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Ab initio calculations of the potential energy surface for thg'Ey") + C,H(*Z4") reaction have been
performed at the RCCSD(T)/cc-pVQZ//B3LYP/6-311G(dipY PE[B3LYP/6-311G(d,p)] level with extrapola-

tion to the complete basis set limit for key intermediates and products. These calculations have been followed
by statistical calculations of reaction rate constants and product branching ratios. The results show the reaction
to begin with the formation of the 3-(didehydrovinylidene)cyclopropene intermediatefive-member ring
isomeri7 with the entrance barriers of 7.6 and 13.8 kcal/mol, respectivklyearranges to the othersid,
isomers, including ethynylpropadienylidei#® singlet pentadiynyliden&, pentatetraenylidenid, ethynyl-
cyclopropenylidend5, and four- and five-member ring structurigs i7, andi8 by ring-closure and ring-
opening processes and hydrogen migratié?si3, andi4 lose a hydrogen atom to produce the most stable
linear isomer of GH with the overall reaction endothermicity ef24 kcal/mol. H elimination from5 leads

to the formation of the cyclic §H isomer, HGCs, + H, 27 kcal/ mol above €+ C,H,. 1,1-H; loss fromi4

results in the linear pentacarbon € H, products endothermic by 4 kcal/mol. The H elimination pathways
occur without exit barriers, whereas the ldss fromi4 proceeds via a tight transition state 26.4 kcal/mol
above the reactants. The characteristic energy threshold for the reaction under single collision conditions is
predicted be in the range of24 kcal/mol. Product branching ratios obtained by solving kinetic equations
with individual rate constants calculated using RRKM and VTST theories for collision energies between 25
and 35 kcal/mol show thdtCsH + H are the dominant reaction products, whereas®C- H andl-Cs +

H, are minor products with branching ratios not exceeding 2.5% and 0.7%, respectively. The ethynylcyclo-
propenylidene isomei5 is calculated to be the most stablgHz species, more favorable than triplet
pentadiynylideng3t by ~2 kcal/mol.

Introduction 3-yne-2-yl [i-G4H3(X2A") H,CCCCH], 2,4-pentadiynyl-1 [€H3-
(X?B;) HCCCCCH), 1,4-pentadiynyl-3 [GH3(X?B;) HCCCH-
CCH], and phenylethynyl [gHsC,(?A")] radicals, respectively,
under single collision conditions. The reactions of tricarbon with

The reactions of the bare carbon clusteps(@icarbon) and
C;s (tricarbon) with unsaturated hydrocarbons are of importance
in combustion processes, where they contribute to the formation : .
of resonantly stabilized free radicals (RSFRs) playing an ungaturated hydrpcarbon have no't been thoroughly investigated
important role in the formation of polycyclic aromatic hydro- until now. By a simple analogy with the;Geactions one can
carbons (PAHs}; % and in the intersteliar medium, where they €XPect that the £for H exchange channel, sCt CoHm —
are involved in the chemical evolution of extraterrestrial Cn+3Hm-1+ H, should be important. Indeed, a crossed molecular
environments such as molecular clouds and circumstellar P€ams study O_f the ’~Crea(‘jt'°” with QHA combined W!th
envelopes of dying carbon st&éThe reactions of dicarbon ~ guantum chemical calculations of the singlef-G potential
with unsaturated hydrocarbons have been recently establishectnergy surface (PES) showed that the HCCCg@hd HC-
to proceed mosﬂy by the Lfor H exchange channel, .G+ CCHCCH isomers of the 4Ei; radical are the major reaction
CoHm— ChioHm-1 + H.A46°10 Experimental crossed molecular products‘!~9aThe PES calculations for{C+ C,H, revealed that
beams studies combined with theoretical calculations of potential this reaction exhibits significant entrance barriers in the range
energy surfaces (PES) for the reactions efuith acetylen€, of 6—11 kcal/mol} on the contrary to the Creactions with
ethylene? C3;H, isomers allene and methylacetyléhend unsaturated hydrocarbons, which proceed without activation. A
benzen® showed that these reactions produce a variety of recent experimental investigation of tricarbon reactions with
RSFRs, such as 1,3-butadiynyl,j@{X2=*) HCCCC], 1-butene- allene and methylacetylene by Kaiser and co-worRedem-
onstrated that they also involve thg for H exchange channel
TPart of the special issue “M. C. Lin Festschrift”. _ and the dominant product observed was 1-hexene-3,4-diynyl-2
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products, such assCt+ H,, C3H + C;H, or GH, + C, cannot energies to the complete basis set (CBS) limit using the
be a priori excluded. &1, isomers were a subject of several procedure suggested by Peterson and Dunfiifipe GAUSS-
experimental and theoretical studies because of the possibilitylAN 9834 and MOLPRO 200% program packages were
that compounds derived from stablgH; species by addition ~ employed for the calculations.

