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A combined crossed beam and ab initio investigation on the reaction
of carbon species with C ,Hg isomers. I. The 1,3-butadiene molecule,
H,CCHCHCH,(X'A")
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The reaction between ground state carbon ator(ﬁt?jﬁ and 1,3-butadiene, J@CHCHCH,, was
studied at three averaged collision energies between 19.3 and 38.8 kJnsing the crossed
molecular beam technique. Our experimental data combined with electronic structure calculations
show that the carbon atom adds barrierlessly tostfmbital of the butadiene molecule via a loose,
reactantlike transition state located at the centrifugal barrier. This process forms
vinylcyclopropylidene which rotates in a plane almost perpendicular to the total angular momentum
vectorJ around itsC-axis. The initial collision complex undergoes ring opening to a long-lived
vinyl-substituted triplet allene molecule. This complex shows three reaction pathways. Two distinct
H atom loss channels form 1- and 3-vinylpropargyl radicals, HCCG@HCX?A") and
H,CCCGH3(X?A"), through tight exit transition states located about 20 kJtalbove the
products; the branching ratio of 1- versus 3-vinylpropargyl radical is about 8:1. A minor channel of
less than 10% is the formation of a vinyl iy (X2?A’), and propargyl radical §5(X?B,). The
unambiguous identification of two 8y chain isomers under single collision has important
implications to combustion processes and interstellar chemistry. Here, in denser media such as fuel
flames and in circumstellar shells of carbon stars, the linear structures can undergo a
collision-induced ring closure followed by a hydrogen migration to cycljel{isomers such as the
cyclopentadienyl radical—a postulated intermediate in the formation of polycyclic aromatic
hydrocarbongPAHs). © 2000 American Institute of Physids$S0021-96060)00338-X]

I. INTRODUCTION modeling studies of PAH formation in hydrocarbon flarhes
the authors proposed that the origin of larger aromatics might

The mechanisms to form polycyclic aromatic hydrocar-be resonance-stabilized cyclopentadienyl radicals. In particu-
bons(PAHs) and ultimately soot in oxygen-poor combustion |ar, a mechanism is proposed combining two or three cyclo-
flames as well as outflow of carbon stars are of fundamentglentadienyl radicals;-CsHs, followed by rearrangements to
importance to the combustion community as well as for asform naphthalene or phenanthrene molecules: both cyclopen-
trophysics. The relevance is due to the potency of PAH isotadienyl radicals recombine first and then undergo H atom
mers inducing mutations and cancer together with the sookhifts and two H-atom ejections. Melie$ al* supported this
enhanced entry of PAHs in the human respiratory systtm. mechanism for the self-combination of cyclopentadienyl
the interstellar medium, PAHs and their cations, anions, radiradicals byab initio studies. The rate limiting step for this
cals, alkyl and oxygen substituted PAHs are thought to comreaction is a 33.521.0 kJmol* intrinsic barrier height at-
prise 10% to 20% of the interstellar carbon in moleculartributed to the ejection of the first H-atom from the bicyclo-
form, and are Suggested as a carrier of unidentified infraregentadiene adduct. The hydrogen shifts in the bicydopenta_
bands(UIRs). In addition, PAH species could be responsibledienyl adduct occur fairly rapidly. Based on these
for some of the diffuse interstellar absorption bai¥$Bs)  considerations, the cyclopentadienyl radical combination
covering the visible spectrum from 440 nm to the nearmay contribute as a possible reaction path to the PAH for-
infrared? mation under the temperature conditions of circumstellar en-

Due to the crucial importance of PAH-like species, ex-yelopes of hot carbon stars as well. In a recent investigation
perimentally and theoretically well-defined mechanisms toyf sooting combustion flaméshis c-CsHs radical is as-
synthesize PAHs and their precursors in various terrestriadymed to play a significant role in the reaction mechanism
and extraterrestrial gaseous environments have been invesfing s therefore included in the modeling of the combustion
gated recently. As one result of experimental and kinetiGyrocess. Despite this assumption the experimental confirma-
tion still remains. There is no evidence given which isomer
dAlso at Department of Chemistry, National Taiwan University, Taipei, Of the GHs radical mainly contributes to combustion pro-
107, Taiwan, Republic of China. cesses. Supported @b initio calculations, Linet al. sug-
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TABLE I. Experimental beam conditions and &rrors averaged over the experimental time: peak velogity

speed raticS (Ref. 36, peak collision energyk.,, center-of-mass anglé . , composition of the carbon
beam, and flux factof,=n(C)*n(H,CCCH,)*v, in relative units, with the number density of tfa reactant

n; and the relative velocity, .

Beam vp(ms ™) S Econ (kJmol™ 1) Ocm. C,:C,:Cq f,

CeP) 1800+10 7.2£0.2 19.3:0.3 62.5-0.4 1:0.3:0.7 1.0

ceP) 2260+20 7.2£0.2 28.0:0.5 56.9-0.3 1:0.2:0.8 1.30.2

ceP) 3000+50 6.9+0.2 38.8-1.4 49.0-0.4 1:0.2:0.8 1.60.3

CyHs 770+10 9.2+0.2
CeHs+0,—CgH:0+0, ) distribution in the laboratory fram@.AB) using a forward-

convolution routiné? This approach initially assumes an an-

CgHs0—c-CsH5+CO. 2 gular flux distributionT () and the translational energy flux

However, no reliable experimental information is avail- distribution P(Er) in the center-of-mass systettC.M.).
able on the mechanism of CsHs radical formation. There- Laboratory TOF spectra and the laboratory angular distribu-
fore, we launched a systematic program to study alternativéons were then calculated from thedgd) andP(E+) aver-
reaction pathways and investigate the atom-neutral reactionded over the apparatus and beam functions. Best TOF and
of C(3PJ-) with distinct GHg isomers. Here, we unravel the laboratory angular distributions were archived by refining
chemical dynamics on the reaction of atomic carbon withadjustableT(¢) andP(E) parameters. The final outcome is
1,3-butadiene, ,CCHCHCH,. Although atomic carbon is the generation of a product flux contour map which reports
only a minor species in oxidative flames, it is assumed tdhe differential cross sectioh(6,u) ~P(u)*T(6), as the in-
contribute significantly to combustion chemisfr,,Hg iso-  tensity as a function of anglé and product center-of-mass
mers have been observed in hydrocarbon flames, and aboyglocity u. Hence this map serves as an image of the reaction
90% of the GHg products are 1,3-butadiefileVarious and contains all the information of the scattering process.
crossed beam reactions of atomic carbon with unsaturated
hydrocarbon molecules demonstrated explicitly that these re-
actions are dominated by a carbon versus hydrogen exchanfje ELECTRONIC STRUCTURE AND RRKM
to form highly unsaturated, hydrogen-deficient hydrocarborf-ALCULATIONS
radicals. Therefore, our title reaction is strongly expected to

