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Unimolecular Decomposition of Chemically Activated Pentatetraene (HCCCCCH))
Intermediates: A Crossed Beams Study of Dicarbon Molecule Reactions with Allene

Introduction

Cumulenes (KHC,H2; n > 2) and the corresponding cumulene
carbenes (@Hy; n > 2) present important reaction intermediates
in combustion flame$, chemical vapor depositioch,and in
interstellar environments (cold molecular clouds such as TMC-
1, circumstellar envelopes of IRG 10216, and planetary
nebulae such as CRL 618Whereas all cumulene carbenes
hold aC,, symmetry and depictA; electronic ground states,
the situation for the cumulenes is more compleklere,
molecules having an even number of carbon atoms belong to
the Do, point group, whereas an odd number of carbon atoms
dictate an inhererD,q symmetry. This correlates with tHé
and®A; electronic ground states of the even- and odd-numbered
cumulenes, respectivehf. The structures of the cumulenes also
correlates with recent studies'8€ nuclear magnetic resonance
(NMR) paramagnetic shielding constait&ecause of their
unique electronic structure, cumulenes also hold important
technical potential as elements for molecular machfnts
cationic forms serve as models for molecular wites.

Despite the importance of cumulenes in the chemical evolu-
tion of extreme environments (combustion flames, CVD,
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The reactions dynamics of the dicarbon molecujeirCthe 14" singlet ground state andl, first excited

triplet state with allene, LCCH,(X'A,), was investigated under single collision conditions using the crossed
molecular beam approach at four collision energies between 13.6 and 49.4KJ) Tin@ experiments were
combined with ab initio electronic structure calculations of the relevant stationary points on the singlet and
triplet potential energy surfaces. Our investigations imply that the reactions are barrier-less and indirect on
both the singlet and the triplet surfaces and proceed through bostdi@ermediates via addition of the
dicarbon molecule to the carbewcarbon double bond (singlet surface) and to the terminal as well as central
carbon atoms of the allene molecule (triplet surface). The initial collision complexes isomerize to form triplet
and singlet pentatetraene intermediategdEICCCH) that decompose via atomic hydrogen loss to yield the
2,4-pentadiynyl-1 radical, HCCCCGEX?B;). These channels result in symmetric center-of-mass angular
distributions. On the triplet surface, a second channel involves the existence of a nonsymmetric reaction
intermediate (HCCCHKCCH) that fragments through atomic hydrogen emission to the 1,4-pentadiynyl-3 radical
[CsH3(X?B;)HCCCHCCH]; this pathway was found to account for the backward scattered center-of-mass
angular distributions at higher collision energies. The identification of two resonance-stabilizedslftge C
radicals (i.e., 2,4-pentadiynyl-1 and 1,4-pentadiynyl-3) suggests that these molecules can be important transient
species in combustion flames and in the chemical evolution of the interstellar medium.

(H2,CCCH,) complexes has been studied previously in crossed
beams experiments of electronically excited @§° and
ground state (GP))! carbon atoms with ethylene £84; X*A);
likewise, butatriene intermediatesAEICCCH) in their singlet
ground and electronically excited states were prepared under
single collision conditions via the reactions of dicarbon,
Co(X1=4t/a%1y), with ethylene. In all cases, the dynamics of
the allene and butatriene decomposition were dominated by
atomic hydrogen loss pathways, forming the proparggH&
(X2B,)) and the 1-butene-3-yne-2-yl radicat@sH3(X?A")),
respectively. In this paper, we expand these studies and
investigate the unimolecular decomposition of chemically
activated pentatetraene molecules@8CCCH) as synthesized
under single collision conditions in crossed beam experiments
of dicarbon, G(X!Z4t/a%[1,), with allene (HCCCHy; X'Ay).
These studies are pooled together with electronic structure
calculations to provide a comprehensive picture of the chemical
reaction dynamics and underlying stability of singlet and triplet
pentatetraene.

