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The interstellar reaction of ground-state carbon atom with the simplest polyyne, diacetylene
(HCCCCH), is investigated theoretically to explore probable routes to form hydrogen-deficient
carbon clusters at ultralow temperature in cold molecular clouds. The isomerization and dissociation
channels for each of the three collision complexes are characterized by utilizing the unrestricted
B3LYP/6-311G(d,p) level of theory and the CCSD(T)/cc-pVTZ calculations. With facilitation of
RRKM and variational RRKM rate constants at collision energies of 0—10 kcal/mol, the most
probable paths, thus reaction mechanism, are determined. Subsequently, the corresponding rate
equations are solved that the evolutions of concentrations of collision complexes, intermediates, and
products versus time are obtained. As a result, the final products and yields are identified. This study
predicts that three collision complexes, cl, c2, and c3, would produce a single final product,
2 4-pentadiynylidyne, HCCCCC(X 11), CsH (pl)+H, via the most stable intermediate, carbon
chain HCsH (i4). Our investigation indicates the title reaction is efficient to form astronomically
observed 2,4-pentadiynylidyne in cold molecular clouds, where a typical translational temperature
is 10 K, via a single bimolecular gas phase reaction. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2918367]

I. INTRODUCTION

More than 130 molecules have been detected in the in-
terstellar medium and circumstellar envelope of carbon stars,
among which the carbon chain molecules allocate a signifi-
cant share.! In particular, the largest interstellar molecule,2
HC, N, belongs to the carbon chain closed-shell cyanopo-
lyyne family, in which HC,,,;N (n=1-5) have been
observed."* Eight polar C,H (n=1-8) radicals are
detected® ™ in dark molecular clouds among other astro-
nomical sources via radioastronomy, a major methodology in
discovering new species. Lack of permanent electric dipoles
and thus pure rotational spectra, two polyynes, HC,H and
HC¢H, are tentatively assigned11 in planetary nebulae via
infrared spectroscopy, and none of the odd series, HC,, . {H
(n=1,2...), is detected in space. Hitherto unobserved sym-
metric HC,H molecules are believed to be present in the
regions where their derivatives are found. Three cumulene
carbenes, H,Cs, H,C,, and H,Cg, of which the latter two are
notably high energy isomers of polyynes, have been readily
observed'®'® by radio telescope owing to their polarity.

The diffuse interstellar bands (DIBs), hundreds of ab-
sorption lines in visible regions, is an unsolved mystery in
astrophysical spectroscopy. ' Carbon chain molecules, in-
cluding C,,, and their ions have long been con51dered2021 as
carriers of DIBs. For eight decades since the dlscovery of
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DIBs, no definite matches have been found for a single mol-
ecule, perhaps with exception of C7, * whose assignment is
not without disputes. 2324 The would-be matched molecules
are speculated to be in size of 10-50 atoms.”?® The famed
puzzle unleashes intense laboratory investigations for the
electronic absorption spectra of carbon chain molecules in
gas phase: for instance, HC,,H up to impressively long
HC,H,®® the more reactive HC,,, H (n=3-6,9)"""
C,,H32_35 up to n=10 with the electronic transition of C4H3 6
measured by laser induced fluorescence, and even the most
recent, protonated polyynes, HC,,H} (n=3,4).%

