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Chemical dynamics of d1-methyldiacetylene „CH3CCCCD; X 1A 1…

and d1-ethynylallene „H2CCCH„C2D…; X 1A 8… formation from reaction
of C2D„X 2S¿

… with methylacetylene, CH 3CCH„X 1A 1…
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The crossed beam reaction of the d1-ethynyl radical C2D(X 2S1), with methylacetylene,
CH3CCH(X 1A1), was investigated at an average collision energy of 39.8 kJ mol21. Our
experimental results were combined with electronic structure calculations. The chemical reaction
dynamics are indirect, involve three distinct channels, and are initiated via a barrierless addition of
C2D to the acetylenic bond through long livedcis andtransCH3CCH~C2D), 1-ethynylpropen-2-yl,
intermediates. The reduced cone of acceptance of the carbon atom holding the methyl group favors
a carbon–carbons bond formation at the carbon atom adjacent to the acetylenic hydrogen atom. A
crossed beam experiment of C2D with partially deuterated methylacetylene, CD3CCH, shows
explicitly that the reactive intermediates decompose to form both methyldiacetylene, CD3CCCCD
~channel 1, 70%–90%!, and to a minor amount ethynylallene, D2CCCH~C2D) ~channel 2; 10%–
30%!, isomers through exit transition states located 7–15 kJ mol21 above the products. The
computed reaction energies to form both isomers are2135 and2107 kJ mol21, respectively, with
respect to the separated reactants. A minor reaction pathway involves a H shift in CH3CCH~C2D)
to an 1-ethynylpropen-1-yl radical which fragments to methyldiacetylene via a barrier of 8.8
kJ mol21 ~channel 3!. Neither methyl group elimination nor the formation of the CC~CH3!~C2D)
carbene was observed in our experiments. The experimentally observed ‘‘sideways scattering’’ and
ab initio investigation verify our conclusions of a predominate formation of the methyldiacetylene
isomer. These electronic structure calculations depict a hydrogen atom loss in the exit transition
state to methyldiacetylene almost parallel to the total angular momentum vectorJ as found in our
center-of-mass angular distribution. Since the title reaction and the corresponding reaction of the
C2H radical with CH3CCH both have no entrance barriers, are exothermic, and all the involved
transition states are located well below the energy of the separated reactants, the assignment of the
ethynyl versus H atom exchange suggests the formation of both isomers under single collision
conditions in extraterrestrial environments such as cold, molecular clouds as well as the atmosphere
of Saturn’s moon Titan. ©2001 American Institute of Physics.@DOI: 10.1063/1.1330233#
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I. INTRODUCTION

The intimate chemical reaction dynamics of ground st
ethynyl radicals, C2H (X 2S1), are of paramount signifi-
cance in numerous extraterrestrial environments and c
bustion flames. After its first detection in 1974,1 it became
clear that C2H is ubiquitous in the interstellar medium an
might be the key radical involved in the formation of th
polyynes CH3CwC2CwC2H and H~CwC)n (n52 – 4) as
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detected in cold molecular clouds TMC-1 and OMC-1 a
circumstellar envelopes around carbon-rich asymptotic g
branch~AGB! stars such as the red giant star IRC110216.
Further, diacetylene, HCwC–CwCH, has been observed i
the atmosphere of Saturn’s moon Titan.2 Whereas the main
source of the interstellar and planetary ethynyl radicals
been unambiguously identified as a photolyses of acetyle
C2H2 ,2 and to a minor amount of diacetylene, HCCCCH, t
mechanisms to synthesize the observed polyacetylenes
far less clear. Based on chemical intuition astrochem
speculate that ethynyl radicals react with~substituted!
alkynes via a hydrogen replacement forming the dialky
product

C2H1H~CwC)nH→H~CwC)n11H1H, ~1!

,
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3489J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 d1-methyldiacetylene and d1-ethynylallene
C2H1CH3~CwC)nH→CH3~CwC)n11H1H. ~2!