of carbon chains might be stakié? and the fact that highly We used RRKM theory for computations of rate constants
unsaturated carbenes with a large ratio of carbon to hydrogenof individual reaction step®-3 The calculations were per-
are widely distributed in interstellar and circumstellar environ- formed with different values of the internal enerfy: computed
ments}* Three GH. isomers have been identified experimen- as a sum of the energy of chemical activation (the relative energy
tally, including the cumulene carbene pentatetraenylidetie of an intermediate or a transition state with respect to the initial
ring-chain compound ethynylcyclopropenylidefieand the reactants) and the collision enery For the reaction channels,
triplet pentadiynylidené’ Also, several theoretical investigations  which do not exhibit exit barriers, such as H atom eliminations
of CsH, have been reported in the literatdfé® 2! The most from various GH, intermediates occurring by a cleavage of
detailed of them up to now is a coupled cluster study by Seburg single G-H bonds, we applied the microcanonical variational
et al.2! who calculated geometries, vibrational frequencies, and transition state theory (VTS¥and thus determined variational
relative energies of five different local minima on theHz PES. transition states and rate constants. We used the following
However, rearrangement and decomposition pathways of theseprocedure for the VTST calculations. At first, we calculated a
structures have not been mapped out. The potential product ofseries of energies at different values of the reaction coordinate
the G + C;H; reaction, the ¢H radical, which is a member of  in question, i.e., the length of the-@&1 bond being cleaved. To
the GH series of carbon chain radicals in an unusual class of obtain these energies, we performed partial UB3LYP/6-31G**
non-terrestrial molecule’ had been identified in the interstellar  geometry optimization with fixed values of the reaction
medium using radioastronomical techniques by Cernicharo et coordinate and all other geometric parameters being optimized.
al2® and later had been detected in a laboratory by Gottlieb et The unrestricted UB3LYP theoretical level was used for these
al2*Its electronic spectra were consequently measured my Ding calculations because VTSs are typically observed for single-
et al. using the mass-selective resonant two-color two-photon bond cleavage processes, in which a closed-shell singlet wave
ionization spectroscopd?. High-level theoretical studies of  function of a reactant converts into an open-shell singlet (doublet
structure and energetics ofl€isomers have been reported by  + doublet) wave function of products. Then we calculated 3N-7

Crawford et ak® However, the formation mechanism ot vibrational frequencies projecting the reaction coordinate out.
either in the interstellar medium or in combustion flames has The UB3LYP/6-311G** energies were multiplied by a scaling
not been well understood so far. factor in order to match them to the RCCSD(T)/cc-pVQZ

In the present paper, we continue our systematic ab initio energies of the final dissociation products.
and density functional calculations of PESs and reaction Finally, first-order kinetic equations were solved utilizing the
mechanisms of dicarbon and tricarbon with unsaturated hydro- steady-state approximation and using microcanonical rate
carbons and investigate the; & C,H, reaction, which may constants obtained from the RRKM and VTST calculations.
lead to the production of481. Our goal is to map out all possible  Only a single total-energy level was considered throughout, as
reaction pathways, starting from the formation of an initigHg for single-collision crossed-beam conditions.
adduct and leading to various products through isomerization
and decomposition of 4Bl, intermediates and to predict product Results and Discussion
branching ratios depending on the reactive collision energy . .
employing statistical theories. Our theoretical studies are _ Poténtial Energy Surface of the G + C.H, Reaction.
complementally to experimental crossed molecular beams Opt|m|;ed geometries of various |n_termed|at_es and transition
investigations of the &+ C,H, reaction under single collision states involved in the reaction of tricarbon with acetylene are

conditions, which are currently underway in Kaiser’s group. illustrated in Figures 1and 2, respectiyely,_and their molt_ecular
parameters (rotational constants and vibrational frequencies) are

given in Table 1. The computed profile of PES from the
reactants to possible products is shown in Figure 3, where part
The geometries of the reactants, products, intermediates, anda shows pathways involving chain and three-member rigtdpC
transition states in the 4£=47) + C,H2(*=4") reaction have isomers and part b illustrates reaction channels via five- and
been optimized at the hybrid density functional B3LYP level four-member ring and bicyclic structures.
of theory”28 with the 6-311G(d,p) basis set. Vibrational The reaction starts from the formation of a weakly bound
frequencies have been calculated at the same level and werglanar G...GH, complex i0. The shortest €C distance
used for characterization of the stationary points as local minima between the €and GH. fragments in the complex is 3.157 A
and transition states, to compute zero-point energy correctionsand the binding energy is only 0.9 kcal/mol. As the tricarbon
(ZPE), and for statistical calculations of rate constants for molecule approaches closer to acetylene to attach to the in-
individual reactions steps. All connections between intermediatesplanesr bond of GHy, a barrier of 7.6 kcal/mol (with respect
and transition states have been confirmed by intrinsic reaction to the initial reactants) has to be overcome. In the corresponding
coordinate (IRC) calculatior®. Relative energies of various transition state TS01, the shortest-C distance between the
species were refined at the coupled cluster RCCSD(T) 3&vel fragments decreases to 2.045 A, and the geometry remains
with Dunning’s correlation consistent cc-pVQZ basis®éthe planar. After the barrier is cleared, thg ftagment moves into
RCCSD(T)/cc-pVQZ//B3LYP/6-311G(d,p) ZPE[B3LYP/6- a position above the center of the acetylenic@bond and
311G(d,p)] calculational approach is expected to provide two new equivalent carbercarbon bonds are created. This leads
accuracies of 2 kcal/mol for relative energies of various to the formation of the three-member ring addiict3-(dide-
stationary points on PES, including transition st&feBSor the hydrovinylidene)cyclopropene, which h&s, symmetry. The
reaction products and keysB; intermediates, we additionally ~ CsH, intermediatdl has electronic structure similar to that of
carried out RCCSD(T) calculations with Dunning’s cc-pVDZ, cyclopropenylidene-CgH,, with the lone pair on the hydrogen-
cc-pVTZ, and cc-pV5Z basis sétsaand extrapolated their total ~ free C atom replaced by a double=C bond and the carbene