Experimental Setup and Data Analysis

interstellar medium) and promising technological applications,  The scattering experiments were conducted under single
surprisingly little is known about the unimolecular decomposi- ¢gjlision conditions in a crossed molecular beams machine at
tion and hence stability of chemically activated cumulenes. The The Unijversity of Hawai'l2 Pulsed dicarbon beams were

breakdown of chemically activated singlet and triplet allene produced in the primary source by laser ablation of graphite at
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266 nnmt3 (30 Hz). The ablated species were seeded in neat
carrier gas (neon and helium; 99.9999%; 4 atm) released by a

T University of Hawai'i at Manoa. Proch-Trickl pulsed valve. After passing a ski_mmer, a four-
*Florida International University. slot chopper wheel selected a part out of the dicarbon beam at
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TABLE 1: Peak Velocities (p), Speed Ratios §), and (CC,MP2) method? which approximates the coupled clugfer
Center-of-Mass Angles @cw), Together with Nominal CCSD(T)/6-31%G(3df,2p) energy. All calculations were car-
Collision Energies of Dicarbon and Allene ReactantsK,) fied out using the GAUSSIAN 98 and MOLPRO 2008
Ec programs. In this paper, we only focus on the computational
beam vp (Ms™) S (kJmol™)  Ocwm results to supplement the experimental data. The complete triplet
H,CCCHy(X'A)) 840+3 11.44+0.2 and singlet GH, surfaces will be released in a forthcoming

Co(X!Zg/al1)/Ne 1050+ 6  5.7+0.2 13.6+0.1 53.1+0.2 publication.
Co(X1=4"/al1y)/Ne 1682+ 22 3.2+0.1 26.5+£0.6 39.8+0.4
Co(X1Zyt/all)/He 2090+ 38 4.3+0.3 38.1+1.2 33.8+:0.5