Recent low temperature laboratory experiments at te
peratures as low as 15 K show indeed that C2H (X 2S1) can
react with unsaturated hydrocarbons. Chastinget al. mea-
sured reaction rate constants of ethynyl radicals with ac
lene and ethylene which increase as the temperature
creases reaching about 2.2– 2.3310210cm3 s21 at 15 K.3

These experiments indicate a high reactivity of these syst
even in very cold molecular clouds within the order of g
kinetics at ultralow temperatures. At elevated temperatu
as high as 854 K, the rate constants are slightly smaller
tween 0.78 and 1.6310210cm3 s21.4 Recently, Leoneet al.
published experimental rate constants on C2H reactions with
C3H4 isomers methylacetylene and allene in the tempera
range of 155–298 K to 1.6310210exp(71/T) cm3 s21 and
1.3310210exp(103/T) cm3 s21;5 their data confirm the
slight negative temperature dependence as reported in
low temperature measurements.

However, these kinetic experiments can monitor only
decay kinetics of the photolytically generated C2H radical,
and hence reaction products could not be investigated. T
products and especially the assignment of the isomers a
paramount importance to a detailed understanding of the
mation of polyynes in extraterrestrial environments. T
limitation clearly reveals that systematic experiments
necessary to probe the detailed chemical dynamics and r
tion product~s! of the title reaction under single collisio
conditions as employed in crossed molecular beam exp
ments. Whereas to our best knowledge, no crossed b
reaction has been performed employing supersonic beam
ethynyl radicals, isoelectronic cyano radicals, CN(X 2S1),
were crossed very recently with beams of unsaturated hy
carbons acetylene,6 ethylene, methylacetylene, allene, dim
ethylacetylene, and benzene. All these experiments d
mented the existence of a CN vs H atom exchange cha
via addition of the cyano radical to thep system to form
unsaturated nitriles.

The present paper is the first in a series of systematic
detailed investigations on the chemical reaction dynamic
deuterated ethynyl radical, C2D(X 2S1), reactions with un-
saturated hydrocarbons, here methylacetylene, CH3CCH.
Our studies are supplemented by electronic structure ca
lations. The paper is structured as follows: Sections II and
describe the experimental setup, data processing, and
electronic structure calculations. The results~Sec. IV! focus
on the laboratory angular distributions, time-of-flight da
and the derived center-of-mass functions together with
flux contour map. Section V discusses the involved poten
energy surface~PES! as obtained from our theoretical inve
tigations and compares the experimental findings with
theoretical results. Crossed beam experiments of the rel
CN1CH3CCH system are discussed as well.

II. EXPERIMENT AND DATA PROCESSING

All experiments are performed under single collisi
conditions employing the 359 crossed molecular beam
machine.7 Briefly, a pulsed supersonic ethynyl radical bea
C2D(X 2S1), is generated in the primary sourcein situ via
Downloaded 08 May 2006 to 128.171.55.146. Redistribution subject to A
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laser ablation of graphite at 266 nm.8,9 Neat deuterium is
used as a carrier and reactant gas and released by a Pr
Trickl pulsed valve which is driven at2600 V with 60 Hz,
80 ms pulses, and 5 atm backing pressure.10 The Spectra
Physics GCR 270-30 Nd-YAG laser operates at 30 H
30–35 mJ per pulse are focused onto a rotating graphite
to a spot of 0.3 mm diameter. After the pulsed C2D beam
passes the skimmer of 1.0 mm diameter, a four-slot chop
wheel mounted 40 mm after the ablation zone selects a
ms segment of the pulse. The primary beam was charac
ized on axis employing a triply differentially pumped dete
tor consisting of an electron impact ionizer followed by
quadrupole mass spectrometer and a Daly-type scintilla
particle detector. Under the above-described operation c
ditions, the number density of the ethynyl radicals in t
interaction region in the scattering chamber is estimated
be about 0.531011 C2D radicals cm23.11 For our experi-
ments, we chose a peak velocity of 2080615 m s21 and
speed ratioS of 7.760.2. This C2D beam crosses a methy
lacetylene beam~MG Industries! in the interaction region of
the main chamber at a collision energy of 39.8 kJ mo21

~vp5850610 m s21, S59.0!. Reactively scattered specie
are detected using a triply differentially pumped detec
consisting of a Brink-type electron impact ionizer, quadr
pole mass-filter, and a Daly ion detector12 recording time-of-
flight spectra~TOF!. This detector is rotatable in the scatte
ing plane defined by both beams, and we record TOF spe
at different laboratory angles. Integrating these TOFs at e
laboratory angle and correcting for different data accumu
tion times gives the laboratory angular distribution~LAB !.
Total data accumulation times are up to 20 h per angle.
identify the site of the H atom loss in the methylacetyle
molecule, we performed experiments with partially deut
ated methylacetylene CD3CCH at the center-of-mass ang
as well.