; ) The geometries of the reactants, products, various inter-
synthesize gHs isomers.

mediates, and transition states for the title reaction were op-
timized using the hybrid density functional B3LYP method,
Il. EXPERIMENTAL SETUP i.e., Becke’s three-parameter nonlocal exchange functidnal

with the nonlocal correlation functional of Lee, Yang, and

The experiments were performed under single—collisiorl; 14 . By i
conditions using a universal crossed molecular beams app arr,”and the 6-311G{,p) basis set” Vibrational frequen-

ratus described in Ref. 9 in detail. Briefly, a pulsed super—Cies’ calculatgd "?‘t the B3LYP/6'3116.5()) level, were “.Sed
sonic carbon beam was generated via laser ablation of grapﬂQr charactenzaﬂon of stationary _pomts anq zero-point en-
ite at 266 nm® The 30 Hz, 30-40 mJ output of a Spectra ergy (ZPE) correction. All the stationary points were posi-
Physics GCR-270-30 Nd'Y,AG laser was focused onto a rolvely identified for minimum or transition state. In some

; ) . : tries and frequencies were recalculated at the
tating carbon rod, and the ablated species were seeded intf &5, geome 16
pulse of neat helium gas at 4 atm backing pressure. A four- 2|/6-3$1G§1I,p)b?n_d CCS[DT)1§'§I11G©’p). levels. d th
slot chopper wheel mounted after the ablation zone selecte h orger to ?7 an more reliable energies, we use €
a 9.0 us segment of the seeded carbon beam. Table | com= 2M(RCC,MP3 meBthod, a mod|f|cat|qn of the Gaussian-2
piles the experimental beam conditions. The carbon bea:le('\l/lplz)] prro;acnﬁ. The total energy in G2WRCC,MP2
and a pulsed 1,3-butadiene beam hold at:82@orr backing IS calculated as follows:
pressure passed through skimmers and crossed at 90° in the E[G2M(RCC,MP2]=E[RCCSOT)/6-311Gd,p)]
interaction region of the scattering chamber. To elucidate the

position of the H atom loss, we performed experiments with +AE(+3df2p) +AE(HLC)
partially deuterated _ 1,1,4,4-tetradeuterium-1,3-butadiene, +ZPHB3LYP/6-311Gd,p)],
D,CCHCHCD,. Reactively scattered products were detected

in the plane defined by two beams using a rotable detector 3

consisting of a Brink-type electron-impact ioniZémuadru- ~ where

pole mass filter, and a Daly ion detector at laboratory angles _

in 2.5° and 5.0° steps between 3.0° and 72.0° with respect to AB(+3df2p)=E[MP2/6-311+ G(3df,2p)]
the primary beam. The velocity distribution of the products —E[MP2/6-311Gd,p)] (4
was recorded using the time-of-flighit OF) technique, and i -

information on the chemical dynamics of the reaction Wasand the empirical “higher level correction
gained by fitting the TOF spectra and the product angular AE(HLC)=—-5.255;—-0.1%,,, 5)
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where n, and ng are the numbers otr and g valence 1.510° T T T T T
electrons, respectively. It has been shown that the
G2M(RCC,MP2 method gives the averaged absolute devia-
tion of 4.8 kJmol?! of calculated atomization energies from
experiment for 32 first-row G2 test compounds. TreJss-
IAN 94,% MoLPRO 96%° and Aces-I”* programs were em-
ployed for the potential energy surface computations. In this
article, we present only those results necessary to understand
our experimental data. All details are given in a forthcoming
publication? cr) oM o
We used the Rice—Ramsperger—Kassel-Marrus J_C | | | | | _\L
(RRKM) theony® for computations of rate constants of indi- 00 =95 325 %0 75 90
vidual reaction steps. Rate const&{E) at a collision en- Lab Angle (deg)
ergy E for a unimolecular reactioA* —A*— P can be ex-
pressed as
e C WHE—E") 6 Ve
E=5 5 ()

whereo is a symmetry factolW*(E—E*) denotes the total
number of states for the transition stdgetivated complex

A* with a barrierE”, p(E) represents the density of states of »
the energized reactant molec#&, andP is the product or SOf_m_f

products. The saddle point method was applied to evaluate VCyHs

p(E) andW(E).?

Do by

0.5

Integrated Counts

LA B I A N B I B B B B

Lol t 1

FIG. 1. Lower: Newton diagram for the reaction (3g)
+H,CCHCHCH,(X*A") at a collision energy of 19.3 kJmdl. The circle

IV. RESULTS stands for the maximum center-of-mass recoil velocity of thdsdsomer
assuming no energy channels into the internal degrees of freedom. Upper:
Laboratory angular distribution of product channehde=63. Circles and