CoX1S4' @1,/ He 2426+ 40 3.9+ 0.2 49.4+ 1.5 30.0+ 0.4 Results

Reactive Scattering Signal and TOF SpectraThe reactive

a peak velocities), between 1050t 6 and 2426+ 40 ms'%; scattering signal was detected at mass-to-charge naiis-
speed ratios from 3.2 0.1 to 5.7+ 0.2 were obtained (Table 63 (GHs"), 62 (GH2"), 61 (GH™), and 60 (G'). Time-of
1). Note that at these velocities, the beam contains dicarbon in-flight spectra (TOF) for various scattering angles at the most
its X1Z4" electronic ground and in its first excitedl#, statel® intense mass-to-charge value (irelz = 62 (GH.")) are shown
the energy separation between both states is only 8.6 kI*mol in Figure 1 for all four collision energies. We would like to
Note that the dicarbon beam has not been characterized via laseemphasize that at each collision energy investigated, the TOF
induced fluorescence; therefore, the relative contribution of spectra recorded at mass-to-charge ratios between 63 and 60
dicarbon in its electronic ground state versus its first electroni- are superimposable. This indicates th#t = 63 fragments in
cally excited state is unknown. The segments of the dicarbon the electron impact ionizer also give signalsvz = 62—60.
beam crossed a pulsed allene beamQEICH;; 99.6%; 520  Here, a signal atn/z = 62 (GH") is more intense by a factor
Torr; vp = 840+ 3 ms ! S= 11.4+ 0.2) released by asecond  of 1.3 as compared tw'z = 63. These identical patterns of the
pulsed valve perpendicularly under well-defined collision ener- |ower mass-to-charge ratios further imply thait least within
gies between 13.6- 0.1 and 49.4+ 1.5 kJ mot* in the this mass rangesolely the dicarbon versus hydrogen replace-
interaction region. The ablation beam also contains carbon atomsment channel can take place. This pathway leads to the synthesis
and tricarbon molecules. However, the latter do not interfere of CsH; isomer(s) vz = 63) plus atomic hydrogen; the
with the scattering signal of the dicarbeallene reaction at  formation of any GH, isomer(s) (Vz = 62) together with the
mass-to-charge ratiogz) of 63 (GHs") to 60 (G*). Tricarbon molecular hydrogen counter fragment can be ruled out. Ac-
was found to react with allene only at collision energies larger counting for the signal-to-noise level, upper limits of the
than 63+ 3 kJ molL.1* A signal from the reaction of atomic  molecular hydrogen elimination channel of 2% were derived.
carbon with allene shows up a¥z values of 51 (GHs") and A signal at a mass-to-charge ratiorofz = 52 (G;H,4*) is absent,
lower 15 The reactively scattered species are monitored using aimplying that the pathway to form 4 plus atomic carbon
quadrupole mass spectrometric detector in the time-of-flight from a potential GH, is not present. Time-of-flight spectra
(TOF) mode after electron-impact ionization of the molecules. recorded fromm/z = 51 (GHs™) to 48 (GF) did not overlap
This detector can be rotated within the plane defined by the with those aim/z = 63—60. Here, TOF spectra in the range of
primary and secondary reactant beams to take angular resolvegy/z = 51—48 had to be fit with two channels: one contribution
TOF spectra. By integrating the TOF spectra at distinct from the reaction of dicarbon with allene (dissociative ionization
laboratory angles, we obtain the laboratory angular distribution of CsHs in the electron impact ionizer) and a second channel
(i.e., the integrated signal intensity of an ion of distimtz from the reaction of atomic carbon with allene forming atomic
versus the laboratory angle). Information on the chemical hydrogen and the 1-buten-3-yn-2-yl radidaOgHs(X2A")); the
dynamics was extracted by fitting these TOF spectra and the|atter is also responsible for a signalratz = 51 (the GH3"
angular distribution in the laboratory frame (LAB) using a parent) and the fragmentsmatz = 50 (CH,"), 49 (GH), and
forward-convolution routiné® This approach initially assumes 48 (G1). Summarized, the interpretation of the TOF data
an angular distributioff(6) and a translational energy distribu-  verifies the presence of a dicarbon versus atomic hydrogen
tion P(Ey) in the center-of-mass reference frame (CM). TOF replacement channel leading taHG isomer(s) under single
spectra and the laboratory angular distribution were then collision conditions at each collision energy.
calculated from these center-of-mass functions. The final Laboratory Angular Distributions (LAB). Figure 2 depicts
outcome is the generation of a product flux contour map, which he most probable Newton diagrams of the reactions of dicarbon
reports the differential cross sectidif,u), of the product of  c,(x 1z, +/a11,,) with allene at all four collision energies together
the intensity as a function of angke and product center-of- ity the laboratory angular distributions (LAB) of the heavy
mass velocityu. This map contains all the details of the ¢y, product recorded at the most intense mass-to-charge ratio
scattering process. of 'z = 62 (GH."). These LAB distributions are spread over
40-50° in the scattering plane defined by both reactant beams.
The rather small angular spreads propose that only a compara-
tively small fraction of the total available energy is channeled

The reactants, products, various intermediates, and transitioninto the translational degrees of freedom of theHE€+ H
states on the potential energy surfaces for th€X&;")/ reaction products. This correlates also with the relatively narrow
Cy(a%I1y) plus allene reactions have been optimized using the TOF spectra showing a signal only between 300 and /&0
hybrid density functional B3LYP method with the 6-311G(d,p) Note that the overall shape of the LAB distribution changes
basis set”18Vibrational frequencies also have been calculated with rising collision energy. Although all distributions peak close
at the B3LYP/6-311G(d,p) level for the characterization of to the center-of-mass angles of the reactions (Table 1), only
stationary points (number of imaginary frequencies NIMAG the LAB distribution at the lowest collision energy of 13.6 kJ
0 and 1 for local minima and transition states, respectively) and mol~! depicts almost a forwardbackward symmetric shape.
to obtain zero point energy (ZPE) corrections. The energies wereAs the collision energy increases, the distributions become more
then refined by single point calculations using the G2M- backward scattered with respect to the dicarbon beam.

Theoretical Procedures
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Figure 1. Selected time-of-flight data faw/'z = 62 (GH.") recorded at four collision energies at various laboratory angles. The circles indicate
the experimental data and the solid lines the calculated fit.