We would like to point out that we have no defini
conclusion on the formation mechanism of the C2D radicals.
However, a simple look at the thermochemistry suggests
C2(X 1Sg

1) likely reacts with D2(X 1Sg
1):

C~3Pj !1D2~X 1Sg
1!→CD~X 2P j !1D~2S1/2!, ~3!

C2~X 1Sg
1!1D2~X 1Sg

1!→C2D~X 2S1!1D~2S1/2!, ~4!

C3~X 1Sg
1!1D2~X 1Sg

1!→12C3D~X 2P j !1D~2S1/2!. ~5!

Here, reactions~3! and ~5! are endothermic by 97 and 12
kJ mol21, respectively.13 However, the reaction of dicarbo
with deuterium~4! is exothermic by 48 kJ mol21. This path-
way could be the dominant process to C2D radicals.

Information on the chemical dynamics of the reacti
was gained by fitting the TOF spectra and the product an
lar distribution in the laboratory frame~LAB ! using a
forward-convolution routine.14 This procedure initially as-
sumes an angular distributionT(u) and a translational en
ergy distribution P(ET) in the center-of-mass referenc
frame~c.m.!. Laboratory TOF spectra and the laboratory a
gular distribution were then calculated fromT(u) andP(ET)
accounting for the transformation Jacobian and averag
over the apparatus and beam functions. Best TOF and
laboratory angular distribution were achieved by refini
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3490 J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 Kaiser et al.
adjustableT(u) and P(ET) parameters. The ultimate ou
come is the generation of a product flux contour map wh
reports the differential cross section,I (u,u);P(u)* T(u),
as the intensity as a function of angleu and product center
of-mass velocityu. This map serves as an image of the
action and contains all the information of the scattering p
cess.

III. ELECTRONIC STRUCTURE CALCULATIONS

Geometries of stationary points were optimized with t
6-3111G** basis set15 and Becke’s16 three parameter hybrid
functional in conjunction with the correlation functional o
Lee, Yang, and Parr17 ~B3LYP! as implemented in the
GAUSSIAN 9818 program package. The spin-unrestricted fo
malism was employed for all species, spin contaminat
turned out to be negligible. Harmonic vibrational frequenc
and zero-point vibrational energy~ZPVE! correction were
computed at UB3LYP/6-3111G** . For a more accurate as
sessment of the reaction enthalpies we calculated si
point energies at the coupled cluster single double and
turbative triples/cc-pVTZ level of theory using th
UB3LYP/6-3111G** geometries and unscaled ZPVEs. T
ACES II program suite19 was used to perform the couple
cluster computations. All energies referred to in the text
computed at UB3LYP/6-3111G** including unscaled
ZPVE unless noted otherwise.

IV. RESULTS

A. Reactive scattering signal

In our C2D/CH3CCH experiment, the d1-ethynyl vs hy
drogen exchange pathway was detected; reactive scatt
signal was observed at mass-to-charge ratios 65 (C5H3D

1),
64 (C5H2D

1/C5H4
1), 63 (C5H3

1/C5HD1), 62 (C5H2
1/C5D

1),

FIG. 1. Schematic representation of the mass to charge ratios of the H
D atom exchange pathway in the reaction of the C2D(X 2S1) with
CH3CCH(X 1A1) at a collision energy of 39.8 kJ mol21.
Downloaded 08 May 2006 to 128.171.55.146. Redistribution subject to A
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61 (C5H
1), and 60 (C5

1). All TOF spectra observed at lowe
m/e ratios down tom/e560 (C5

1) were fit with the same
center-of-mass functions as the parent ion. Hence these
originate from cracking of the parent in the electron impa
ionizer, and only the C2D vs H exchange channel but not th
C2D vs D exchange pathway is present. We like to stress
no radiative association to C5H4D was observed experimen
tally.

Since the H atom loss can occur either from the met
group or from the H atom adjacent to the acetylenic carb
we performed a crossed beam experiment with partially d
terated methylacetylene, CD3CCH, and recorded TOF spec
tra at the center-of-mass angle. If a H atom loss occurre
the acetylenic group, we should have monitored reac
scattering signal atm/e568 (C5D4

1), cf. Fig. 1. If the D
atom emission takes place at the methyl group,m/e
567 (C5D3H

1) should be present. Since we found bo
m/e567 and 68, two channels to C5D4 and C5D3H must
exist. However, the integrated TOFs at the c.m. angle sho
higher intensity ofm/e568 compared tom/e567. No me-
thyl loss channel could be observed.