As microwave, infrared, and electronic spectroscopy
serves to establish the presence and abundance of astronomi-
cal molecules, chemical models™ ™! are proposed to explain
the observed abundances and at the same time predict likely
molecules not yet identified. The reactions™** between the
ubiquitous atomic carbon and unsaturated hydrocarbons are
thought to be important synthetic routes to complex mol-
ecules in interstellar medium. Hence, the prototype C(*P)
+C,H, reaction™*** has been intensively studied experimen-
tally and theoretically. This reaction of carbon atom with the
first member of polyynes, HC,,H (n=1) could also be
viewed as a mechanism for the formation of C,,,;H (n=1)
and HC,,,,H (n=1) isomers, even C,,,; (n=1), and the
depletion of the smallest polyyne. It opens a reaction class of
C(°*P)+HC,,H—HC,,,;H—C,,,;H+H, and the reaction
next in line is simply C(*P)+HC,H— HC;H— CsH+H. Di-
acetylene molecules presumably are present in the same in-
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terstellar sources where C atoms and CsH are observed such
as dark molecular clouds, which makes the reaction highly
probable. HCsH is conspicuously missing from the list of
which gas phase electronic spectra have been measured”*'
in the laboratory. Incidentally, though synthesized%’47 in the
laboratory, its isomer H,Cs, a cumulene carbene, has also not
been identified in space, while the adjacent members, H,C,
and H,Cg, are observed.'™'® Ab initio calculations have been
performed on the singlet,48’49 triplet,“gﬁ55 and excited™*
triplet states of HCsH, and various isomers** 3% mostly in
singlet state. Likewise, theoretical investigation have been
carried out for linear*®>>°"-%! CsH, isc)mers,52’59"61 and their
electronic excited states.®!

While previous theoretical efforts mainly target the prop-
erties of individual molecules, in this work, a theoretical
study is carried out for the reaction of C(P)
+HCCCCH(X 12;), in which intricate interplays among in-
terstellar molecules, HCsH, CsH, and their isomers, are ex-
pected to constitute its reaction mechanism. Our aim is to
identify the exoergic channels without entrance barrier
through ab initio calculations, which would be relevant to
the environments of ultralow temperature and density in
dense interstellar clouds, in particular, to derive the reaction
mechanism by further computing the rate constants of el-
ementary steps specifically tuned for the condition of single
binary collision, to obtain concentration evolutions with time
for intermediates and products during the reaction by solving
the rate equations of the mechanism, and to predict the prod-
uct abundances at different collision energies.

There are multiple 7 systems in diacetylene molecule as
vinyl cyanide62 and cyanoacetylene63 previously treated in
our group, for instance. When attacked by carbon atoms, it is
expected to yield multiple collision complexes, and the
amount of each collision complex generated would be deter-
mined by the bimolecular rate constant for the binary colli-
sion between carbon atoms and diacetylenes. Fundamentally,
the estimation for the bimolecular rate constant of a barrier-
less reaction is known to be a particularly challenging task
when it is explicitly orientation dependent and multidimen-
sional as for the title reaction of seven-atomic system. In this
work, a scheme is devised based on Langevin model®* to
attain the ratio for the cross sections forming multiple colli-
sion complexes, respectively, when the reaction is
barrierless.

Il. THEORETICAL METHODS

A. Ab initio electronic structure calculations: Reaction
paths prediction

The C(*P)+HCCCCH(X 12;) reaction is assumed to
proceed on the adiabatic triplet ground-state potential energy
surface of CsH,. Possible collision complexes are identified;
subsequently, low-energy isomerization channels for each
collision complex including hydrogen migration, carbon mi-
gration, cyclization, ring opening, and H-atom dissociation
are sought and characterized. The optimized geometries and
harmonic frequencies of intermediates, transition states, and
dissociation products are obtained at the level of the hybrid
density functional theory, the unrestricted B3LYP (Ref. 65)/
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6-311G(d,p), with energies further refined by the coupled
cluster®® CCSD(T)/cc-pVTZ with unrestricted B3LYP/6-
311G(d,p) zero-point energy corrections. The locations of
transition state geometries for C(°*P)+HCCCCH(X 12;) re-
action that lead to the collision complexes are facilitated by
intrinsic  coordinate calculations (IRC) at unrestricted
B3LYP/6-311G(d,p) level of theory along the breaking C—C
bonds of respective collision complexes. The GAUSSIAN9S
and GAUSSIANO3 plrograms67 are employed for the electronic
structure calculations.

B. RRKM rate constant calculations

If reaction occurs when the energy equilibration among
molecular degrees of freedom has completed, the rate of re-
action could be realized statistically. Moreover, provided that
the energy is conserved during the course of reaction such as
in low-density environments or molecular beam experiments
where condition for single collision is achieved, the rate con-
stant could be predicted by utilizing RRKM theory. Accord-
ing to the RRKM theory, for a unimolecular reaction

k
A*—AT - P,

where A* is the energized reactant, A” represents the transi-
tion state, and P the products, the rate constant k(E) at total
energy E may be expressed as follows:

_oWI(E-E)
k(E) = R

where o is the symmetry factor, W* the number of states of
the transition state, E” the transition state energy, and p the
density of states of the reactant. In this work, p and W# are
computed by saddle-point method,”®® molecules are consid-
ered as collections of harmonic oscillators, and the harmonic
frequencies of which are obtained as described in Sec. IT A.