We observed reactive scattering signals at mass-toto error bars indicate experimental data, the solid lines the calculated dis-
. - . T tribution. C.M. designates the center-of-mass angle. The solid lines originat-

charge ratiosm/e=65 to '60, i.e., GHs (65 'to the ba'.’e ing in the Newton diagram point to distinct laboratory angles whose TOFs
carbon cluster € (60, Figs. 1-6 The relative intensity are shown in Fig. 4.
ratios of m/e 65:64:63:62:61:60 are 0.26:0.32:1.0:
0.52:0.38:0.13 recorded at an electron energy of 200 eV; _ o _ _ _
errors are within 10%. All TOF spectra could be fit with complexes holding a lifetime exceeding tkie) rotational
identical center-of-mass functions. Therefore, the signal aeriods). In addition, all LAB distributions are very broad
|0wer m/e ratios originates in the Cracking Of the\)Hg par- and eXtend to a:bout 45.0° In the Sca.ttenng plane delflned by
ent in the ionizer. Hence, we selected the most intense masg0th beams. This data and theHs+H product mass ratio of
to-charge ratio and took our data mfe=63. We like to 65 hint that the center-of-mass translational energy distribu-
point out that no radiative association taHg (m/e=66) tions P(Er)’s peak away from zero.
could be detected. In the case of partially deuterated 1,3-
butadiene, BCCHCHCD,, we recorded TOF spectra at the C. Center-of-mass translational energy distributions,
center-of-mass angles, and took datané&=69 (GD,H*),  P(Ep)

+ + + +

68 (CsDy anEI/02r4C})D.3I-!2): 67 (GDsH™), and 66 (GD; Figure 7 shows best fits of the translational energy dis-

and/or GD,H;).” This indicates that at least the C versus Hyip, tions p(E;). Both the LAB distributions and TOF data

exchange channel to formsB,H exists. Sincan/e=68 can could be fitted with oneP(E;) extending to a maximum

originate from fragmentation af/e=69 in the detector or . \|-tional energy releasg, ., of 205, 230, and 250
max ' !

from D atom I<_)ss, we cannot resolve o_Elt the pr_esent stage if RImor® respectively. These high-energy cutoffs are accu-

D atom emission occurs. To tackle this question, we have t9,q \yithin 10 kdmol™. In the most favorable case the ener-

fit the TOF spectra an/e=69 and 68, cf. Sec. IVB. getics of the product isomers are well separated. Theg,

i.e., the sum of the reaction exothermicity and relative colli-

sion energy, can be utilized to identify individualtL; iso-

mers. Correcting for the collision energy shows that our re-
The most probable Newton diagrams of the title reactioraction is exothermic by about 2345 kJmol *. In addition,

as well as the laboratory anguldrAB) distributions of the all P(E;)s peak away from zero and show distribution

CsHs product are displayed in Figs. 1-3 collision energies ofmaxima of 30—50 kJmoF. In the case of partially deuter-

19.3, 28.0, and 38.8 kJmid|, respectively. At each collision ated butadienéFig. 8), the TOF atm/e=69 could be fit with

energy, the LAB distribution peaks close to the CM angleskinematics & a H atom loss and a singlB(E) showing

cf. Table I. This suggests that the reaction proceeds via inidentical pattern as the translational energy distribution of

direct reactive scattering dynamics through long-livegHgs  1,3-butadiene. However, at/e=68, two contributions of a

A. Reactive scattering signal

B. Laboratory angular distributions (LAB) and TOF
spectra
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FIG. 2. Lower: Newton diagram for the reaction (°B) FIG. 3. Lower: Newton diagram for the reaction (°g)

+H,CCHCHCH,(X'A") at a collision energy of 28.0 kJmdl The circle  +H,CCHCHCH,(X'A’) at a collision energy of 38.8 kJmidl The circle
stands for the maximum center-of-mass recoil velocity of thlsdsomer  stands for the maximum center-of-mass recoil velocity of tgedsomer
assuming no energy channels into the internal degrees of freedom. Uppeissuming no energy channels into the internal degrees of freedom. Upper:
Laboratory angular distribution of product channehde=63. Circles and | aboratory angular distribution of product channehse=63. Circles and

1o error bars indicate experimental data, the solid lines the calculated dists error bars indicate experimental data, the solid lines the calculated dis-
tribution. C.M. designates the center-of-mass angle. The solid lines originatribution. C.M. designates the center-of-mass angle. The solid lines originat-
ing in the Newton diagram point to distinct laboratory angles whose TOFsing in the Newton diagram point to distinct laboratory angles whose TOFs
are shown in Fig. 5. are shown in Fig. 6.

D atom loss (€DH;) and fragmentation of the H atom loss plots (8, E_T) ; since all translational energy distribut.io.ns
isomer to GD; are crucial to get a reasonable fit of the data |00k very similar, we show only data at the lowest collision

These results show clearly the formation of at least two dis€N€rgy as a typical example. As we can expect from the
tinct CsHy isomers. center-of-mass angular distribution, the best-fit data show a

forward-backward symmetric flux profile. Integrating the
I(0,E1)s at each collision energy and correcting for the re-
actant flux as well as relative reactant velocity, we find an
integrated relative reactive scattering cross section ratio of
At all collision energies th&(6)s are isotropic and sym- ¢(19.3 kJmol %)/0(28.0 kImol %)/0(38.8 kImol})=1.0:0.7
metric aroundr/2. This implies that either the lifetime of the *0.2:0.5-0.1 within our error limits. Therefore, the cross
decomposing €Hg complexXes is(are longer than its rota- section slightly rises as the collision energy decreases. This
tional periodr, or that two hydrogen atoms of the interme- result together with recent kinetic d&tand our electronic
diate can be interconverted through a rotational &ie.this  structure calculations, cf. Sec. V, suggest that the reaction
case, the light H atom could be emitted éhand 6—7 to  has no entrance barrier.
result for the forward—backward symmetry©f6). We like
to point out that at the highest collision energy, a slightlyV. DISCUSSION
backward scattered(6) up to1(180°)/1(0°)=1.05 can fit :
the data as well. DEJe) topthe I(ight I-)| :E\tor% emission, thesé" The.C.:SHG potential energy surface
isotropic angular distributions are the result of a poor cou-L- Addition to one C =C double bond
pling between the initial and final angular momentum vec-  Our electronic structure calculation shows that 1,3-
tors,L andL’, respectively, as already observed in crossedutadiene can exist in a trans and cis form; the latter is en-
beams reaction of atomic carbon with methylacetyféne, ergetically less favored by 12 kImd| both isomers can be
allene?’ benzené® and propylené® Since angular momen- inter-converted via a 23.5 kJmd! high barrier. The transi-
tum has to be conserved, a large fraction of the initial orbitation state of this process depicts a C—C bond distance in-
angular momentum must therefore be routed into rotationatreasing slightly from 146 prtrang via 149 pm(transition
excitation of the GHg reaction products. Figure 9 shows statg to 147 pm. Due to the enhanced repulsive interaction,
both two- and three-dimensional center-of-mass flux contouthe cis isomer shows no symmetry at all whereas the trans