Center-of-Mass Translational Energy Distributions, P(Et)s. not influence the quality of the fit as evident from the almost
The translational energy distributions in the center-of-mass invariant y2 parameter. For those molecules without internal
frame,P(Er), are shown in Figure 3. Here, best fits of the LAB  excitation, the maximum translational energy portrays the
distributions and of the TOF spectra were obtained with only collision energy plus the reaction energy. Theref@g.x aids
one P(Ey) at each collision energy extending to a maximum in calculating the reaction exoergicity. Averaging over all four
translational energyEmax of 205 kJ mott (E; = 13.6 kJ maot?), collision energies, we find that the formation of theHg
210 kJ mot? (E; = 26.5 kJ mot?), 220 kJ mot? (E; = 38.1 radical(s) and atomic hydrogen is exoergic by 18315 kJ
kJ mol?), and 225 kJ mol' (E; = 49.4 kJ mot?). It should mol~L. In the most favorable case, the most probable transla-
be emphasized that because of the emission of a light hydrogertional energy presents an order-of-magnitude of the barrier
atom, the derived fits are relatively insensitive to the high-energy height in the exit channel. In the present distributionsPér)s
cutoff. Here, extending or cutting the tail Byl5 kJ moi did show a plateau between 3 and 40 kJ Mol hese data suggest
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Figure 2. Newton diagrams for the reaction of dicarbon molecules with allene at four collision energies of 13.6 (top left), 26.5 (top right), 38.1
(bottom left), and 49.4 kJ mot (bottom right) together with the corresponding laboratory angular distribution of 4He i@dical(s) recorded at

m/z = 62. Circles and error bars indicate experimental data, and the solid line indicates the calculated distribution with the best-fit center-of-mass
functions.

close to the zero translation energy might indicate the exist-

10 s E =136 Kmol” ence of a second reaction pat_hway t_h_at involves almost no_exit

c § barrier and hence a loose exit transition state. On the basis of

7NN N E=26.5 kJm°'1 the center-of-mass translational energy distributions, we can
kN E;=38.1 kdmol calculate the fraction of the energy channeling into the

- B =49.5 kdmol” translational modes of the productsEr>/Eay (Figure 4). As

the collision energy increases, the averaged fraction of the
translational energy decreases from about:33 to 28+ 2%.
These data can also be fit with a linear relationship (eq 1). Also,
the order of magnitude of about 30% suggests that the reaction
dynamics is indirect. Recall that the tight transition state theory
of Marcus predicts an increasing fraction of total available

0.6 4

P(E)

0.4

024 energy channeling into a vibration as the collision energy rises,
" if the energy is completely randomizédl Assuming that a
0.0 ' : , : : S v, constant fraction is released into the rotational energy of the
0 50 100 150 200 250 CsH3 isomers, this would correlate with the experimentally

found decreasing fraction of the total available energy chan-
neling into the translational motion of the products. Therefore,
Figure 3. Center-of-mass translational energy flux distributions for the collision energy dependence o&r>/E, may indicate a

reaction of dicarbon (€X'Zs*/aIl,)) with allene to form GHs complete energy randomization in the decomposing intermedi-
radical(s) and atomic hydrogen at four collision energies. ates.

Product translational energy (E., kJmoI'1)

that at least one reaction channel most likely exhibits an exit 4
barrier. Also, the peaking of tHe(Ey) at lower collision energies ~ <Er>/Ey = (0.34£0.01)— (17.6£3.1)x 10 " x E. (1)
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energy channeling into the translational modes of the products. center-of-mass angular distributions at the pol8?)/T(18C°).
5.0 . .
] energy rises, the form of th&(#)s changes dramatically to
454 —E=136kJmol” i backward peaking, yielding an intensity ratio at the poles of
a0l E.=26.5 kJmol” P T(0°)/T(18C°) = 0.23+ 0.02 at the highest collision energy of
' S E_=38.1 kJmol” 49.4 kJ mot?. This trend indicates that as the collision energy
354 ... E_=49.5 kimol” increases, at least one intermediate becomes short-lived (i.e.,
30 having a lifetime shorter than its rotation period). These findings
R | T are summarized in Figure 6; the collision energy dependence
L 25+ of the ratios of the center-of-mass angular distributions at the
- 20 poles could be fit with a decaying exponential function (eq 2).
l The tendency can also be visualized by inspecting the center-
1.5+ of-mass flux contour maps shown in Figure 7.
1.0 _4.;;:::;:4"":'.— -
: T(0°)/T(180C°) = (0.23+ 0.06)+ (2.76+ 1.23) x
05 _
] o (Ec/(10.2+:3.1) )
00 S —