(1)

C. Variational RRKM rate constant calculations

If the reactions are reversible, carbon dissociations of the
collision complexes back to the reactants, CCp)
+HCCCCH, are expected to be also barrierless as their re-
versed, the formations of collision complexes. When the
straightforward choice of transition state at the top of
potential-energy barrier cannot be accomplished in case of a
barrierless reaction as such, its kinetic equivalence, the ge-
ometry of minimum flux, could be adopted. Namely, instead,
the variational transition state is located when (e.g., Refs.
70-72)

IW(E,R) B

IR 0. @

where W is the number of states and R the reaction coordi-
nate, breaking C—C bond. The variational transition states
thus determined would be both energy and reaction coordi-
nate dependent. The IRC calculations for optimized geom-
etries and harmonic frequencies as function of the reaction
coordinate for each collision complex dissociating back to
reactants are performed at the level of B3LYP/6-311G(d,p).
Once the transition state is variationally decided for each
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FIG. 1. The B3LYP/6-311G(d,p) optimized geometries of the three collision
complexes of the C(°P)+HCCCCH(X IE;) reaction, in which the point
group is in parenthesis, lengths in angstroms, and the angles in degrees.

collision complex at each of the six collision energies (0.0,
0.03, 0.15, 2.0, 5, and 10 kcal/mol, which correspond to
average kinetic energies of an ideal gas molecule at tempera-
tures of 0, 10, 50, 671, 1678, and 3355 K, respectively.), the
CCSD(T)/cc-pVTZ energy is then computed and the RRKM
rate  constant k(E) of collision complex —C(*P)
+HCCCCH could be estimated according to Eq. (1).

D. Solution of the rate equations and branching ratios

The rate equations for reaction mechanism of each col-
lision complex are solved numerically by the Runge—Kutta
method at collision energies of 0 and 10 kcal/mol. The so-
lutions yield the concentrations of species in the reaction
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mechanisms as a function of time. The branching ratios or
yields when the reaction is completed could be obtained by
taking the asymptotic values.

E. Reaction cross sections for forming collision
complexes

With the branching ratio resolved within mechanism of
each collision complex as explained in Sec. II D, the branch-
ing ratio for the title reaction could then be settled when the
reaction cross sections for forming all collision complexes
are also known. For a barrierless bimolecular reaction, the
intermolecular potential between reactants is often approxi-
mated by its long-range form, V(R)=—C/R®, where s=6
when both reactants are nonpolar, C is a constant, and R the
distance between centers of mass of two reactants, and the
simple Langevin model gives the capturing cross section
o(E)=(C/E)"3, where E is the collision energy. However,
the fact that there are multiple collision complexes for the
C+HCCCCH reaction clearly indicates the reaction cross
section for this bimolecular reaction is utterly orientation de-
pendent, hence cannot be viewed as merely depending on
distance. Fundamentally, the cross section is closely related
to the potential energy surface; the latter would have to be
understood for the cross section to be materialized. For a
seven-atomic system in general, the potential energy surface
is a formidable 15-dimensional function of nuclear coordi-
nates or internal degrees of freedom. The task to map quan-
tum mechanically even a portion of the 15-dimensional sur-
face is still daunting, in fact, unpractical nowadays.