Computational Methods
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Figure 1. Geometric structures of#8, intermediates and 481 and G products of the €+ C;H, reaction optimized at the B3LYP/6-311G(d,p)

level. Bond lengths are given in angstrom and bond angles in degree

position shifted to the terminal carboil resides 54.5 kcal/
mol lower in energy than £+ C,H.. It is worth noting that
the Cy,-symmetric pathway for the addition of;@ acetylene

to form il is forbidden; the separated reactants have {1 a
2 by, and 3 b occupied orbitals withirC,, symmetry, whereas
the product has 10,82 by, and 4 b occupied orbitals. Therefore,
the attacking tricarbon molecule has to slide from the side in
order to attach to the in-planebond of GH,; only Cs symmetry

is maintained in this case.

Alternatively, the G + C,H, reaction can begin with the
tricarbon molecule approaching acetylene in a parallel fashion.
In this case, the attackingsdragment eventually loses its
linearity and two terminal carbon atoms of tricarbon form two
new C-C bonds with acetylenic carbons. This pathway leads
to the production of the five-member ring intermediate
residing 22.9 kcal/mol below the reactants via a 13.8 kcal/mol

Mebel et al.
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64.4 kcal/mol (9.9 kcal/mol above the initial reactants) and leads
to the chain intermediaté?, ethynylpropadienylidene HC-
CCHCC.i2 also possessés; symmetry and resides 58.7 kcal/
mol below G + C;H, being 4.2 kcal/mol more stable than the
cyclic isomeril. The second possible pathway is hydrogen
migration from CH to the neighboring CH group also ac-
companied by the ring opening, which makes the newly formed
CH, group terminal. This process leads to the formation of the
H,CCCCC intermediaté! (pentatetraenylidene) residing 60.3
kcal/mol below the initial reactants. The barrier for such H shift
is high, 72.0 kcal/mol, and the corresponding transition state
TS14 lies 17.5 kcal/mol above;G C,H,. The third alternative

is expansion of the three-member ringiinto a four-member
ring to produce isome# via transition state TS16 overcoming

a barrier of 60.6 kcal/moli6 has no symmetry and lies only
17.2 kcal/mol lower in energy than the initial reactants.

barrier at a planar transition state TS07. Because the calculatecElimination of a hydrogen atom froml would lead to a three-

barrier at TS07 is 6.2 kcal/mol higher than that at TS01, we
expect the @ + C,H, — i7 initial reaction channel to be less
significant than @ + CyH, — il.

The further fate of the addudt is threefold. First, it can
undergo a 1,2-H shift from a CH group in the three-member
ring to the central carbon atom accompanied with a cleavage
of the opposite HEC bond in the cycle. This process takes
place via a planar transition state TS12 overcoming a barrier of

member ring isomer of §H, C,—CsH, with the H atom and €
group attached to two different carbons in the ring. However,
according to earlier CCSD(T)/TZ2P calculations by Crawford
et al.28this isomer lies 24.1 kcal/mol higher in energy than the
most stable linear &4 configuration. Our calculations show
that the G—CsH + H products lie 50.4 kcal/mol above;G-
C;H,, which indicates that their formation is highly unfavorable
and can be excluded from the present consideration.
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Figure 2. Geometric structures of transition states on thel{potential energy surface involved in the € C;H, reaction optimized at the
B3LYP/6-311G(d,p) level. Bond lengths are given in angstrom and bond angles in degrees.