v T T T v T v
0 30 60 90 120 150 180

Center of mass angle (6) Energetical Considerations.The inspection of the center-
Figure 5. Center-of-mass angular distributions for the reaction of of-mass translational energy distributions suggests that the
g{g?;?:ﬂyg?%;g a/ﬁlgj?’)cg;ltirs]i (‘;"r']'ee"neertsi‘;grm @Hs radical(s) and  a5ction to synthesize thess radical(s) plus atomic hydrogen
’ is exoergic by 183k 15 kJ moi . This high-energy cutoff can
within the error limits—account for the formation of 2,4-penta-
Center-of-Mass Angular Distributions, T(@)s. The shape diynyl-1 [CsH3(X2B1)HCCCCCH] and the 1,4-pentadiynyl-3
of the center-of-mass angular flux distributiof(@), of the radical [GH3(X?B;)HCCCHCCH] (Figure 8). Note that the
atomic hydrogen loss pathway can be employed to collect computed exoergicities are 1955 and 204+ 5 kJ mol? to
important information on the chemical dynamics (Figure 5). First form the 2,4-pentadiynyl-1 radical on the singlet and triplet
of all, the distributions show an intensity over the complete surfaces, respectively, and 2825 kJ mol* to synthesize the
angular range from 0 to 180This finding alone suggests that  1,4-pentadiynyl-3 radical on the triplet manifold. On the basis
the reaction dynamics are indirect and proceed via formation of the energetics alone, we cannot decide if the 2,4-pentadiynyl-1
of CsHs complex(es). At the lowest collision energy, the and/or the 1,4-pentadiynyl-3 radical is formed since their
distribution is almost isotropic (flat), suggesting that the lifetime enthalpies of formation differ by only 1 kJ mdl Therefore,
of the decomposing intermediate is longer than its rotational we have to combine our experimental results and center-of-
period. Note that within the error limits (Figure 6), best fits mass functions with the computed potential energy surfaces to
were achieved with a slightly backward scattered distribution resolve this question. Here, the center-of-mass angular distribu-
(Figures 5 and 7). The weak polarization and hence the poortions suggest indirect scattering dynamics and hence the
correlation between the initial and the final angular momentum existence of gH, intermediate(s). On the singlet surface, the
can be easily understood in terms of total angular momentum calculations indicate that the addition of dicarbon to the carbon
conservation and angular momentum dispé$alere, large carbon double bond of the allene molecule is barrier-less and
reactive impact parameters lead to complex formation; also, theforms a cyclic intermediatel The latter isomerizes to tHayy
light departing hydrogen atom cannot carry away a significant symmetric pentatetraene molec@2 Considering both ener-
orbital angular momentum. These results indicate an insignifi- getically accessible 3 isomers, pentatetraene can solely
cant final orbital angular momentum and hence a preferential fragment to 2,4-pentadiynyl-1 EEl3(X2B;)HCCCCCH] via
channeling of the total angular momentum into rotational atomic hydrogen loss; the 1,4-pentadiynyl-3 radicatH&
excitation of the GH3z product(s). However, as the collision (X?B;)HCCCHCCH] cannot be synthesized on the singlet

Discussion
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400 - 400

e . R
Figure 7. Flux contour plots of the €3 radical(s) reported at four different collision energies of 13.6 (a), 26.5 (b), 38.1 (c), and 49.4 KJ mol
(d). The solid lines connect data with identical fluxes.