It would be a logical and sensible alternative in this case
to find a reaction coordinate such that the one-dimensional
potential curve born out of it could grasp the essence of
reaction, and at once drastically reduce the 15-dimensional
problem into a manageable one dimension. Admittedly, ex-
tracting a “reaction coordinate” is often extremely difficult if
not impossible without an educational guess. Instead of aim-
lessly wondering through the entrance surface of C and HC-
CCCH collision, we turn to the collision complexes, and let
the reaction coordinates be the breaking C—C bonds of re-
spective collision complex’s C dissociations, with the hy-
pothesis of the C-dissociation reactions being reversible.
One-dimensional potential energy curves, Vi, V,, and Vj,
along thus defined reaction coordinates, Ry, R,, and Rj, of
C+HCCCCH —collision  complex 1, C+HCCCCH
— collision complex 2, and C+HCCCCH — collision com-
plex 3, respectively, are obtained by the same IRC calcula-
tions described in Secs. II A and II C. The asymptotic por-
tions of V{(R;), V5(R,), and V;(R;) are subsequently least
square fitted into-C(1)/RS, —=C(2)/RS, and —C(3)/R§ to ob-
tain constants, C(1), C(2), and C(3), respectively. If Lange-
vin model is complied, it follows that the ratio of cross sec-
tions forming collision complexes would simply be
0.1:0,:0,=C(1)"3:C(2)"3:C(3)".

lll. RESULTS AND DISCUSSION

The C(*P)+HCCCCH(X IE;) reaction is presumably
initiated by the addition of electrophilic carbon atom to the 7=
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FIG. 2. The B3LYP/6-311G(d,p) optimized geometries of the intermediates for the C(*P)+HCCCCH(X 12;) reaction on the adiabatic triplet ground state
potential energy surface of CsH,, in which the point group is in parenthesis, the lengths in angstroms, and the angles in degrees.

systems of diacetylene molecule. For a symmetric HC-
CCCH, there could be three possible collision complexes.
The B3LYP/6-311G(d,p) optimized geometries of the result-
ing three collision complexes, denoted
cl(ethynylcyclopropenylidene), c2(pent-4-ene-5, 5-diyl-1,2-
diyne), and c3(2-ethynyl-allene-1-yl-3-ylidene), are illus-
trated in Fig. 1.

Each binary collision event of reactants, C(*P) and
HCCCCH(X 12;), could yield only one of these three colli-
sion complexes. It would be logical therefore that the reac-
tion paths of the titled reaction are mapped out by following
the routes for individual collision complex. The immediate
channels of cl, c2, and ¢3, respectively, are probable low-
energy isomerizations including hydrogen shift, carbon shift,
ring formation, ring opening, carbon decomposition, and hy-
drogen dissociation, of which the isomers (or intermediates)
and corresponding transition states are characterized if

proven plausible. The rate constants for all the immediate
paths with energy under 10 kcal/mol relative to the reactants
are then estimated. A simple scheme is adopted to sensibly
avoid escalating number of possible pathways: only the
immediate channels for those intermediates of the largest rate
constants, or equivalently along the most Kkinetically
competitive paths, are tracked further. The B3LYP/6-
311G(d,p)  optimized structures of intermediates,
H-dissociation products, and transition states, designated as
i, p, and ts, are drawn in Figs. 2, 3, sl,73 and 4, respectively;
their predicted energies are listed in Table sI” and the rate
constants of elementary steps computed at collision energies
of 0.0, 0.03, 0.15, 2.0, 5, and 10 kcal/mol in Table I. The
schematic CCSD(T)/cc-pVTZ energetic paths of cl, ¢2, and
c3 thus determined are plotted in Figs. 5-7, respectively.
With the criterion being kinetically advantaged, the most
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FIG. 3. The B3LYP/6-311G(d,p) optimized geometries of dissociation products for the C(*P)+HCCCCH(X 12;) reaction, in which the point group is in
parenthesis, the lengths in angstroms, and the angles in degrees: (a) the hydrogen atom dissociation products, CsH, in doublet ground states; (b) the CH
dissociation products, C,H, in doublet ground states; (c) the C,H dissociation products, C;H, in doublet ground states.

probable paths for cl, c2, and c¢3 are concluded as presented
in Figs. 8-10, respectively. Correspondingly, the reaction
mechanisms inferred are drafted in Fig. 11.

Unless otherwise stated, in the discussion that follows,
the energies cited are the CCSD(T)/cc-pVTZ energies rela-
tive to the reactants with B3LYP/6-311G(d,p) zero-point en-
ergy corrections, and the rate constants referred to are at zero
collision energy.