B. Laboratory angular distribution „LAB … and TOF
spectra

The most probable Newton diagram of th
C2D(X 2S1)1CH3CCH(X 1A1) reaction is shown in Fig. 2
together with the laboratory product angular distributi
~LAB ! and the calculated curves using the center-of-m
best fit functions at a collision energy of 39.8 kJ mol21. The

nd

FIG. 2. Laboratory angular distribution together with the most proba
Newton diagram for the C2D(X 2S1)1CH3CCH(X 1A1) reaction at a col-
lision energy of 39.8 kJ mol21. The circle centrosymmetric around the ce
ter of mass stands for the maximum center-of-mass recoil velocity of
methyldiacetylene, CH3CCCCD, product.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



s
re
m
e
e
e

um

as
n

or

-
-

th
er

e

ha
h
r
ta
e
om
n

n

e

s

d

e

e

3491J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 d1-methyldiacetylene and d1-ethynylallene
LAB distribution peaks at 34.0° close to the center-of-ma
angle of 32.9° and the reactive scattering products are sp
within 30° in the plane defined by both beams. If we co
pare this range with the limiting Newton circles of th
C5H3D product isomers, it is apparent that at least the th
modynamically more stable methyldiacetylen
CH3CCCCD, is formed. Figure 3 depicts the TOF spectr
recorded at 32.5° and the best fit.

C. Center-of-mass translational energy distribution,
P„ET…

Our data were fitted assuming a single center-of-m
translational energy and angular distribution, cf. Figs. 4 a
5 for the best fit functions. Within the experimental err
limits, the best-fit high-energy tailsEmax extend between 140
and 170 kJ mol21. If we take into account the relative colli
sion energy of 39.8 kJ mol21, the exothermicity of the reac
tion is calculated to be about 100–130 kJ mol21. Further, the
P(ET) peaks between 15 and 28 kJ mol21 within our error
limits. This suggests that the exit transition state from
intermediate~s! to the reaction products is likely to be rath
tight. Finally, about 50–60 kJ mol21 of the total available
energy is channeling into the translational degrees of fr
dom of the reaction products.

D. Center-of-mass angular distribution, T„u…, and flux
contour map, I„u,u …

At our collision energy of 39.8 kJ mol21, the T(u) and
I (u,u) are forward–backward symmetric. This suggests t
the reaction involves indirect scattering dynamics throug
C5H5 complex. The 0°–180° symmetry documents eithe
lifetime of the decomposing complex longer than its ro
tional period or a ‘‘symmetric exit transition state.’’ In th
latter case, the rotation interconverts leaving hydrogen at
in the decomposing complex via a proper rotation axis, a
the complex fragment with equal probability inu andp–u.
This behavior would result in a symmetric flux distributio
although the lifetime of the complex might be less than

FIG. 3. Time-of-flight data at 32.5° for the C2D(X 2S1)
1CH3CCH(X 1A1) reaction at a collision energy of 39.8 kJ mol21. The
dashed line indicates the experimental data, the solid line the calculate
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rotational period,20 cf. the involved potential energy surfac
Fig. 6. Most important, theT(u) and I (u,u) distributions
peak atp/2; within our error limits, the intensity at the pole
to 90° relates toI (90°)/I (0°)51.2– 1.4. This ‘‘sideway’’

fit.

FIG. 4. Center-of-mass angular flux distribution~lower! and translational
energy flux distribution~upper! for the C2D(X 2S1)1CH3CCH(X 1A1) re-
action at a collision energy of 39.8 kJ mol21.

FIG. 5. Center-of-mass velocity contour flux map distribution for th
C2D(X 2S1)1CH3CCH(X 1A1) reaction at a collision energy of 39.8
kJ mol21; top: two-dimensional view, bottom: three-dimensional view. Th
contour lines connect data points with an identical flux. Units of thex andy
axes are given in ms21.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Schematic representation of the C5H5 potential energy surface. Relative energies in kJ mol21 for intermediates and products computed
UB3LYP/6-3111G** are given in parentheses. For the products the CCSD~T!/cc-pVTZ//UB3LYP/6-3111G** results are also indicated in brackets.
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peaking of the center-of-mass angular distribution is the
sult of geometrical constraints of the direction of the H ato
emission in the fragmenting C5H4D intermediate, cf. Sec. V
for a detailed discussion.

