G channel to estimate the lifetime of the singlet
vinylidenecarbene intermediate {EICC) leading to @+ H..
According to their estimates, the&CC lifetime decreases from
0.57 to 0.12 ps whek; increases from 8 to 31 kJ mdl This

is a rather surprising result considering that ISC from a very

long lived triplet intermediate is invoked also by th&nto
rationalize the formation of £+ H, from C@P) + C;H,. Those
lifetime values are in strong contrast with Mebel’s statistical
calculation?? of the triplet and singlet complex lifetimes (see
Table 4). The results of Kaiser and co-workérare at odds
with our findings in which theél'(6) for Cs formation is actually
isotropic up toE. = 18.6 kJ mot* and becomes slightly forward
peaked only at 49.1 kJ mol (see Figure 7(rhs)).

IV.5. C3/(C3 + C3H) Branching Ratio. As already discussed,
formation of G + H, from C@P) + C,H, requires a nonadia-

Leonori et al.

branching ratio derived by Kaiser et al. as a functionEgf
exhibits an increase with decreasiigwhich is steeper than
ours. In particular, their value of 0.78 0.07 derived aE; =

8.0 kJ mottis larger (by nearly 50%) than our estimated value
at the lowelE of 3.6 kJ mot?; it is also larger than the kinetic
value of 0.47+ 0.04 derived at 300 R?

IV.6. Dynamics of ¢/I-C3H and Cz formation from C (D).
As can be seen from Figure 10(lhs), th@) function for the
I/c-CsH (corresponding to paths 2a and 2b) is backward
forward symmetric at the lowe# of 3.6 kJ mot?, becomes
slightly forward biased aB. increases to 8.6 and 18.6 kJ ml
and is strongly forward peaked at the high&stof 49.1 kJ
mol~L. This indicates that the reaction channel leading to H
elimination proceeds through a long-lived complex mechanism
at the lowestE; and through an intermediate complex which
begins to osculate d% is raised to approximately 20 kJ n1él

Mebel et aP? have calculated rate constants as a function of

batic transition to take place between the triplet and the singlet the available internal energy of each triplet and singlet inter-

PESs. The branching ratio of cross sectiogg(oc,+ocg) of
0.50+ 0.10 derived from the present study at the lowesof
3.6 kJ motf ! (see Figure 12) indicates that ISC is facile in this
system. Interestingly, Takahashi eEhpostulated a mechanism
for the CEP) + CyH, reaction that includes ISC and the
formation of a singlet intermediate. Mebel efahave shown

mediate or transition state, where the internal energy was taken
as a sum of the energy of chemical activation in théPC¢-

C.H, reaction and the collision energy, assuming that a dominant
part of the latter is converted to internal vibrational energy. With
respect to the CGP) reaction, the energy of the chemical
activation of the C{D) + C,H; reaction is about 122 kJ nidi

that the nonadiabatic transition of triplet to singlet propargylene larger (corresponding to the excitation energy offDj. On

occurs via the tripletsinglet seam of crossing labeled as

intersystem crossing in Figure 1. As pointed out by Guadagnini reported by Mebel et af2

et al22and confirmed by Mebel et a2 the triplet GH, adduct

the basis of the trends of the intermediate lifetimes viith
-we expect that the lifetimes of singlet
c-CsHz, HCCCH, and HCCC for the C{D) reaction are much

is very long lived even at high temperatures (collision energies). gprer than the values reported for théRjfeaction (see Table
As a result, the system may have time enough to undergo ISCyy v/ery recently, Mebé&P has also calculated the RRKM rate

from triplet to singlet propargylene, which then can readily lead

to Cs + Hy directly or via isomerization to $CCC.
The branching ratiar(Cs)/(o(C3) + o(CsH)) was found to

constants for all reaction steps on the singlet PES of tAB)C(
+ C,H, reaction at various collision energies. He finds that the
lifetime of singlet cyclic GH, for H elimination decreases from

increase with decreasirtg (see Figure 12) (analogously to the 5 few picoseconds & = ~4 kJ mol ™ to about 1 picoseconds
o(c-GgH)/o(I-C4H) ratio (see Figure 11)), as one may reasonably at E, = ~50 kJ mot?, that is, asE. increases, the lifetime of
expect from the trend with of the lifetimes of the intermediate  singlet cyclic GH, for the C{D) reaction ranges from about
CsH2 complex(es); in fact, the complex lifetimes increase with 500 to 40 times shorter than that for the3@) reaction (see

decreasings,, as does the probability of ISC (see Table’4).
These results confirm the original finding&t= 29.3 kJ mot?!
that intersystem crossing is facile and important in th#PT{
C,H> reactiont6-18