Two distinct reaction pathways are possible starting from
intermediatdé2. Hydrogen elimination from the central C atom
leads to thd-CsH(4IT) + H products, which lie 24.4 kcal/mol
above the initial reactants. The cleavage of the singtél®ond

in this case occurs without an exit barrier. On the other hand,

transition state TS37 for th& — i7 — i3 pathway lies
13.7 kcal/mol above the reactants, i.e., 6.8 kcal/mol lower than
TS36 for theié — i3 process. The nonplanar bOf-symmetric
structurei7 resides 5.7 and 22.9 kcal/mol lower in energy than
i6 and the reactants, respectively.

a 1,3-H shift from the central carbon to the hydrogen-less end The HCCCCCH intermediai& can undergo a hydrogen loss
of the molecule leads to the structure HCCCCCH overcoming to producel-CsH. This process is endothermic by 82.8 kcal/
a barrier of 69.2 kcal/mol. The corresponding transition state mol and takes place without an exit barrier. Alternatively, ring

TS23 resides 11.2 kcal/mol higher in energy thantCCyH,.
IRC calculations in the forward direction from TS23 converge
to the G-symmetric isomeri3’, 56.7 kcal/mol below the
reactants. Howevei3' is only a metastable intermediate, which
should rapidly rearrange to the more stable isoifieof Cyy
symmetry via a barrier of only 0.2 kcal/mol. Singlet pentadiy-
nylidenei3 is calculated to be 1.7 kcal/mol more stable than
i3' and nearly isoergic witi2. The singlet electronic state is
not the ground state for the HCCCCCH configuration; a linear
i3t(324") structure in the triplet state is 13.8 kcal/mol more stable
thani3. H loss from the terminal carbon atom i is not
anticipated to be favorable because th€BC, isomer of the
CsH radical was earlier calculated to lie 489 kcal/mol higher
in energy than the most stadkCsH structure?®

i3 can also be produced from the four-member ring inter-
mediatei6 either directly or via a two-step mechanism. In the
direct process, the rupture of the HCH bond in the ring is
accompanied by the insertion of the out-of-ring C atom into
the C-C bond opposite to HECH. The corresponding transi-
tion state TS36 is 20.5 kcal/mol higher in energy than4€
C,H». The two-step rearrangement is slightly more favorable
and involves first ring expansion ii6, leading to the five-
member ring intermediat& via a barrier of 15.4 kcal/mol,
followed by the cleavage of the HE&CH bond ini7, resulting
in i3 over a higher 36.6 kcal/mol barrier. The rate-determining

closure ini3 results in the most stable singlesk isomeri5,
planar ethynylcyclopropenylidene, residing 73.7 kcal/mol below
Cs + CyH,. The barrier at TS35 is relatively low, 42.2 kcal/
mol, with the transition state lying 16.2 kcal/mol lower in energy
than the initial reactants. H elimination from a carbon atom
included in the three-member ring & gives the second most
stable GH isomer, HGC3 (Ca,, 2B1), which lies 28.0 kcal/mol
above the reactants. The H loss from the terminal carbon atom
in ethynylcyclopropenylidene leading to,GH is much less
favorable and is not expected to be competitive. Two decom-
position pathways are found for pentatetraenylidehevhich
can be produced froml. H loss in i4, endothermic by
84.7 kcal/mol, yieldd-CsH + H without an exit barrier. On
the other hand, the 1,1sHlimination giving G(*=¢*) + H. is
much less endothermic (by 56.5 kcal/mol) but is accompanied
with a high barrier of 86.7 kcal/ mol at TS4,HThe structure
i7 can isomerize further to a bicyclic intermedia& of C,
symmetry. The energies @f andi8 are close to one another
and they are separated by a low barrier of-1212 kcal/mol.
Bothi7 andi8 are not expected to directly eliminate a hydrogen
atom, because no low-lying five-member ring or bicyclic
isomers of the eH radical have been found.

In summary, we found nine different isomers on the singlet
CsH, PES. The most stable of them is ethynylcycloprope-
nylidenei5, which is calculated to lie 1.5 kcal/ mol lower in
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TABLE 1: Molecular Parameters of Various Local Minima and Transition States on the GsH, Potential Energy Surface
Calculated at the B3LYP/6-311G(d,p) Level of Theory

rotational constants

harmonic vibrational frequencies (cA) and infrared

species (GHz) intensities (km/mol, in parentheses)

i0 13.282,1.994,1.734 28 (2.7),43(0.2),52 (4.3),95 (1.1), 123 (11.8), 168 (9.2), 651 (0.5), 653 (1.9), 773 (136.8), 778 (88.9),
1244 (0.4), 2061 (13.8)

il 32.172,3.521,3.173 156 (1.0), 174 (0.2), 464 (10.0), 499 (0.1), 738 (0.3), 772 (50.4), 925 (11.7), 957 (0), 967 (2.1),
1113 (16.9), 1466 (151.8), 1679 (27.0), 2088 (921.5), 3233 (4.9), 3272 (9.4)

i2 32.341, 2.858, 2.626 136 (3.6), 222 (1.8), 311 (2.0), 317 (15.2), 592 (7.6), 670 (46.8), 734 (29.3), 895 (3.3), 968 (40.4),
1169 (9.4), 1402 (4.3), 2034 (697.5), 2189 (79.7), 3088 (1.7), 3466 (67.0)