V. DISCUSSION

A. Ab initio doublet C 5H5 potential energy surface
„PES…

In Sec. V B we present the computational investigat
of the interaction of the ethynyl radical, C2H (X 2S1), 1,
with the methylacetylene molecule, CH3CCH (X 1A1), 2.
Here, we discuss only those structures relevant to our cro
beam study. Although our experiments were performed w
C2D and not with C2H, the energetics of the intermediate
and products change only slightly by 1–2 kJ mol21 due to
the difference in zero point vibrational energy. A comple
treatment of the C5H5 PES including the tri-, tetra-, and pen
tacyclic structures is given in Ref. 21. In the following di
cussion, we will refer to the terminal, acetylenic carbon at
of methylacetylene as C1 and subsequently number the o
ones as C2 and C3. The ethynyl radical can attack the
thylacetylene molecule either at C1 to formtrans-1-
ethynylpropen-2-yl, 3, or at the C2 to give trans-2-
ethynylpropen-1-yl,4, in strongly exothermic reactions o
Downloaded 08 May 2006 to 128.171.55.146. Redistribution subject to A
-

n

ed
h

er
e-

266.9 and 244.8 kJ mol21, cf. Figs. 6 and 7.22 Both trans
forms can isomerize via barriers located well below the
ergy of the separated reactants~2247.9 and 2228.5
kJ mol21, respectively! to the correspondingcis isomers5
and 6. All ethynylpropenyl isomers3–6 belong to theCs

point group and have a2A8 electronic wave function. Thecis
structures5 and6 can transform into each other via a tricy
clic intermediate7 which is stabilized by 181.6 kJ mol21

with respect to the reactants. Further, 1-ethynylpropen-1-8
can be formed by 1,2 hydrogen shift from3. The intermedi-
ates3–6 and8 can fragment via homolytic C–H bond rup
tures. Here,cis andtrans1-ethynylpropen-2-yl,3Õ5, can emit
a H atom of the CH3 group to form the ethynylallene isome
via exit transition states located only 7 and 15 kJ mo21

above the products; alternatively,5 can decompose via
C1–H fission to form methyldiacetylene through a tight tra
sition state of 19 kJ mol21. In addition, intermediate8 can
show two decomposition pathways either to methyldiace
lene through H atom loss or to butadiyne~diacetylene! via
methyl group emission. Finally, a diacetylene molecule c
be formed from intermediate6 via CH3 elimination as well.
With respect to the separated reactants, all reactions to
acetylene plus methyl, methyldiacetylene plus atomic hyd
gen, and ethynylallene plus hydrogen atom are exother
by 156.4, 135.1, and 107.2 kJ mol21 as based on our compu
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3493J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 d1-methyldiacetylene and d1-ethynylallene
tations at the CCSD~T!/cc-pVTZ level of theory. The forma-
tion of carbene isomers is highly endothermic by about 1
kJ mol21 @singlet CC~CH3!~C2H)#. Since the collision en-
ergy in our experiment is 39.8 kJ mol21, this isomer cannot
be formed, and they are discussed in detail Ref. 21.
energy difference between methyldiacetylene and the co
sponding singlet carbene of 190.6 kJ mol21 is close to a data
of 180.2 kJ mol21 as computed previously in th
HCCCCH/CCCCH2 system.23

FIG. 7. Optimized geometries of reactants, intermediates, and pote
products of the C5H5 potential energy surface at UB3LYP/6-3111G** .
Bond distances are in Å and bond angles in deg~PG: point group!.
Downloaded 08 May 2006 to 128.171.55.146. Redistribution subject to A
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B. Reaction pathway