Our experimental values at foltg's covering the range from
3.6 to 49.1 kJ mol' can be compared with the theoretical
predictions by Mebel et af2 which are reported as a dashed

Table 4). These lifetime values for the 1O} reaction are
qualitatively and quantitatively consistent with the experimental
trends that suggest a long-lived complex mechanism atHow
and an osculating one a&; is raised. Similar orders of
magnitude of difference with respect to thel@Yreaction were
also found by Mebé&f for the lifetimes of the other singlet
isomers with respect to H andyldlimination. For instance, the

line in Figure 12. Mebel et al. used radiationless transition- and lifetime of singlet BCCC (which is statistically calculated to

nonadiabatic transition-state theories (TST) for singteplet

be the main intermediate leading tg &limination) with respect

ISC rates. The results shown in Figure 12 are those obtainedto C; + H, formation ranges from about 20 ps at the lowEst
using nonadiabatic TST, which are very close to those obtainedto about 7 ps at the highest (compare with the corresponding

by radiationless transition theories. The lifetime of triplet
propargylene becomes shorter Bsincreases (see Table 4),
making ISC to the singlet PES less probablé&asicreases; at
low E¢ the branching ratio of €is particularly sensitive to the

values in Table 4 for the GP) reaction, which are 6 ns and
292 ps, respectively’p

The T(0) for Cs formation is also backwareforward sym-
metric at lowE, while it is significantly forward peaked at 18.6

rate of ISC. As can be seen in Figure 12, the comparison |y mort and even more so at 49.1 kJ mbl(Figure 9(rhs))

between experiment and statistical theory is rather satisfying, Thjs reflects the fact that the reaction proceeds through a long-
although theory appears to underestimate the experimentaljyeq complex mechanism at lofi and an osculating complex
results, indicating that the intersystem crossing is somewhat achanism at higheE,. This finding correlates with the trend

underestimated theoretically.
The experimental value of 0.58 0.10 atE, = 3.6 kJ mol?

of the statistical lifetimes of the relevant (HCCCH ang€C)
singlet intermediates leading tos G+ Hy, as calculated by

is found to be in agreement (see Figure 12) with the result of Mebel5° Again, although the information about the CM

the kinetic study of the GP) + C,H, reaction at 300 K
(corresponding té&. ~ 3.6 kJ mot?), giving an upper limit for
the branching ratio for H formation of 0.58 0.043°

functions of the C{D) reaction are considerably less accurate
than that for the GP) reaction, we note that there is a
satisfactory agreement between the statistical predictions and

Plotted in Figure 12 are also the results of the recent experiment. One should also note that théO(reaction may

determination by Kaiser and co-workeéfsAs can be seen, the

not be fully statistical; in fact, the CM angular distributions at
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relatively highE. indicate that we are in the osculating regime,
which probably means that full equilibration of energy among
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in addition to decaying via a barrierless channel tosetG- H,
can also isomerize either to vinylidenecarbengGecC) via H

all vibrational modes does not happen. Consequently, althoughmigration/ring opening or to propargylene (HCCCH) through

the calculated rates are still within the applicability limit of

RRKM theory, RRKM may not be quite accur&fEDynamical

calculations on the @D) reaction would be very valuable here.
Regarding the product translational energy release?(fg)

for the GH + H channels peaks away from zero (Figure 10-

ring opening. Through a barrierless H-loss process, bgth H
CCC and HCCCH can, in turn, lead to k€ + H and via B
elimination to G + Hy via an exit potential barrier, as found in
dynamicat® and statistic&Pf calculations.