i3 66.772, 2.560, 2.465 109 (0.7), 195 (63.0), 243 (144.6), 315 (2.6), 330 (0), 463 (0.0), 539 (0.3), 824 (38.2), 830 (0), 837 (8.5),
1409 (25.5), 1973 (60.0), 2048 (3.3), 3463 (160.4), 3466 (24.1)

i3 517.700, 2.307,2.297 53 (6.6), 182 (16.4), 252 (97.8), 333 (0.0), 406 (91.9), 457 (4.6), 621 (252.6), 643 (36.7), 780 (1.9),
810 (13.1), 1482 (1.0), 1903 (9.5), 2071 (17.9), 3199 (2.2), 3467 (135.1)

i3t 2.274 128 (4.2), 128 (4.2), 396 (0), 396 (0), 414 (25.7), 414 (25.7), 448 (0), 448 (0), 461 (70.4), 461 (70.4),
766 (0), 1569 (2.5), 1735 (7.3), 1964 (0), 3458 (219.1), 3465 (0)

i4 291.771,2.311,2.293 130 (2.6), 144 (0.0), 267 (7.3), 282 (8.1), 467 (1.8), 611 (5.7), 769 (0.1), 970 (32.3), 1032 (0.0),
1370 (9.3), 1512 (9.8), 1978 (204.8), 2214 (806.7), 3101 (2.5), 3178 (0.3)

i5 34.825, 3.428, 3.121 199 (6.0), 216 (1.1), 528 (2.2), 539 (1.9), 608 (56.0), 704 (1.0), 753 (28.3), 897 (17.4), 943 (3.6),
1096 (6.4), 1274 (34.2), 1722 (34.5), 2195 (5.8), 3236 (0.3), 3471 (87.0)

i6 18.934, 5.520, 4.558 202 (13.2), 250 (0.2), 539 (16.9), 630 (26.6), 670 (5.1), 809 (31.9), 861 (50.1), 984 (4.6), 1037 (4.7),
1172 (6.4), 1272 (9.6), 1434 (13.8), 1794 (216.7), 3136 (3.3), 3268 (3.1)

i7 12.482,9.574,5.735 315 (51.7), 391 (7.7), 669 (16.9), 790 (52.3), 853 (29.7), 877 (14.8), 930 (99.9), 1013 (29.6), 1177 (23.2),
1184 (7.1), 1251 (109.7), 1318 (13.4), 1358 (10.1), 3196 (1.9), 3212 (3.3)

i8 17.383, 7.266, 5.180 309 (53.2), 346 (34.9), 478 (22.6), 584 (35.1), 658 (0.0), 784 (31.5), 829 (33.1), 973 (1.3), 1038 (38.5),
1108 (2.1), 1223 (18.7), 1516 (2.8), 1571 (7.1), 3212 (0.1), 3242 (0.1)

TS01 18.316, 3.066, 2.626 34486, 133, 212, 246, 422, 641, 686, 788, 895, 1263, 1951, 2055, 3392, 3478

TS07 13.976, 5.233, 3.807 4695, 160, 368, 409, 542, 731, 758, 786, 823, 1464, 1473, 1892, 3386, 3460

TS12 193.447,2.381,2.352 104841, 158, 287, 375, 601, 637, 756, 857, 926, 1381, 1831, 2098, 2133, 3161

TS14 28.171, 3.642, 3.256 70064, 176, 302, 470, 524, 767, 813, 1019, 1046, 1350, 1588, 2074, 2552, 3198

TS16 21.134,4.795, 4.145 69087, 267, 457, 514, 547, 724, 906, 931, 1069, 1182, 1649, 1861, 3275, 3324

TS23 101.637,2.479,2.420  1678i, 144, 153, 283, 342, 397, 425, 504, 800, 800, 1370, 1799, 2070, 2333, 3465

TS33 146.728,2.399,2.361  81i, 206, 297, 332, 362, 460, 504, 728, 810, 823, 1502, 1884, 2051, 3295, 3462

TS35 38.243, 3.183, 2.999 102134, 187, 391, 455, 468, 662, 802, 843, 942, 1429, 1642, 2086, 3122, 3468

TS36 16.102, 5.174, 3.987 26863, 250, 462, 511, 581, 760, 812, 965, 994, 1121, 1713, 2017, 2976, 3443

TS37 9.975, 7.672, 4.441 309236, 357, 394, 454, 502, 767, 834, 869, 919, 1109, 1393, 1770, 3152, 3214

TS4-H2  186.845,2.318,2.289 106428, 142, 273, 282, 502, 561, 605, 750, 787, 1419, 1700, 1995, 2187, 2503

TS67 12.417,9.055, 5.615 53403, 597, 656, 807, 822, 850, 993, 1039, 1103, 1289, 1339, 1518, 3121, 3191

TS78 15.677, 8.029, 5.444 34801, 533, 638, 650, 734, 810, 997, 1090, 1127, 1259, 1343, 1674, 3211, 3259

energy than triplet pentadiynylideridt at the CCSD(T)/cc-
pVQZ// B3LYP/6-311G(d,p}t ZPE[B3LYP/6-311G(d,p)] level.

i3t, respectively) as well as cyclic structue(55.0 kcal/mol),
i7 (49.3 kcal/mol), and8 (48.8 kcal/ mol).