surface; isomerizations involving H migrations s are energy surfaces verifies th# might be this elusive reaction
expected to be slower than the atomic hydrogen ib&n the intermediate. Herep belongs to the&Cs point group and can be
other hand, the triplet surface cam principle—support the formed via a hydrogen shift on the triplet surface from the initial
generation of the less stable 1,4-pentadiynyl-3 radical as well collision complextl; the latter is generated via a barrier-less
as the energetically favorable 2,4-pentadiynyl-1 isomer via addition of the dicarbon molecule to the terminal carbon atom
decomposing triplet intermediaté® andt5, respectively. of the allene molecule. Sind® holds noC, rotational axis,
Angular Distribution Considerations. How can we decide  this intermediate can account for the asymmetry in the angular
now which of these €Hs isomers is formed on the triplet  distributions at higher collision energies. Note ti@tresides
surface? A detailed look at the center-of-mass angular distribu-in a shallow potential energy well of only 196 kJ mélthis
tions is helpful to resolve this issue. The singlet and triplet suggests a lifetime db that is shorter than its rotational period.
pentatetraene intermediat&®andt5 belong to theD,y andDa, Consequently, an asymmetric center-of-mass angular distribution
point groups, respectively; both isomers h&eaxes parallel can be accounted for. As the collision energy rises, the lifetime
to their three principal rotational axes. Consequently, a hydrogen of t6 also decreases; this trend is clearly visible in the enhanced
emission froms2 andt5 is expected to result in a forward backward scattered angular distributions (Figure3) Eventu-
backward symmetric center-of-mass angular distribution at eachally, t6 decomposes to the 1,4-pentadiynyl-3 radicatH&
collision energy since the hydrogen atoms can be converted via(X?B;)HCCCHCCH]. Note that the reaction has no entrance
a 2-fold rotational axis. This means that the probability of a barrier; therefore, an increase of the collision energy correlates
hydrogen atom emission from pentatetraene #ftandz—6° with a decrease in the maximum impact parameter leading to
is equak* This will result in a forward-backward symmetric ~ complex formation. This suggests that as the collision energy
center-of-mass angular distribution even if the lifetime of the increases, mor& (dicarbon adds to the central carbon atom of
fragmenting intermediate is less than its rotational period. allene; this requires small impact parameters) should be formed
However, our data demonstrate explicitly that f§€)s are not as compared ttl (dicarbon adds to the terminal carbon atom
symmetric: although at the lowest collision energgd) is flat of allene; this requires large impact parameters). The collision
and hence forwardbackward symmetric; the distributions complext7 can isomerizes via3 to yield the symmetrid5
become increasingly backward scattered as the collision energyintermediate; alternatively7 undergoes ring closure ta, and
rises (Figures 57). Therefore, we must have at least one {2 rearranges ttl and isomerizes vigt to t5. Most importantly,
additional microchannel that involves a fragmenting intermediate the low-impact parameters can account for the enhanced
that does not hold &, rotational axis to interconvert two  backward peaking as the collision energy increases. Note that
hydrogen atoms. A closer inspection of the pertinent potential the overall indirect scattering dynamics are supported by the
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Figure 8. Simplified singlet (top) and triplet (bottom)sB84 potential energy surfaces involving atomic and molecular hydrogen loss pathways in
the reaction of dicarbon, £X!Z4*/a%1,), with allene to form GHs; and GH,, respectively.

center-of-mass angular distributions (Figure 5), the flux contour carbon double bond of the allene molecule formingCa

plots (Figure 7), and the relatively small fraction of the available symmetrics1 collision complex on the singlet surface without

energy channeling into the translational motion of the products entrance barrier. The latter isomerizes to pentatetrs2nehich

(i.e., only about 30%). fragments without exit barrier via an atomic hydrogen loss to
Reaction Dynamics.On the basis of these considerations, the 2,4-pentadiynyl-1 radical EEl3(X?B;)HCCCCCH]. Be-

we propose the following indirect scattering dynamics involving cause of its symmetry and presenceGafaxes parallel to the

distinct channels on the singlet (one) and triplet (two) potential A, B, andC principal axes, the channel involving the decom-

energy surface. The dicarbon moleculecall that we have position of the singlet pentatetraene intermediate results in a

dicarbon in its XZ4" electronic ground state as well as in its  forward—backward symmetric center-of-mass angular distribu-

first electronically excited #l, state-adds to the carben tion at all collision energies. Detailed RRKM calculations
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propose that a molecular hydrogen elimination pathway to form TABLE 2: Reaction Energies for Various Reaction