Because the initially formed c4E; resides in a very deep

(Ihs)) and reflects an average fraction of total available energy potential well (it is the most stablesB; isomer; see Figure 1),

in translation of about 0.44, nearly constant vigh This fraction
is larger than that found for I-4&1 + H (0.35-0.39) from C¢P),
while it is smaller than that for c41 + H (0.60-0.45);

it is reasonable to expect at least an osculating complex
mechanism for the reactions leading to eithgHCG- H or Cs
+ H, formation. Indeed, our work finds that tfig6)’s for the

however, it appears to be close to the average values (betweeriwo pathways have similar trends (see Figure 10), consistent

c- and I-GH) of the C@P) reaction. TheP(E'r) for the H
channel (Figure 10(rhs)) reflects about 50% of energy in
translation, independent &;. This fraction is larger than that

with an osculating complex mechanismit= 49.1 kJ mot1.
In the work of Kaiser et aF/ the strongly forward-peaket(0)
at E; = 45 kJ moi! was interpreted as evidence of direct

for the H channel because of the presence of a high exit barrierscattering dynamics via a very short-lived gHz intermediate

for H, elimination. Interestingly, the fractional value of 0.50 is
lower than that for the €&+ H, channel from the CP) reaction
via ISC, where values of 0.66).57 were found; this implies
that the molecular products are internally significantly more
excited in the C{) reaction, indicating that part of the
electronic energy is channelled into product internal excitation.

The results are consistent with a mechanism that sel&) C(
attacking the triple bond of acetylene to form singlet £4&
(the most stable of all £, isomers; see Figure 1), which can
undergo CH bond cleavage forming gHC+ H or isomerize
to singlet HCCCH and KCCC, which in turn can produce |8
+ H by H loss and €+ H; by H, elimination.

One remaining question is whether ISC from singlet to triplet
PES is important. According to Mebel's unpublished restlits,
the ISC rate for the GD) reaction is too slow (and practically
independent of the collision energy) to compete with isomer-
ization and dissociation.

It is worthwhile to compare the present results on thd{E(
+ C;H, reaction dynamics with the results of the previous study
reported by Kaiser et at’,who combined CMB experiments
with electronic structure calculations of the singletg PES.
TOF spectra were recordedratz = 37 atE; = 45 and 109 kJ
mol~. These were found to be identical to those recorded at
m/z = 36, and this led to the conclusion that the reaction leads
only to the H-elimination channel at thegg's. In the pulsed
beam work, the presence of large concentration pinGhe C
beam together with the unfavorable kinematics (low TOF
resolution because of the high CM velocity) may have repre-
sented a complication that prevented the detection ¢f C

(sub-picosecond lifetime) leading to a nonstatistical energy
partitioning. This interpretation was considered to be supported
by the nondetection of thezG- H, channel. It was argued that
the reaction time scale is too short for a H-atom migration from
c-CsH; to either RCCC or HCCCH, which therefore were not
involved in the reaction. Admittedly, Kaiser et@lspeculated
that at lowE, the c-GHy, lifetime should have been long enough
to permit energy randomization, and therefore, H migration to
HCCCH and/or HCCC could have been possible, leading to
the observation of both H- andjklimination channels (c/I-
CsH and G formation). Our study demonstrates that this is
actually occurring also at the relatively highof 49.1 kJ mot1.,
Although the branching ratio4{Cs + CgH) as a function of
E. cannot be estimated reliably for thelDj reaction, we have
an indication that aE. = 49.1 kJ mot?, it is comparable to
that of the C§P) reaction. Bowman and co-work&rhave found
in preliminary calculations that singlets8, produces c-gH,
[-CsH, and G in comparable amounts. Statistical calculations
by Mebef?indicate that at higlt. (about 50 kJ mol?), although
the formation of I-GH + H is the most important decay channel,
the formation of c-GH + H and G+H, (in comparable
amounts) is still significant. Dynamical calculations on an
accurate PES are desirable.