D. Center-of-mass angular distributions, T7(0), and
flux contour maps /(u, 8)
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FIG. 4. Time-of-flight data ain/e=63 for indicated laboratory angles at a Time of flight (/U'S>
collision energy of 19.3 kJmol. Open circles represent experimental data,

the solid line represents the fit. FIG. 5. Time-of-flight data at/e=63 for indicated laboratory angles at a

collision energy of 28.0 kJmot. Open circles represent experimental data,
the solid line represents the fit.

form belongs to the Cpoint group. In this section, we dis-
cuss first the reaction of atomic carbon with the trans isomer.
Here, C(3Pj) can add barrierlessly to the carbon—carbonisomersp5, p10, andpl1 can be visualized as derivatives of
double bond forming a vinyl-substituted triplet cyclopropy- cyclopropen-2-yl in which one H atom is replaced by #¢
lidene radicall, Figs. 10 and 11. The latter is bound by 213 group. Compared to the hydrogen migration pathways, the
kdmol ! with respect to the separated reactants and exists iring opening ofil (pathway 3 involves a much lower barrier
two nearly isoenergetic cis and trans forffis-cis andil-  of only 51 kdmol'l. This process yields a vinyl substituted
trans). We mention that the carbon additions to trans and cigriplet allene diradical5 (trang which is about 147 kJmot
1,3-butadiens givél-trans andil-cis, respectively. The con- more stable thaiil.
formers ofil are expected to readily rearrange to each other  The i5 intermediate can undergo a trans-cis isomeriza-
by rotation around the single C—C bond with a low barrier. tion to i5 (cis) followed by a[1,2] hydrogen shift to give8

i1 can undergo &1,2] or [1,3] hydrogen shift via 200 which is almost isoenergetic i (cis). The barrier for this
kJmol ! barriers(pathway 1 and Ror a ring openingpath-  process is about 200 kJmdi—identical to those H shifts in
way 3. The first two pathways form th8 (cis/trang and the 1. A subsequent ring closure via a 78 kJmbbarrier leads
i4 isomers(cis/trang, respectively. Compared to atomic car- to triplet cyclopentadienéé—the global minimum of the
bon and 1,3-butadiené3 andi4 are 250 and 196 kJmot triplet CsHg potential energy surfacéPES. Another path-
more stable. No symmetry element exists; both isomers repway from i5 (cis) to i6 involves ring closure ta9 with a
resent vinyl-substituted triplet cyclopropene molecules. A fi-barrier of 108.0 kJmot* followed by a[1,2] hydrogen shift
nal hydrogen loss can form the;ds isomersp3—p6 (from in the ring with a barrier of 216.0 kJmiol. i6 can fragment
i3) andp6—pl11 (fromi4). The optimized product geometries via C—H bond cleavages to form the cyclopentadienyl radi-
are shown in Fig. 12. Among these isomg8,is the most cal p16 which represents the global minimum of theHg
stable structure since the aromatic vinylcyclopropenyl radiPES. Here, the theoretically derived exothermicity of 332
cal is formed. The energy difference to the more stable vikJmol'! is in excellent agreement with thermodynamical
nylpropargyl radicals of about 110 kJmdlcorresponds very data predicting 323 kJmot.3!
well as found in the unsubstituted products propargyl and Alternative H atom loss channelspd7 andpl8are less
cyclopropenyk100=25 kJmol %), Structure3, p4, p7, and  favorable by about 140 kJniol. In these systems, the reso-
p8 represent less stable, substituted cyclopropene moleculesnce stabilization is less pronounced as compared to the
formed via H atom loss from the vinyl group. The remaining cyclopentadienyl radicab16. Besides the cis-trans isomer-
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ization, i5-trans can decompose via C—H bond cleavage to(b)

four distinct GHs isomersp12—p15. Here, tight exit transi-

tion states located about 20 kJmbhbove the products lead FIG. 8. Time-of-flight data ofn/e=69 (top) and 68(bottom at the center-
vinyl-substituted propargyl! radicals, i.e., 1- and 3-vinylpro- of-mass angle recorded at a collision energy of 38.8 kJf@xperimental

pargyl radicals, HCCCH—£5(p14), H,CCC—-GH;(p15).

FIG. 7. Center-of-mass translational energy flux distributions for the reac-
tion C(3PJ-)+HZCCHCHCI-§(X1A’) at collision energies of 19.3solid
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line), 28.0 (dashed-dotted lineand 38.3 kJmat* (dashed ling

data are indicated by open circles. mte= 69, the solid line represents the
best fit of the H atom loss channel; mife=68 best fits are indicated by
dashed lingD atom los$, dashed-dotted linéH atom loss channgland
solid line (sum of both contribution

The reaction exothermicities of these processes are calcu-
lated to be 210 and 192 kJmd| respectively. The stability
sequence can be rationalized in terms of an enhanced delo-
calization of the unpaired electron [ri4 (increased delocal-
ization incorporating the £1; group compared t@15. The
energetics to form substituted allene radicpl® and p13

are less favorable and are only exothermic by 125 and 94
kJmol 1. We like to point out that we were unable to find an
exit transition state fromi5 to pl2+H. Both at the
B3LYP/6-31G™* and MP2/6-311G&" levels of theory the
transition state optimization converged to the separated prod-
ucts indicating that the exit barrier does not exiSttrans

can also dissociate to the vinyl and propargyl radicals by
splitting the C—C bond with a barrier of 219.6 kJmblThe

exit barrier in this case is 25.5 kJmdland the total reaction
exothermicity is 165.7 kJmol, i.e., lower than those for
pl4 andpl5 but significantly higher than fop12 andpl3.
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FIG. 9. Contour flux map for the reac-
tion C(3PJ-)+ H,CCHCHCH,(X!A") at

a collision energy of 19.3 kJmot. (a)
Three-dimensional map,(b) two-
dimensional projection. Units are
given in mst,