This result somewhat differ from that obtained in CCSD(T)/
cc-pVTZ calculations by Seburg et #lwho found a 2.0 kcal/

In terms of the energetics, the most favorable mechanisms
of the G + C;H, reaction are the following: £+ C,H, — i0

mol energy difference between the two isomers, but in favor of — i1 —i2 —I[-CsH + H, ...i2 —i3 —|-CsH + H, ...i3 —i5
triplet pentadiynylidene. CCSD(T)/CBS calculations confirm the — HC,Cs; + H, ...i1 —i6 —i7 — i3 — ..., G + CoHy — i7

preference of singlet ethynylcyclopropenylideBeover triplet

—i3— .., ...il—i4—I-CH+ H, and ...i4 — |-Cs + Ha.

pentadiynylidene and give their energy difference as 2.3 kcal/ At out best CCSD(T)/ CBS level, thes8 + H reaction products
mol. Noteworthy, this result does not change significantly when are calculated to be endothermic by 24.5 and 27.2 kcal/mol for

we use CCSD/DZP calculated frequenélesstead of B3LYP/
6-311G(d,p) frequencies to evaluate ZPE corrections.i¥he
structure is then slightly stabilized (by 0.5 kcal/mol), bat
remains more favorable by 1.8 kcal/mol. All other singlet
isomers appear to be less stable thi&h For instance,
pentatetraenylidengt lies 11.9 kcal/mol abové3t (compare
with 13.8 kcal/mol obtained by Seburg et 23, whereas
ethynylpropadienyliden#& and 3-(didehydrovinylidene)cyclo-
propeneil are less stable thaBt by 13.5 and 17.7 kcal/mol,
respectively (16.8 and 21.1 kcal/ mol in earlier calculatiéns

the linear and cyclic HEC; isomers, respectively. THeCs +

H, products are significantly less endothermic, only by 4.0 kcal/
mol, however, the Klelimination involves a high exit barrier,
with the transition state lying 26.4 kcal/ mol above the initial
reactants. The £+ C,H, reaction exhibits a sizable entrance
barrier of 7.6 kcal/mol. However, this barrier and the isomer-
ization barriers on the singets8, PES, which are located in
the range of 1620 kcal/mol relative to €+ C,H,, have lower
energies as compared to thgHC+ H products and the exit
transition state leading t¢-Cs + H,. This indicates that

It should be noted that the present B3LYP/ 6-311G(d,p) apparently the last reaction steps should be rate-determining for

optimized geometries of 481, isomers are in close agreement

the formation of GH + H and G + H,. Since the relative

with the CCSD(T)/cc-pVTZ structures calculated by Seburg et energies of-CsH + H, HC,C3 + H, and the transition state for
al.?! the difference in bond lengths and bond angles do not H, elimination are rather close to each other (within a 2.7 kcal/

exceed 0.01 A and°] respectively. For the 8 isomers, the

mol range), rate constant calculations are needed to predict

agreement of our B3LYP results with the CCSD/TZ2P geom- relative yields of these reaction products. It should be noted

etries reported by Crawford et #lis also close, normally within
0.01 A and 2, with the largest deviation in the bond lengths

that dissociation of €H, to other, heavier fragments is not
expected to be competitive with the H and ldsses because

not exceeding 0.028 A. As compared to the study by Seburg etof the unfavorable energetics. In particular, tHésH + C,H,

al.?! five additional GH, isomers are found here: singlet
pentatetraenylidena8 andi3' (13.8 and 15.5 kcal/mol above

c-CgH + C;H, andc-CgH + Cy(*=¢+) products are calculated
to lie respectively 58.1, 55.6, and 64.3 kcal/mol higher in energy
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Figure 3. Potential energy diagram of the; G- C;H, reaction calculated at the RCCSD(T)/cc-pVQZ//B3LYP/6-311G(e;pXPE[B3LYP/6-
311G(d,p)] level: (a) pathways involving chain and three-member ring intermediates; (b) pathways involving five-and four-member ring and bicycli

structures. All relative energies are given in kcal/mol. The numbers in parenthesis show RCCSD(T) relative energies extrapolated to the complete
basis set limit.