1. Energetical considerations and isotopic
substitutions

The experimentally determined reaction exothermic
of 100–130 kJ mol21 together with the assignment of th
C2D vs H exchange channel can account for the formation
both the methyldiacetylene and ethynylallene isomers.
shown by our electronic structure computations, the form
tion of the isomers is exothermic by 132.6 and 110
kJ mol21, respectively, and is well within our experiment
error limits. To distinguish between both isomers, we co
ducted the reaction of C2D with partially d3-
methylacetylene, CD3CCH, cf. Sec. IV. First, our crosse
beam study showed a dominating H atom loss channel f
C5D4H intermediate~s!. This atomic hydrogen emissio
could result in either the formation of CD3CCCD or the sin-
glet CCCCD~CD3) isomer. As pointed our in the previou
paragraph, the carbene structure is energetically not ac
sible under our experimental collision energy; therefore,
methyldiacetylene isomer must be formed in our cros
beam experiment. Second, the CD3CCH/C2D system showed
the emission of a D atom as a second reaction channel. T
pathway can form either the ethynylallene isomer via em
sion of a D atom from the d3-methyl group or th
CCCCH~CD3) isomer through ejection of the acetylenic
atom. However, formation of the latter isomer is endoth
mic by 96.4 kJ mol21, and therefore we conclude that eth
nylallene is formed in our crossed beam experiment as w
Summarized, our high-energy cutoff and isotopic expe
ments establish the synthesis of two C5H4 isomers, methyl-
diacetylene and ethynylallene, under single collision con
tions.

2. Center-of-mass angular distribution considerations
and exit transition states

The formation of a long-lived complex during a cross
beam reaction is reflected in a forward–backwar
symmetricT(u).24 The detailed shape of the center-of-ma
angular distribution is governed by the disposal of the to
angular momentumJ. Since in our experiments, the reacta
molecules undergo a supersonic expansion, a significan
tational cooling occurs, and hence the total angular mom
tum is predominantly identical to the initial orbital angul
momentumL . The C5H3D products can be rotationally ex
cited, so that angular momentum dictates Eq.~6! with the
rotational angular momenta of the productsj 8, and the initial
and final orbital angular momentaL andL 8:

J'L'L 81 j 8. ~6!

The shape ofT(u) depends strongly on the values ofM and
M 8, whereM andM 8 are the projections ofJ on the initial
and final relative velocity, respectively.24 In our case, the
T(u) peaks atu590°; as documented by this sideways sc
tering, the H atom in our crossed beam experiment is s
tered almost parallel toJ as found previously in the reaction
F1C6D6→C6D5F1D25 and the similar system CN1C6D6

→C6D5CN1D.26 Therefore, the theoretically investigate

ial
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 8. Structure of four exit transi-
tion states from5 to CH3CCCCH~top
left!, 8 to CH3CCCCH~top right!, 3 to
H2CCCH~C2H) ~bottom left!, and5 to
H2CCCH~C2H) ~bottom right!. Bond
distances are given in Å and bon
angles in deg.
x

io

ay
H

xi
u

ire
°
ts

ny
wa
ca
a
e

ic

lly

la-
gy,
nly

ers,
the
the

n
om

he
of

C2.
to-
een

a
d to
tal
exit transition state~s! from the decomposing complex~es! to
the products must account for this experimental finding.

Figure 8 displays the computed structures of four e
transition states together with the principal rotation axesA,
B, and C. Based on these calculations, both exit transit
states from intermediates5 and 8 to the methyldiacetylene
isomer can account for the experimentally found sidew
peaking of the center-of-mass angular distribution; the
atom can be emitted parallel toJ, which is in turn parallel to
the B rotation axis of the decomposing complex. The e
transition states to the ethynylallene isomer cannot acco
for the sideways scattering, as the angles between the d
tion of the departing H atom andJ are about 74° and 43
from intermediate3 and5, respectively. This result suppor
our previous conclusion that the CH3CCCCH isomer is the
predominant reaction product, and formation of the ethy
lallene isomer represents a less dominant reaction path
If we account for the intensity of the TOFs and the chemi
reaction dynamics, about 70%–90% of the complexes fr
ment to methyldiacetylene whereas 10%–30% decompos
ethynylallene. Finally, we have to unravel if5 or 8 is the
prevailing fragmenting complex. We recall that8 is formed
via a hydrogen shift in3 ~pathway 1! and 5 through cis–
trans isomerization of the initial collision complex3 ~path-
way 2!. Since both isomerization processes involve3 and the
barrier of pathway 2 is about 150 kJ mol21 less than the H
shift barrier of pathway 1, we conclude that intermediate8
plays only a minor role in the chemical reaction dynam
leading to the methyldiacetylene isomer. This conclusion
in line with the order of magnitude of the experimenta
determined exit transition state~15–28 kJ mol21! and the
Downloaded 08 May 2006 to 128.171.55.146. Redistribution subject to A
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theoretical data of about 19 kJ mol21 from a decomposing
complex 5; a fragmenting intermediate8 should have de-
picted a distribution maximum in the center-of-mass trans
tional energy distribution closer to zero translational ener
thus accounting for the loose exit transition state located o
9 kJ mol21 above the products.