-300.00 o

30000 20000 10000 000 10000 20000 30000

2. Addition to two C =C double bonds i1 or i5, indicating that the insertion pathway does not con-
If the 1,3-butadiene molecule reacts in its cis form with tain a first-order saddle point. Our finding strongly correlates
atomic carbon, GP)) could attack both terminal carbon at- with previous crossed beam experiments gﬂ:@ with un-
oms simultaneously without entrance barrier undgr @ C, satuggted hyggocarbons agetyléﬁe,th%lene% methylacety-
symmetry forming a pentacyclic triplet intermediage The ~ €Ne€: ;c}‘llene, propylené’ _b_enzené, and the propargyl
latter is stabilized by 341 kJmot with respect to atomic radical™ Here, only an addition to the-electronic system
carbon plus trans 1,3-butadiene and can either undergo @S observed, but no symmetry forbidden insertion into
atom migration via a 184 kJmot barrier toi6 or fragments C—H or C—C bonds.
through a barrier located 10 kJmdlabove the products to
CsHs isomerpl7. The fate ofi6 was already outlined in the

> " B. Identification of reaction product  (s)
previous section.

The translational energy distributions show that the re-
action to the GHs isomefs) is exothermic by 21515
kJmol . If we compare this data with our electronic struc-

Despite a careful search, no transition states 0(3@1-(): ture calculations, it is evident that thesKl; isomerspl6,
insertion into C—H and C-C bonds could be found. Wepl7, p18 (from intermediate6) or p14 andpl5 (from inter-
started the saddle point optimization from the geometriesnediatei5-trans) contribute to the reactive scattering signal
with a CCH three-membered ring suggesting that a C—Hyithin the error limits. Since trans 1,3-butadiene is more than
bond in 1,3-butadiene is broken and two new bonds, C—-®9.4% in our secondary beam, the contribution of the cis
and C—H, with the attacking carbon atom are formed duringsomer is marginally. An alternative pathway—a collision-
the insertion process. This process would lead directly to @nduced trans-cis isomerization of 1,3-butadiene—is ener-
HCCHCHCHCH intermediate, a trans conformer a8. getically feasible since even our lowest collision energy of
However, the energies of the initial structures are very high19.3 kJmol! can pass the isomerization barrier of 24
Upon the transition state search, the C—H bond in 1,3 butakJmol X. The reader has to keep in mind, however, that our
diene is restored, and the system descends to the vicinity @xperiments are performed under single-collision conditions;

3. Insertion into C —H and C—C bonds
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FIG. 10. Schematic representation of the lowest energy pathways on the trpletPES.

this means that upon cis-trans isomerization, no third bodyhough H atom emission. |6 existed however, a C—H bond
reaction partner to forr® is present, and hence this complex rupture is expected to proceed via the lowest energy pathway
cannot be formedpl7 and p18 do not play a role in our to cyclopentadienylp16. This conclusion gains strong sup-
experiments. Reaction to both isomers must proceed6évia port from our RRKM calculations: the ratios of the rate con-
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FIG. 11. Structures of potentially involved tripletids collision complexes. Bond lengths are given in Angstrom, bond angles in degrees.
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p3,C, A"
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stants show k(p16):k(p18):k(p17)=1:0.005:0.019(19.3
kJmol 1), k(p16):k(p18):k(pl17)=1:0.007:0.022 (28.0
kdmol1), andk(p16):k(p18):k(p17)=1:0.008:0.027 (38.8
kdmol ). Therefore,p16 would be the dominate reaction

product, and the reaction should be exothermic by 332

(b)

Reaction of carbon with C,Hg. | 9631

pl4,C,,2A” pls, C,,2A”

FIG. 12. Structures of doubletsHg isomers. Bond lengths are
given in Angstrom, bond angles in degrees.

have been formed. This will be subject to RRKM studies, cf.
Sec. VD. Based on these consideratigris} andpl5are the
only possible major reaction products which do confirm with
the experimentally determined energetics of the reaction.
But is it feasible that less stableglds isomers are

kdmol . This is not supported by our experiments whichformed as well to a minor amount? In principle, these iso-

suggest an exothermicity of 2335 kJmol'l. We like to
stress, however, that a long energy tail of ®(E+)’s with
P(E)=0.01-0.03 extending to 350 kJmdlhas no signifi-
cant influence on our fit. Hence minor amountg&b might

mers might be synthesized via C—H bond ruptures of reac-
tive intermediates3, i4, andi5. All three complexes, how-
ever, can only be formed through. The fate of the latter is
governed by ring opening 6. Compared to a 200 kJmiol
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-D -H FIG. 13. Decomposition of the partially deuterated
complexi5-trans to p14 and p15.
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barrier which must be passedi®andi4, the barrier td5is  C. The actual reaction pathway on the C  sHg potential
only 50 kJmol'* and hence this pathway is the energeticallyenergy surface

most favorable one. Our RRKM investigation verifies this
result as well, and the rate constants calculatek(ti®):
k(i4):k(i5)=7x108:1x 10 %:1(19.3kdJmolY),  k(i3):
k(i4):k(i5)=2x10"":4x 10 °:1(28.0kmorl?}), and
k(i3):k(i4):k(i5)=5%10"":2x 10 *:1(38.8 kJmol %).
Thereforejl reacts predominantly %, andp3—p11 play no

role in our reactionis decomposes via C—H rupture or un- interact without entrance barrier perpendicular to the butadi-
dergoes ring closure, H shifts, and H atom emission. The : . berp
ene plane with ther orbital at the carbon—carbon double

latter process givepl6, which has not been observed as a d und ; théA surf o formil-t
major product in our crossed beam experiments. Based olﬁon under ¢ symmetry on surface to form-l-trans,

these results, onlpl2 and p13 might resemble additional ct. Fig. 13. This approach supports a maximum orbital over-

candidates. But since the exit barriers to form these isomerjé1p to for'm two C—C—o'bonds in triplet vinyl cyclopropy—
are about 105 kJmol higher compared to those involved in lidene. Since the butadiene molecules are prepared in a su-

a H atom emission t@14 and p15, both p12 and p13 are personic expansion, their rotational angular momentum is
negligible. ’ negligible, and the total angular momentuihis the initial