V. Astrophysical Implications

This work may have important implications for the chemistry
of the interstellar medium. The present data, together with those
presented previoush?, have permitted us to draw a clearer
picture of the distinct dynamics of€3;H and FCsH formation

products. It was concluded that the reaction proceeds via directfrom the C8P) + C;H, reaction. The estimation of theciid/

stripping dynamics on the singlet surface via addition of the C
atom to thes-orbital of acetylene to form a highly rovibra-
tionally excited, short-lived cyclic §H, intermediate which
decomposes by H emission to form solely ¢-Ct H. TheT(6)
function was found to be strongly forward peakedcat= 45

kJ mol1, all confined between 0 and 90and even more
strongly peaked dE. = 109 kJ mot?, all confined between 0
and 50. Our T(A) at E; = 49.1 kJ mof! exhibits also a
pronounced forward peaking, but with some intensity also in

Jiinear Fatio NOow covers a very wide range Bf's (from 0.8 up
to 49.1 kJ mot?, corresponding to a temperature range of about
65—3500 K) and is found to decrease E&s (temperature)
increases, from~9 at 0.8 kJ mot! to 1 at 49.1 kJ mol'.
Notably, the values obtained Bt = 0.8 and 3.6 kJ mol* are
close to the relative density of@€3H and FC3H observed in
dense cloud TMC-1 (see ref 185.

The current investigation of the dynamics of the spin-
forbidden G + H; reaction pathway has made it possible to

the backward hemisphere (see Figure 9(rhs)). The fraction (0.50)estimate the ¢(Cs + C3H) branching ratio as a function of

of energy in product translation found in our study is in
agreement with that (0.560.55) determined by Kaiser et al. at
E. = 45 kJ mofl. However, in the pulsed CMB study, no
evidence of @ + H; formation was found. This is quite
surprising because thes& H, pathway, which is spin-allowed
for C(ID), is the energetically most favorable pathway (see
Figure 1). Furthermore, the initially formed cyclopropenylidene,

collision energy from 3.6 to 49.1 kJ mdl It has been found

that the branching ratio increases when the energy decreases
and that G and GH are formed in comparable amountsEat

= 3.6 kJ mot?, equivalent toT = 300 K (see Figure 12).
Although caution should be used when extrapolating the CMB
data to the low translational energies (temperatures) typical of
cold molecular clouds, from the trend shown in Figure 12, one
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may reasonably expect a branching ratio~df.5—-0.6 at very singlet GH, ab initio potential energy surfaces. The exoergicity
low temperatures. £detection has been successful toward the of 11 4+ 2 kJ mol* determined in our previous workand
Sgr B2 molecular cloud and carbon rich star lRT216? In confirmed here is corroborated by the new accurate theoretical
conclusion, the message of this work is that because of the strongvalue of Mebel et at? of 14.14 4 kJ molt. Comparisons have
energy (temperature) dependence of the cross sections (ratbeen made with the available theoretical predictions (ap-
constants) for eH isomers and € product formation, the proximate quantum scattering calculations and quasiclassical
collision energy and temperature-dependent branching ratios fortrajectory calculations on the triplet PES without nonadiabatic
particular products need to be included in chemical reaction effects and statistical calculations including nonadiabatic effects)
networks modeling the abundances of cold molecular cléuds. and with the results of previous crossed molecular beam studies
The above information on the three competing pathways of using pulsed beams. The@H/I-C3H ratio of cross sections
the title reaction may also be useful in the modeling of from the CEP) reaction as a function d is found to be in
combustion processes and circumstellar envelopes of dyingrather good agreement with the results of very recent statistical
carbon stars, where temperatures approach those of combustiogalculations on ab initio potential surfaces (with and without
environments. Finally, the information gathered on théDJ( inclusion of ISC), while it differs strongly from the results of
+ C,H, reaction may be useful for understanding the chemistry the dynamical calculations on different ab initio triplet PESs.
of comets because of the high production rate 3D {n these The statistical calculations corroborate also the trend With
objects (where photoionization of CO, followed by dissociative of the experimental branching ratig/(oc, + ocg) from the
recombination with electrons, is thought to be the main source C(P) reaction, although they appear to underestimate somewhat
of C(*D)). Notably, both GH and G have been observed in  the extent of ISC. This could be due to inaccuracies in the PESs
comets’2 and the reaction of excited carbon atoms with (nonadiabatic coupling elements, for instance) or to dynamical
acetylene may well be, at least in part, the source of theseeffects, or to both. Again, QCT calculations on accurate triplet/
observed species. Prospective reaction networks of cometarysinglet ab initio PESs including nonadiabatic effects are
chemistry must consider ;Cproducts as well as (possibly) desirable. The CM angular distribution of@H is found to be