TABLE 2: Unimolecular Rate Constants (s™) for Isomerization and Dissociation of Singlet GH, Isomers Calculated for Collision Energies of 25-35 kcal/mol

reaction o? E.=25.0 E.=26.0 E.=27.0 E.=28.0 E.=29.0 E.=30.0 E.=31.0 E.=32.0 E.=33.0 E.=34.0 E.=35.0
i1—i2 2 7.25% 107 9.97x 107 1.35x 108 1.80x 10° 2.37x 108 3.09x 1¢° 3.98x 1(° 5.06 x 1¢° 6.39x 10° 7.98x 1C° 9.89x 1(°
i2—il 1 6.98x 10° 9.65x 108 1.31x 107 1.76x 107 2.33x 107 3.04x 107 3.93x 107 5.03x 107 6.37 x 107 8.00x 107 9.96 x 107
i1—i4 2 5.64x 10P 9.52x 10° 1.54x 10° 2.42x 10° 3.68x 10° 5.51x 10° 7.90x 10° 1.12x 107 1.56 x 107 2.14x 107 2.89x 107
i4—il 2 4.34x 104 7.37x 10 1.20x 10° 1.90x 10° 2.90x 10° 4.33x 10° 6.31x 10° 9.01x 10° 1.26x 10° 1.74x 10° 2.36x 10°
i1—i6 2 7.90x 107 1.01x 10° 1.29x 10° 1.62x 10° 2.02x 10° 2.49x 10° 3.05x 10° 3.71x 10° 4.48x 108 5.37x 10° 6.40x 10°
i6—il 1 4.43x 101 5.22x 10w 6.11x 10w 7.10x 10w 8.20x 10w 9.39x 10w 1.07 x 1011 1.21x 101 1.57x 1011 1.53x 101 1.71x 101
i2—i3 1 1.16x 107 1.66x 107 2.33x 107 3.21x 107 4.36x 107 5.84 x 107 7.72x 107 1.01x 108 1.30x 10° 1.67x 10° 2.11x 108
i3—i2 2 2.69x 10° 3.83x 10° 5.35x 10° 7.36x 10° 9.98x 1(° 1.33x 107 1.76 x 107 2.29x 107 2.96 x 107 3.77x 107 4,77 x 10
i3—i5 2 4.17x 10° 459 x 10° 5.00x 10° 5.53x 10° 6.04x 10° 6.59 x 10° 7.17x 1¢° 7.79x 1¢° 8.44x 10° 9.13x 1¢° 9.85x 1(°
i5—i3 1 9.36x 10° 1.05x 1010 1.18x 101 1.31x 101 1.46x 1010 1.62x 101 1.80x 101 1.99x 101 2.19x 10w 2.41x 100 2.64x 1010
i3—i6 2 6.51x 10? 1.31x 10° 2.46x 10° 4.37x 1C° 7.38x 10° 1.20x 10¢ 1.89x 10¢ 2.88x 10 4.28x 10* 6.21x 10 8.84< 10¢
i6 —i3 1 1.63x 107 3.03x 107 5.23x 107 8.55x 107 1.34x 10° 2.02x 108 2.93x 10° 4.16x 108 5.76x 10° 7.82x 10° 1.03x 10°
i3—i7 1 2.67x 10* 3.99x 10 5.83x 10* 8.34x 10* 1.17x 10° 1.61x 10° 2.19x 10° 2.93x 10° 3.87x 1C° 5.04x 10° 6.50x 10°
i7—i3 1 1.61x 1 2.26x 10° 3.10x 10° 4.16x 1° 5.50x 10° 7.15x 10° 9.17x 10° 1.16x 101 1.45x 1010 1.80x 101 2.20x 10w
i4 —Hy 1 0 0 5.20x 10t 2.01x 1¢? 6.23x 107 1.65x 10° 3.86x 10° 8.26x 10° 1.64x 10 3.07x 10 5.46x 10
i6—i7 1 6.48x 100 7.01x 100 7.56x 1010 8.13x 10w 8.73x 10w 9.32x 1010 9.94 x 1010 1.06 x 101t 1.12x 101t 1.19x 101t 1.26 x 101t
i7—i6 1 7.77x 100 8.58 x 1010 9.45x 1010 1.04 x 101t 1.13x 101t 1.23x 101t 1.34x 101t 1.45x 101t 1.57x 101 1.69x 101t 1.81x 101t
i7—i8 1 1.51x 1018 1.53x 1013 1.54x 1013 1.55x 1013 1.57 x 1013 1.59x 1013 1.60x 1013 1.62x 1013 1.63x 1013 1.64x 1013 1.66x 1013
i8—i7 1 4.86x 1012 4.91x 102 4.95x 10'2 5.00x 1012 5.04x 1012 5.09x 1012 5.13x 102 5.17 x 102 5.21x 1012 5.25x 1012 5.29x 1012
i2—H 1 1.25x 10t 1.78x 107 1.06x 10° 4.15x 10° 1.29x 10¢ 3.42x 10 8.06 x 10* 1.62x 10° 3.11x 10° 5.66x 10° 9.70x 10°
i3—H 2 1.65x 10 2.06x 17 1.13x 10° 4.14x 10° 1.19x 10 2.93x 10 6.51x 10 1.33x 10° 2.53x 10° 4.56x 10° 7.78x 10°
i4—H 2 5.13x 10t 6.17x 107 3.24x 10° 1.16x 10¢ 3.30x 10* 7.99x 10 1.74x 10° 3.48x 10° 6.55x 10° 1.17x 10° 2.01x 10°
i5—H 1 0 0 0 1.16x 10t 2.17x 102 1.04x 10° 3.47x 10° 9.44x 10° 2.21x 10 4.60x 10* 8.92x 10
a2 Reaction path degeneracy.
TABLE 3: Branching Ratios (%) of Various Products of the C3; + C,H, Reaction Calculated for Collision Energies of 25-35 Kcal/mol
Ec 1-CsH +H 1-CsH + H 1-CsH+H 1-CsH +H HC,Cs+ H
(kcal/mol) (fromi2) (fromi3) (fromi4) (total) fromi5) 1-Cs + Hy