Our isotopic studies with partially deuterated 1,3-OrPital angular momentuni. Sincel ~J, il rotates in a

butadiene help to unravel the final questiop1f4 or p15, or ~ Plane almost perpendicular 1o around theC axis of the
even both radicals are formed, cf. Fig. 13. Oribdrans ~ CsHe Isomeril. A consecutive ring opening via a 50
(m=70) has been formed, gnk H atom loss ifi/e=69) at kdmol! barrier conserves the rotational axis of the highly
the C3 atom goes hand in hand with the formatiop4; an prolate triplet vinylallene complex5-trans which has an
alternative H loss at C4 would yiel13, which was elimi- ~asymmetry parameter=—0.994. The deep potential energy
nated earlier as a possible reaction product. In strong anawell of 360 kdmol* of i5 explains the forward—backward
ogy, soley a D fragmentation of the C1-D bond is con- symmetric center-of-mass angular distributions as found ex-
firmed with the experimentally determined reaction energyPerimentally, and hence the decomposifigcomplex has a
of 215+15 kJmol'!; and a C5-D loss would have formed lifetime longer than its rotation period around t@eaxis. An
unobserved12. In conclusion, these isotopic studies com- alternative explanation of a decomposing complex in which
bined with the energetics of the reaction confirm the formatwo hydrogen atoms can be interconverted through a rotation
tion of p14 and p15. This experimental result is well sup- axis can be dismissed, sinég belongs to theC, point
ported by RRKM studies as well, and the ratios ofgroup. We like to stress that the reaction dynamics discussed
the rate constants are k(pl13):k(p14):k(p15=8  so far are in line with large impact parameters leadingbto
x10°6:0.121(19.3kIJmolY), k(p13):k(p14):k(pl5) =1  within orbiting limits. The contribution of large impact pa-
X 107°:0.131(28.0kJmol ), and k(p13):k(p14):k(p15) rameters which dominate the reaction was already mentioned
=1x10°:0.131(38.8kJmal ). Therefore,p14 and p15 in Sec. IV D. Our data suggest that the relative cross section
are clearly identified as the reaction products. Obviouslyyises as the collision energy decreases. Final C—H bond rup-
pl3 does not play any role in the reactions. tures ini5 yield the experimentally observed vinylpropargy!

But what are the underlying dynamics to form theHg
isomerspl4 andpl15? Based on our data, the chemical reac-
tion dynamics are indirect and proceed via complex forma-
tion. In our molecular beam, more than 99.4% of the 1,3-
butadiene exists in the energetically more stable trans form.
Here, the singly occupieg, and p, orbitals of (I3Pj) can
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radicalspl4 and pl5 rotating around theiC axis. The iso- (a)
topic studies show clearly that only those H atoms adjacent

to the carbon atom close to the activated bonds formally e

inserted in the former carbon-carbon double bond are lost.

No C4-H or C5-H bond is broken. Further, both exit tran- ¢ y.cu
33003 k6

sition states to vinylpropargyl are tight and located about 20
kJmol ! above the products; this gains support from abr P4y \(,
initio calculations showing imaginary frequencies of 5388 K
pls
kg

p17

and 561cm !, respectively. The characteristics of both
transition states are consistent with the reversed reaction of a
H atom addition to an unsaturated olefinic or acetylenic sys-
tem which has similar orders of magnitude of the entrance i5-trans
barriers as observed in our experiments. In addition, the in-
direct scattering dynamics of the title reaction are supported
by a small fraction of 30%—35% of total available energy
channeling into translation as already observed in a similar M)
complex forming reaction of atomic carbon with unsaturated
hydrocarbons as studied in our group. K p17
These considerations show clearly that the reaction of n/'
atomic carbon with trans 1,3-butadiene is not thermodynami- y p18
cally controlled since the most stable cyclopentadienyl radi- “
cal p16 is not a major product. The formation of 1- and ks Ko 1 pl6
3-vinylpropargyl is a direct consequence of the involved PES
and the transition state choking the H atom migration from Ka
i5-cis to i8. A similar case in which the reaction was not i6
controlled thermodynamically was found in thégej)/CeHe FIG. 14. Diagram showing the reaction pathways included in our RRKM
system in which the thermodynamically less stable 1,2<alculations.
didehydrocycloheptatrienyl isomer was formed.

11
8 e ——>i6

k
k-ll
K10 k.o ka kaz
Ky Lo
kg

iS-cis i9

tion functions at high temperatures or with large available

D. RRKM Calculations energies such frequencies should be treated as free or hin-

Our experimental data alone cannot identify the contri-dered internal rotors rather than as harmonic oscillator. At
bution of the cyclopropenyl radicahl6. Further, we inves- this stage we estimate possible variations of rate congtant
tigate the experimentally not observedH elimination by replacing the lowest vibrational frequency in the transi-
from i5. To solve this problem, we employ RRKM calcula- tion states by the value of 100 cth Than, we obtairk,
tions. The rate equations for the title reaction were derivedgvhich is 4.4 times lower thaik, and 2.6-3.9 times lower
according to Fig. 14 and solved with the rate constants comthanks (see Table li for the formation ofp14, in line with
puted by the RRKM theory. We employed the steady-statdénore favorable energy barrier for the latter. Uskjgnstead
approximation to obtain the branching ratios. Table Il showss lowers the contribution of gH;+CsH; to 3%—-4%. We
the calculated rate constants for each elementary step in Fi§an conclude here that the,ldz+CsHz channel can play a
14 and the branching ratios at various collision energiesminor but not insignificant role in the reaction.
These computations show thptl5 is the major reaction We have also calculated the product branching ratios for
product which contributes at least 76.5% at 19.3 kJrhol the case when the cyclic intermediagis formed in the
and at least 73% at 38.8 kJmdl The contribution op14is  reaction of the carbon atom with cis 1,3-butadiene, cf. Fig.
in the range Of 9%h—-11% and that pﬂ_6 iS |eSS than 1%. 10 Although th|S ConSideration iS not dil’eCt|y related to our
Other isomers of gHg do not play any role in the reaction. Present experimeni2 can be formed in high-temperature