distinct GH product isomers. isotropic (backwaredforward symmetric) at alE.'s, reflecting
the formation of a long-lived cyclic 1, complex even at 50
VI. Summary and Conclusions kJ mol%; this is corroborated by statistical calculations of the

o o _ theoretical lifetime as a function d& by Mebel et af2 The

We have reported a detailed investigation of the dynamics ¢\ angular distribution of-CsH is found to be backward
of the reactions of ground- and excited-state carbon ator8) C(  forward symmetric at loviE, reflecting the formation of a long-
and C{D), with acetylene over a wide collision energy range |ied linear GH, complex, and becomes increasingly more
(3.6-49.1 kJ mot?) using the CMB scattering technique with  foryard scattered with increasirf, reflecting an osculating
e_Iectron ionization mass spectrometric dt_ete(_:tlon and time-of- complex mechanism, as suggested by the statistical lifetime
flight analysis. From angular and TOF distribution measure- ¢g|culations. This trend (long-lived complex mechanism at low
ments of products atvz = 37 and 36, the primary reaction g and osculating complex mechanism at higl) is opposite
products of both the &) and C{D) reactions with GHzhave {5 the trend derived from previous CMB experiments with

been identified to be-C3H + H, I-CH + H, and G + Ha. pulsed beams, where a forward-scattered overall (that is, linear
Product angular and translational energy distributions in the CM cyclic) CH CM angular distribution was derived at |08
system for the |- and-CsH isomers as well as thes(roduct (about 8 kJ molY), which becomes progressively less forward
from the CEP) and CID) reactants have been derived as a gcattered with increasiri, up to becoming backwareforward
function of collision energy. In the case of the®E) reaction, symmetric (isotropic) aE. = 45.2 kJ mot™ (only I-CsH being

it has been possiblg to charactgrizg the distinct dynamics of thefgymed at this higtEy). Significant differences are also noted
two different GH isomers, while in the case of the Q) in the trend of the € product CM angular distributions with
reaction, this was not possible. respect to that recently derived from pulsed CMB work. The

Formation of both GH isomers is possible following the interpretation of the reaction dynamics of)+ C,H, derived
initial attack of C¢P) onto the unsaturated bond of acetylene; in the present study consequently contradicts that obtained from
triplet cyclopropenylidene can give the cyclic isomer by CH the previous pulsed CMB studies of Kaiser et'Zf420
bond cleavage, while propargylene (and, to a much smaller Aithough the C¥P) + C,H, reaction appears to be nearly
extent, vinylidenecarbene) can give the linear one (see Figurestatistical, significant differences are noted between the experi-
1). While the lifetime of propargylene is calculated to be very mental results and the statistical predictions. Dynamical calcula-
long (up to microseconds) even at high temperatukg's)¢? tions on more accurate PESs with inclusion of nonadiabatic
(see Table 4), correlating very well with the symmeffi@) effects are desirable for a more quantitative understanding of
observed for4CsH (Figure 7) and a long-lived complex reaction  the detailed dynamics of this fundamental reaction.
mechanism, the lifetime of triplet cyclopropenylidene is con-  The C{D) + C,H, reaction is also found to lead to c/k&
siderably shorté? (see Table 4) but still long enough at Idgy + Hand G + Ha. While for C@P) + C;H, the G + H, channel
with respect to its rotational period to justify the interpretation s spin forbidden, it is allowed for the &) reaction. At low
of the reaction mechanism in terms of a long-lived complex g_ hoth H and H elimination are found to proceed via a long-
mechanism for «CsH formation. lived complex mechanism, while at hidh, they both proceed

The ratios of cross sections(c-CsH)/o(I-C3H) and the  via an osculating complex mechanism, reflecting a lifetime of
branching raticoc,/(oc, + ocn) from the CEP) reaction have  the singlet intermediate from the ) asymptote which is
been determined, and both have been found to increase withcomparable or shorter than its rotational period. Finally, the
decreasings;. Formation of the spin-forbiddens(X'4") + astrophysical implications of the present results have been
H, products from the CP) reaction has been rationalized in discussed.
terms of ISC between triplet and singletH potential energy
surfaces. The overall results have been discussed in light of the Acknowledgment. We acknowledge financial support from
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