the HLCCCCC (XA;) cumulene carbene via a tight transition
state located 47 kJ mol above the separated products does

not compete with an atomic hydrogen loss pathway. Upper limits ~ pathway product (kJ mol1)
of 2—3% were derived; the calculated rate constant for the H 1 H2CCCCCH(XB1) + H(2Sy)) ~195
loss froms2 is a factor of 55.6-33.0 higher than the rate 2 HCCCHCCH(*B;) + H(*S112) —194
constant for the blelimination from this intermediate in the 3 HchCCC(le\ﬁ + Ha(X'Z4Y) —220
collision energy range of-950 kJ moi .24 This correlates nicely g HéC}SC)gAh(ﬁ%,L';ng) Igg
with our experimental findings and the sole dete_ction of_ the 6 I|:|C4Cé(CH()XLZg+) J(r CHZ?)@Bl) —155
atomic hydrogen loss channel; recall that the time-of-flight 7 H,CCCC(XA,) + CHA(X?B1) 428
spectra ofm/z = 63 (GHs™) and m/iz = 62 (GH2") are 8 H,CCCC(XA) + CHy(aAy) +66
superimposable, demonstrating that a signalmit = 62 9 HCCCC(X¥X") + CHy(X?A,") —23
originates only from a dissociative ionization process ¢fi£ 10 Gi(X®Zg ) + CHi(XA,) —22
. . O 11 HCCCH(X?B,) + CH(X2ZH) —-80
m_thg ek_actron impact ionizer but not from a molecular hydrogen 12 -CaHa(XIAL) + CoHA(X1E,Y) 277
elimination pathway. 13 ¢-CaHo(X A1) + CCHu(XA;) —99
On the triplet surface, dicarbon can add to either the terminal 14 HCCCH(XB) + CoHo(X'Zy") =229
or the center carbon atom of the allenic carbearbon double 15 HCCCH(XB) + CCHy(X"A,) o1
bond to formt1 andt7 tivelv. Th ibrati I ited 16 CCCH(XA1) + CoH(XZgh) —222
ond to formt1 andt7, respectively. The rovibrationally excite 17 CCCH(XMA1) + CCHy(X A1) “aa
collision complexestl and t7 isomerize viat3 to triplet 18 CCCH(XIIg) + CoH3(X?A) +15
pentatetraenetq). The latter can decompose via a loose exit 19 c-CaH(X2B1) + CoH3(X?A) +5
transition state through an atomic hydrogen loss, forming the 20 G(XZg") + CoHa(XAg) —139

2,4-pentadiynyl-1 radical [§H3(X?B;)HCCCCCH]. A molec-

Pathways in Singlet Dicarbon-Allene Systent

reaction energy

aReactions of triplet dicarbons are more exoergic by 9 kJ ol

ular hydrogen elimination channel was found not to compete;
preliminary RRKM calculations suggest upper limits of less than
0.1%. We also identified6 as the decomposing intermediate
forming the 1,4-pentadiynyl-3 radical §83(X2B;)HCCCHCCH];

this pathway was found to account for the backward scattered
angular distributions at higher collision energies. Therefore, the
asymmetry of the angular distributions verifies explicitly the
formation of the less stablesB3(X?B;)HCCCHCCH isomer.
The involvement ofté can also be rationalized by inspecting
the involved exit transition states. Here, betandt5 fragment
barrier-less via a loose exit transition state; therefore, the center-.1d be fit with a contribution from the reaction of dicarbon

of-mass translational energy distriputions are expected to pe‘.alﬂ/vith allene (dissociative ionization of 583 in the electron
at zero or at least close to zero. This was not observed; best f'tsimpact ionizer: discussed in Center-of-Mass Translational