It iS interesting to address the poss|b|||ty Of the forma_combustion flames since 1,3'butadiene is pl’esent in its cis
tion of CHz+C3H5 in the reaction via intermediat6-trans. form as well. We solved the rate equations for the reaction
Initial calculations showed that the rate constiptfor the ~ Scheme shown in Fig. 1d) based on the steady-state ap-
formation Of QH3+C3H3 iS somewhat h|gher thahs for pI’OXimation. The resu|tS ShOW thﬂ W0u|d produce 95.6%
pl4+H despite the fact that the energetics for the latter isof P17, only 4.4% ofp16, and a negligible amount qf18.
more favorable than for the former. This result is attributedAdain, the most thermodynamically stabd6 is not the
to the fact that at the B3LYP/6-31% level the transition ~Major product because the barrier for H eliminatioridris
state for the C—C bond splitting i6-trans has one very low 11.7 kJmol* lower than the barrier fof1,2] hydrogen mi-
vibrational frequency of 21 ciit. This leads to very high gration leading td6, which eventually dissociates 6.
total number of states for this transition state, which results ) _ ) 3 )
in the high values fok,. The contribution of GHs+CyHg is = Comparison with the reactions of C - (°P)) with C 5H,
in this case 13.4%-16.6%. However, low vibrational fre-and CsHe
guencies are usually very sensitive to the theoretical approxi- The chemical dynamics and involved potential energy
mation used in calculations. Also, in computations of parti-surfaces of reactions of atomic carbon with olefinic mol-
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TABLE Il. RRKM rate constants in units of $ as depicted in Figs. 10 and 14, and calculated branching ratios
of various reaction products.

Collision energy

(kJmol™ %) 0 19.3 28.0 38.8
Ky 1.87x10° 4.97x 10* 1.45¢10° 4.52x 10
Ky 1.15x 10° 8.98x 1¢° 3.48x< 10 1.42x10°
ks 5.60x 10* 7.25x 10 8.06x 101 9.11x 10"
Ky, 3.36x10° 7.88x 10° 1.12x10% 1.68x 10%°
ky? (7.62x10P) (1.78x 10%) (2.52x 10%) (3.78x10%)
Ks 2.97x10° 5.52x 10° 7.14x 10° 9.66x 10°
ke 1.02x10° 3.56x 10° 5.89x 10° 1.05x 1¢°
Kg 2.61x 101° 4.50x 10'° 5.65x 100 7.38x10°
Ko 8.14x 101 8.77x 101 9.05x 10 9.40x 10t
K_g 1.31x 10*? 1.38x 10*? 1.41x 10*? 1.45x 10
k1o 3.40x10° 7.04x10° 9.50x 10° 1.35x10°
K_10 7.01x 108 1.45x<10° 1.95x 10° 2.76x10°
ki 3.66x 10° 4.38<10'° 4.72x<10'° 5.17x 10'°
K_11 3.16x10° 4.31x10° 4.92¢10° 5.76x 10°
K1z 7.95x< 10 1.54x 10° 2.04x 10° 2.83x1¢°
Kis 2.26x 10’ 4.55x 10 6.10x 10’ 8.62x 10’
Kys 6.33x 10° 8.28x 10° 9.28x 10° 1.06x 10'°
k1o 2.97x10° 5.13x10° 6.45x10° 8.43x10°
K_10 2.04x 10° 3.97x 10° 5.24x10° 7.28x10°
Kzo 6.41x 101° 1.09x 10t 1.37x 10% 1.78x 10%
Koy 1.78x 10'° 2.35x 10%° 2.64x 10 3.24x 101
K_p 1.13x 101 1.60x 10 1.86x 10M 2.21x 101
Koo 1.39x10° 2.65x10° 3.46x10° 4.74x10°
K_p 1.96x10° 3.92x10F 5.24x 10° 7.37x10°
k(p16)® 2.14x1¢° 4.38<10° 5.86x 10° 8.23x 1¢°
k(p17)® 2.69x 10° 8.17x 1CF 1.29x10° 2.19x 10
k(p18)® 7.65<10° 2.41x 10° 3.85x 10° 6.68x< 1¢°
k(pl6)'® 2.92x10° 5.01x 10° 6.26x10° 8.14x10°
k(p17)'® 6.41x 10'° 1.10x 10 1.37x 104 1.78x 10
k(p18)'® 1.04x 10" 2.75x 10 4.12x 10 6.60x 10

Branching ratio% (%)

p13 3.11(3.38x10°*  6.05(6.75x10°%  7.81(8.83%x10°%  0.0010.001)
C,H3+C3Hs 10.32.5 13.43.4) 14.93.9 16.64.3

pl4 9.1(9.9 9.4(10.5 9.510.7) 9.6(11.0

p15 79.986.9 76.585.3 74.984.6 73.083.4

pl6 0.7(0.7) 0.700.8 0.80.9 0.80.9

pl7 0.0080.009 0.0140.015 0.0170.019 0.0220.029

pl8 0.0020.003 0.0040.003 0.0050.008 0.0070.008

Branching ratio% (%)

p16’ 4.4 4.4 4.4 4.4
p17 95.6 95.6 95.6 95.6
p18’ 0.016 0.024 0.029 0.035

®Rate constark, computed with the change of the lowest real vibrational frequency in transitiont27afiem
21 cm ! (B3LYP/6-311G™) to 100 cmt.