3. The actual reaction pathway

The distinct identification of the C2D vs hydrogen re-
placement channel, the assignment of two product isom
methyldiacetylene and ethynylallene, and the shape of
center-of-mass angular distribution help us to unravel
underlying chemical reaction dynamics. The C2D(X 2S1)
radical attacks thep electron density of the carbon–carbo
triple bond of the methylacetylene molecule at the C1 at
without an entrance barrier to formtrans1-ethynylpropen-2-
yl, 3. An alternative carbon–carbons bond formation with
the C2 of the methylacetylene molecule is unlikely. First, t
steric effect of the methyl group at C2 reduces the cone
acceptance at C2 compared to C1. Second, the CH3 substitu-
ent enhances the spin density at C1 at the expense of
This directing and screening power of the methyl group
gether with the site-specific radical attack has already b
observed in the crossed beam reactions of CH3CCH with
C(3Pj ),

27 CN(X 2S1), and C6H5(X 2A8)28 as studied previ-
ously. The trans 1-ethynylpropen-2-yl radical resembles
prolate asymmetric top, and the heavy atoms are expecte
rotate nearly in a molecular plane perpendicular to the to
angular momentum vectorJ. Since thetrans–cis isomeriza-
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tion barrier from3 to 5 is only 19 kJ mol21 and ranges well
below the energy of the reactant molecules, an ultra
isomerization process as well as an equal concentration3
vs 5 is expected.

What is the fate of both 1-ethynylpropen-2-yl radical
The trans isomer can decompose via a hydrogen atom em
sion from the methyl group via a rather loose exit transit
state located about 7 kJ mol21 above the separated produc
to yield the experimentally observed ethynylallene isome
a minor amount. An alternative H atom migration in3–8
involves a barrier of 174.4 kJ mol21; since this isomerization
barrier is located 92.5 kJ mol21 below the reactants, but th
barrier to H atom loss ranges 103.8 kJ mol21 below the sepa-
rated reactants, the latter fragmentation pathway is likely
dominate, and3 fragments to the ethynylallene isomer. Th
cis isomer5 shows an atomic hydrogen release either fr
the methyl group to give the ethynylallene isomer or fro
the C1 atom to form the methyldiacetylene molecule
transition states of 6 and 19 kJ mol21 located 105.1 and
113.5 kJ mol21 below the reaction products. Based on the
considerations, the formation of the CH3CCCCH isomer is
expected to be the dominant decay route of5; due to conser-
vation of angular momentum,5 is excited to rotations aroun
its B/C axis. This finding correlates very nicely with ou
experimental data. Here, the integrated data of
CD3CCH/C2D experiment show an enhanced signal of the
emission compared to the D atom release. Therefore, we
conclude that the methyldiacetylene isomer is the domin
isomer as formed under single collision conditions in o
crossed beam experiments. Besides the decomposition o5, a
minor pathway to methyldiacetylene is a fragmenting int
mediate8 as formed via H atom shift from3. All complexes
3, 5, and8 leading to the reaction products reside in a de
potential energy well located between2244.8 and2313.8
kJ mol21 with respect to the products. This can account
the experimentally observed forward–backward symme
center-of-mass angular distribution demonstrating that
lifetime of the decomposing complex~es! is longer than the
rotation period, which is often on the order of 1 ps. Furth
the energetics of the exit transition states from3/5 to ethy-
nylallene and methyldiacetylene as investigated comp
tionally ~7–19 kJ mol21! are in line with a barrier of a re
versed addition of atomic hydrogen to a carbon–carb
triple/double bond. In addition, theP(ET) peaks around
15–25 kJ mol21, hence clearly verifying an existing exit ba
rier.

We would like to underline that the addition of the C2D
radical to C2 of methylacetylene is energetically feasible
well. As stated previously the methyl substituent screens
C2 position, and this reaction pathway is likely to be
minor importance. As a matter of fact, the intermediates4Õ6
cannot account for the reactive scattering signal since a
atom loss would lead to a carbene isomer sing
CC~CH3!~C2H); this reaction endothermicity cannot be com
pensated by our collision energy of 39.8 kJ mol21. However,
a methyl loss in6 can lead to the diacetylene molecule. Ne
ertheless, we were unable to observe the CH3 loss pathway
experimentally. Therefore, the C2D radical does not add to
C2 to give intermediate4 followed by isomerization to6, or
Downloaded 08 May 2006 to 128.171.55.146. Redistribution subject to A
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due to the different kinematics, the reactive scattering sig
is too low to be observable.