25.0 8.429 48.837 42.734 100.0 0 0

26.0 9.726 49.239 41.035 100.0 0 0

27.0 10.623 49.833 38.919 99.375 0 0.624

28.0 11.540 50.718 37.036 99.294 0.060 0.646

29.0 12.564 51.202 35.183 98.949 0.385 0.665

30.0 13.654 51.714 33.201 98.569 0.747 0.684

31.0 14.802 52.861 30.536 98.199 1.123 0.678

32.0 14.949 54.536 28.328 97.813 1.515 0.673

33.0 15.459 55.716 26.294 97.469 1.872 0.659

34.0 15.973 56.853 24.361 97.187 2.175 0.638

35.0 16.364 57.798 22.744 96.906 2.476 0.617
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than G + C,H,. On the other hand, these results imply that the kcal/mol for I-CsH + H, HC,C; + H, and I-Cs + Hy,
c-CgHz + Co(*=4™) and GH + C;H reactions can exothermically ~ respectively. Whereas the H elimination pathways occur without
produce GH + H or C; + C;H.. exit barriers, the klloss fromi4 proceeds via a tight transition
Rate Constants and Product Branching Ratios.Rate  state residing 26.4 kcal/mol above thg € C:H; reactants.
constants for unimolecular reactions of isomerization and These results indicate that the characteristic energy threshold
dissociation of various singlets8, isomers involved in the £ for the reaction under single collision conditions should be in
+ C,H, reaction (starting from intermediaie) were calculated ~ the range of 2425 kcal/mol. The existence of such a high-
using microcanonical RRKM theory and VTST and are collected energy threshold for the{Ct- C;H, — CsH + H reaction means
in Table 2. The available internal energy for each isomer was that although tricarbon molecules can react with acetylene to
taken as the energy of chemical activation in the reaction plus form[-CsH in high-temperature combustion flames, this reaction
collision energyE., assuming that the major fraction of collision is blocked in cold molecular clouds where the molecules have
energy will be converted into internal vibrational energy. Since averaged translational temperatures of about 10 K.
the energy threshold to produce the most favor&i@eH + H Product branching ratios calculated using RRKM and VTST
product is~24.4 kcal/mol E. values were varied from 25.0to  theories for collision energies between 25 and 35 kcal/mol show
35.0 kcal/mol with a step of 1 kcal/mol. One can see that the thatl-CsH + H are the dominant reaction products. Their relative
CsH, isomerization rate constants are in general significantly yield slightly decreases from 100% &t = 25 kcal/mol to
higher than the rate constants for H orélimination. Therefore, ~97% at the highest collision energy. Most of th€sH + H
we can expect the relative yields of various products to be products are formed either from th#& or i4 intermediates.
controlled by the dissociation rate constants. The rate constantHC,C3 + H andI-Cs + H; could be only minor products and
for the formation of-CsH + H are calculated to be much higher their branching ratios do not exceed 2.5% and 0.7%, respec-
(by 2—3 orders of magnitude) than those for the steps leading tively.
to the cyclic HGCs structure and to £+ Ho. The linear GH The ethynylcyclopropenylidene isomiéris calculated to be
isomer can be formed fron2, i3, andi4, whereas the rate  the most stable £, species. At our most accurate CCSD(T)/
constants for the H loss from these isomers are comparable.CBS level, it lies 1.8-2.3 kcal/mol lower in energy than triplet
Here the H loss fronm4 is 2—3 times faster than fron® and pentadiynylidend3t, which was earliét predicted to be the
i3. However, the additional factor controlling relative yields of most stable €H, isomer. The other &, local minima are
[-CsH + H from the i2, i3, and i4 isomers is relative  separated fronib andi3t by significant energy gaps of at least

concentrations of these precursors. ~13 kcal/mol and larger.
The calculated branching ratios le€sH + H, HC,C3 + H,
and G + H; as well as relative yields of the lineagl€isomers Acknowledgment. This work was funded by the Chemical

produced from2, i3, andi4 are collected in Table 3. One can Sciences, Geosciences and Biosciences Division, Office of Basic
see thal-CsH + H are by far the dominant reaction products Energy Sciences, Office of Sciences of the U.S. Department of
at all collision energies considered here. They are exclusive Energy (Grant No. DE-FG02-04ER15570 to FIU and Grant No.
products aE; = 25—26 kcal/ mol and at the highest collision DE-FG02-03ER15411 to the University of Hawaii).
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