PRate constants for the formation of tp&6, p17, andp18 products from intermediati&-trans calculated by
solving the kinetic rate equatioisee Fig. 14a)] based on the steady-state approximation.

‘Rate constants for the formations of th&6, p17, andp18 products from intermediati in the reaction of
C(3PJ-) with cis-1,3-butadiene calculated by solving the kinetic rate equafie®s Fig. 14)] based on the
steady-state approximation.

dCalculated branching ratios of various products for the reaction proceeding via intermiédiegas. In
parentheses: the values computed usihgnstead ofk, .

Calculated branching ratios of various products for the reaction proceeding via interm2diate

ecules such as ethylene and propylene depict common fearay yields (substitutedl cyclopropylidene intermediates
tures. The reactions are governed by indirect scattering dywhich are stabilized by 210—270 kJmolwith respect to the
namics and about 30%—35% of the total available energyeactants. All complexes rotate around their C axes and un-
channels into the translational degrees of freedom. The cadergo ring opening through barriers between 40 and 60
bon attack proceeds via complex formation through a barrikdmol'* to form (substituted triplet allene intermediates.
erless addition of éP]-) to the 7 electron density. This path- The latter reside in potential energy wells 360—400 kJrhol
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deep compared to atomic carbon and the olefine. The fate @fl details leading to large organic molecules are only dimly
the triplet allene complexes is governed by H loss channelanderstood and possibly initiated by a recombination of two
to (substituted propargyl radicals via tight exit transition pentadienyl radicals, cf. Sec. I. Our proposed mechanism
states located about 10-25 kJmblabove the products. suggests the growth by addition of carbon atoms to unsatur-
Most of the initial angular momentum channels into rota-ated molecules such as 1,3-butadiene and is supported by
tional excitation of the products predominantly excited torecent investigations. Although our crossed beam experi-
C-like rotations. The presence of an exit barrier is docusments did not give any proof of a cyclics8s isomer, the
mented in the center-of-mass translation energy distributionsituation in circumstellar envelopes close to the central car-
as well as allP(E;)’s peak around 20-50 kJmdl The bon star is different from the single collision conditions.
exothermicities to the £1,R (R+CH; or CHj3) are very  Compared to our experiments, the molecular number density
similar and range between 200 and 220 kJroThis dem- is higher, and the §Hs chain can isomerize upon a succes-
onstrates that the substitution of a hydrogen atom in ethylensive collision to cyclic GHg isomers. In strong analogy to
by a side group has little effect on the energetics of thecombustion processes, a collision-induced trans-cis isomer-
reaction. ization of 1,3-butadiene can precede the reaction with atomic
Besides these similarities, there is one striking differencearbon, and the pentadienyl radical can be formed2/end
in the reaction of atomic carbon with propylene and 1,3 butai6.
diene. Here, the C{group is conserved in the reaction and
acts as a spectator. Although no H atom loss occurs from thelll. CONCLUSIONS

C,H; group, the increased stabilization pi4 versuspl5 . .
demonstrates an enhanced delocalization of the unpaired The reaction between ground state carbon ator(fﬂp

o . . . .and 1,3-butadiene, JCLCHCHCH,, was studied at averaged
electron. In addition, if the cis 1,3-butadiene reacts, the side . _. . e H - . 9
) . : : . —collision energies of 19.3, 28.0, and 38.8 kJmtalising the

group can be actively involved in the chemistry, since atomic .
. crossed molecular beam technique. The carbon atom attacks

carbon can add to both terminal carbon atoms. Therefore, w;

cannot regard @, as a spectator side group In this case the m-orbital of the butadiene molecule without a barrier via
9 8 P group " aloose, reactantlike transition state located at the centrifugal

barrier to form a cyclopropylidene derivative. The triplet
VI. COMBUSTION CHEMISTRY APPLICATIONS radical rotates in a plane which is almost perpendicular to the

Our crossed beam studies showed explicitly that the titidotal angular momentum vectdraround itsC-axis undergo-
reaction leads to 1- and 3-vinylpropargyl radicals, iNg ring opening to a vinyl substituted triplet allene mol-
HCCCH—-GHs(X2A"), and HCCC—GHs(X2A"). This re- ecule. This comple_x fragments via two micro-channels
action proceeds via an initial addition of¥)) to trans-1,3-  through H atom emission to form 1- and 3-vinylpropargyl
butadiene to form a three-membered ring intermediafel-  radicals, HCCCH—@H3(X?A"), and HCCC—GH3(X?A"),
lowed by ring opening to a substituted triplet allene Specieghrough tight exit transition states. The unambiguous identi-
i5 and H atom emission to the products. Although these exfication of two chain isomers of {5 under a single colli-
periments did not show any evidence of the cyclopentadieny$ion represents a further example of a carbon-hydrogen ex-
radical which is thought to be a potential precursor to PAHChange in reactions of ground state carbon atoms with
molecules, the explicit identification of chainid; radicals unsaturated hydrocarbons. In denser media such as combus-
holds far-reaching consequences for combustion processél@.n flames and close to the central star of circumstellar en-
Here, Burcat and Dvinyaninov investigated the decomposivelopes, the linear isomer can show a ring closure to form
tion pattern of the cyclopentadienyl radical and found¢yclic CsHs isomers such as the cyclopentadienyl radical—a
HCCCHGH; as the main decomposition prodi¢tBased postulated intermediate in the formation of PAHs—via
on this finding it can be strongly assumed that in combustiodriCCCHGHs. Finally, a collision-induced trans-cis isomer-
flames HCCCHGH, can undergo ring closure followed by ization of 1,3-butadiene prior to a(EPj) addition can form
H atom migration to form the cyclopentadieny! radical oncethe pentadienyl radical via cyclic reaction intermediates. The
the entrance barrier can be passed via a third body reactioffle of cyclic GHs isomers in these environments will be
Likewise, in denser reaction environments such as flames, igvestigated in future RRKM calculations.
collision induced trans-cis isomerization of 1,3-butadiene
prior to a G*P,) addition can form the cyclopentadienyl radi- ACKNOWLEDGMENTS
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