C. Comparison with the reaction CN „

2S¿
…¿CH3CCH

Both C2D and the CN radicals have a2S1 electronic
ground state; the unpaired electron is localized in a c
trosymmetrical orbital on the radical carbon atom of the
actants. Directed by a screening effect of the CH3 group
together with an increased spin density at the C1 car
atom of the methylacetylene molecule, the radical adds to
p electron density to form a new carbon–carbons bond to
give a CH3CCHX ~X5CN, C2D! complex. The initial addi-
tion complexes reside in a deep potential energy well
about 253 kJ mol21 ~X5CN! and 267 kJ mol21 (X5C2D).
Both reactions proceed via indirect scattering dynam
through a complex formation. But whereas the CN react
goes through an osculating complex at a collision energy
24.7 kJ mol21, the C2D/CH3CCH system shows a long-live
CH3CCHC2D intermediate, though the collision energy
39.8 kJ mol21 is higher than in the CN plus CH3CCH reac-
tion. This is likely the effect of an additional atom of the C2D
vs CN reactants~increasing the number of vibration mode
by three! and low frequency modes of the C–D waggin
bending vibrations in the range of 100–260 cm21. Further,
the lifetime of the decomposing intermediates in both s
tems are long enough for the energy to flow from the a
vated C–X bond at the C1 to the breaking C–H bond of
methyl group to give a substituted allene product. Therefo
the energy randomization in the CH3CCHX intermediates is
likely to be complete. Despite these similarities, one sign
cant difference exists. The branching ratio of the format
of the CH3–CwC–X vs H2CCCHX is unity for XvCN but
increases from three to nine for X5C2H as based on ou
experiment. This can be rationalized in terms of a larg
difference in the energetics of the exit transition states
both isomers in the title reaction~22.3 kJ mol21! compared
to the CN/CH3CCH reaction~2 kJ mol21! and hence inheren
larger unimolecular rate constants in the decomposition
the involved intermediates to the products.

VI. CONCLUSIONS

The crossed beam reaction of the d1-ethynyl radi
C2D(X 2S1), with methylacetylene, CH3CCH (X 1A18), was
investigated at an average collision energy of 39.8 kJ mo21

in a crossed molecular beams experiment and electr
structure calculations. The chemical reaction dynamics
indirect and advance via long-livedcis and trans
CH3CCH~C2D) intermediates. The initial addition of th
ethynyl radical to thep orbital of the methylacetylene uni
has no entrance barrier. As verified in our experiments,
reduced cone of acceptance of the carbon atom adjace
the methyl group favors a carbon–carbons bond formation
at the C1 atom—the carbon atom adjacent to the acetyl
hydrogen atom—in the methylacetylene molecule. A cros
beam experiment of C2D with partially deuterated methy
lacetylene, CD3CCH, shows explicitly that the reactive inte
mediates decompose via two distinct channels to form b
methylacetylene and ethynylallene isomers through tra
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tion states located 7–15 kJ mol21 above the products. We
would like to point out that substituting the C2D reactant by
C2H changes the calculated reaction energies and the e
getics of the intermediates only slightly—by 1–2 kJ mol21.
Therefore, the definite assignment of the ethynyl vs H at
exchange is the first ever experimental proof that upon re
tion with methylacetylene, two distinct isomers, methyld
acetylene and ethynylallene, can be formed under single
lision conditions as well as in cold molecular clouds and
atmosphere of Saturn’s moon Titan.29–31 We would like to
stress that our results underline unambiguously that a
tailed investigation of the involved chemical reaction dyna
ics of astrophysically relevant reactions is of crucial imp
tance rather than ‘‘postulating’’ reaction products based
simple thermochemistry. Our investigation unravels the f
mation of two isomers, the thermodynamically most sta
methyldiacetylene structure, CH3CCCCH (DRH0

5135.1 kJ mol21), and the less stable ethynylallene isom
C2HHCCH2 (DRH05107.2 kJ mol21). The pentatetraene
isomer, H2CCCCCH2 (DRH05122.7 kJ mol21), is not
formed. This is a direct consequence of the involved pot
tial energy surface, which is presented in detail in Ref. 2
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