were achieved with distributions peaking afm kJ _mo’rl_ ... Energy DistributionsP(Er)s) and a second channel from the
t6, on the other hand, fragmented through a tight exit transition o +tion of atomic carbon with allene forming atomic hydrogen
state (Figure 8), resulting in B(Er) peaking away from the and the 1-buten-3-yn-2-yl radica-CsHs(X2A): the latter is
zero translational energy (Figure 3). The exit transition state responsible for a signal a'z = 51 (the QH3+pérent) and the
can l_)e understood by looking at the ev_olution of the wave fragments at/z = 50 (GiH,"), 49 (GH*), and 48 (G1). A
function on the course of the reverse reaction. In HCCCHCCH- ¢ ncer 100k at the triplet potential energy surface suggests that
(X2B,), the unpaired electron is located at a molecular orbital actually no involved intermediatl —t7 can form the diacet-
(MO) perpendicular to the plane of molecule and antisymmetric yjane reaction product. As a matter of fact, a fragmentation of
with respect to this plane. When atomic hydrogen adds to this intermediateg?2, t5, andt7 would yield solely the cumulene
structure to formté (°A’) on the triplet. surface, _two_single carbene isomer ¥CCCC(XA1) plus CH(X3B1) (channel 7).
electrons are pushed to two symmetric MOs lying in the  considering the endoergicity of this reaction, our experimental
molecular plane, and one of two triple=C bonds in the a3 show-as expectedthat this pathway does not compete
reacting GHs radical becomes a double bond in the product. \yith an atomic hydrogen loss fros. Although channels 9
Thus, the rearrangement of the electronic structure during theang 10 are exoergic, these pathways were not observed
reaction is very significant, and the process involves a high eyperimentally (see Laboratory Angular Distributions (LAB)).
barrier of 133 kJ mot'. It should be noted that so far we do  Here, neither the singlet nor the triplet intermediates were found
not have any experimental evidence of intersystem crossingq connect with the reaction products; for instance, none of the
(ISC) between the triplet and the singlet surfaces. Recall that if jniermediates holds a methyl group to account for pathway 9.
ISC from the triplet surface would be efficient, we would expect - A similar argument also suggests that channelsZiRand 18-
only a barrier-less decomposition of the singlet intermediates 20 are closed since none of the intermediates involved can
via simple bond rupture processes and hence center-of-masgctually connect to the potential reaction products. Channels
translational energy distributions peaking at or close to zero 11 and 17 are the only feasible reaction pathways left. On the
translational energy. This however, has not been observedsinglet surface, the formation of CCGPX*A;) + CCHy(X1A,)
experimentally. is energetically feasible and can involve a decomposition of
Alternative Exit Channels. Finally, we would like to address ~ s2 However, a competing atomic hydrogen elimination is
briefly alternative exit channels (Table 2). As outlined in energetically more favorable by about 160 kJ Molntermedi-
Reactive Scattering Signal and TOF Spectra, we did not observeate t6—which has been identified as the central reaction
any signal atn/z= 52 (CH4"). This suggests that the pathway intermediate responsible for the backward peaking of the center-
to form GyH, plus atomic carbon GP) (channel 4) is not open.  of-mass angular distributionsould decompose also via channel

On the basis of the energetics and triplet surface, thiould

be correlated with the ¥£CCCHy(X*Ag) + C(R) products.
However, since the reaction was found to be endoergic by 23
kJ mol %, t4 preferentially rearranged tth. Considering the
collision energies of up to 49.4 kJ md| channels 5 and 8 are
too endoergic. Therefore, these pathways are closed, too.
Although the reaction to form HCCCCH{Xy") + CHy(X3B1)
(channel 6) on the triplet surface is strongly exoergic by 155
kJ mol1, time-of-flight spectra recorded a¥'z = 50 (GH,")
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11 to propargyl and ethynyl (HCCGKX?B,) + CoH(XZZ)). (X2B;)HCCCHCCH]; this pathway was found to account for
This pathway might compete with an atomic hydrogen loss the backward scattered angular distributions at higher collision
pathway fromt6. Our machine is currently upgraded so that energies. The explicit identification of two resonance-stabilized
experiments with a tunable electron energy of the ionizing free GHsradicals (i.e., 2,4-pentadiynyl-1 and 1,4-pentadiynyl-
electrons in the electron impact ionizer can be carried out; 3) suggests that these molecules can be important transient
pathway 11 will be investigated in the future experimentally. species in combustion flames and in the chemical evolution of
Complete RRKM calculations of these pathways are published the interstellar medium.

in a forthcoming paper. ] )
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