A. Dissociation of collision complex back to reactants,
C+HCCCCH

All three collision complexes are considerably bound
relative to the reactants, by 54.0, 44.2, and 25.4 kcal/mol for
cl, c2, and c3, respectively, as tabulated in Table sI. While a
singlet c1 is predicted“g’51 of C, symmetry, the out of plane
ethynyl hydrogen makes the present triplet cl possesses no
symmetry. Similarly, an out of plane H atom renders c3 be-
ing of C; point group, which leaves planar c2 the only sym-
metrical collision complex.

The energy-dependent transition states, tscl, tsc2, and
tsc3, of carbon dissociations, c1—C+HCCCCH, ¢2—C
+HCCCCH, and ¢3 — C+HCCCCH, respectively, are deter-
mined with aids of variational RRKM theory. The transition
states at six collision energies (0.0, 0.03, 0.15, 2.0, 5.0, and

10.0 kcal/mol) are searched for each collision complex,
which amounts to a total of 18 transition states for cl, c2,
and c3. Their geometries in Fig. 4 indicate that the leaving
C—C separations fall within 4.1-3.6, 3.9-3.4, and 3.8-3.3 A
for tscl, tsc2, and tsc3, respectively, as collision energy in-
creases from 0.0 to 10 kcal/mol. It is in line with the expec-
tation that transition state gets tighter (i.e., shorter C-C dis-
tance) as available energy grows. The energies are located at
-0.7 to -1.2, =0.6 to —1.2, and —1.0 to —1.6 kcal/mol for
tscl, tsc2, and tsc3, respectively, which is reasonable consid-
ering the already reactantlike geometries. Now that the three
transition state energies are rather close in magnitude, the
activation energies in turn predominately depend on the sta-
bility of the collision complexes. Thus, ¢l would encounter
the highest barrier, followed by c2’s, and the least stable ¢3 is
most likely to eliminate the carbon atom among the three.
The phenomenon is demonstrated nicely by the predicted
rate constants in Table I, which precisely take the order of
k.1 <k, <kgs through collision energies of 0—10 kcal/mol.

B. Dissociation products

Ten relevant H-dissociation products, CsH, are listed in
Table sl and the geometries displayed in Fig. 3(a). The linear
pent-2,3,4-triene-5-ylidene-1-yne (p1) is the most stable, fol-
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FIG. 4. The schematic B3LYP/6-311G(d,p) geometries of the variationl
transition states for carbon decomposition reactions of collision complexes,
cl—c3, on the adiabatic triplet ground state potential energy surface of CsH,,
in which the point group is in parenthesis, the lengths in angstroms, and the
angles in degrees. Also, note that the collision energies are specified in the
parentheses next to the corresponding breaking CC bond lengths of
tscl-tsc3.

lowed by two three-member ringed cycloprop-1,2,3-triene-1-
ethyne (p2) and cycloprop-1,2-dieneyl-ethyne-1-ylidene
(p3), and subsequently two four-member ringed but-1-yne-
2,3-diene-2,4-diylidenecarbene (p4) and 3-hydrocyclobut-
1,2-diene-4-yne-1-ylidenecarbene  (p5). The cyclopent-
1,2,3,4-tetraene-5-ylidene (p6) of five-member ring is ranked
highest in energy. It appears the stability of cyclic CsH de-

J. Chem. Phys. 128, 244303 (2008)

creases with increasing ring size. Despite the energy of linear
carbon chain pl being the lowest, once the H atom moves
away from the terminal carbon to bind instead the second or
third C forming nonlinear chained p7 and pent-3-ene-1,4-
diyne-1,5-diylidene (p10), respectively, the disruption in de-
localization of 7 electrons could destabilize the molecule
significantly by an amount of near 60 kcal/mol as estimated
from the energy differences with pl. The energy of a
branched carbon chain p8 is stepped up even further.

The energy of pl+H sinks lightly at —9.6 kcal/mol, and
the 0.7 kcal/mol of the second most stable p2+H is already
not bound compared to the reactants. A distant third, p3+H,
is located at 18.1 kcal/mol, and the most unattainable p6
+H, 95.8 kcal/mol, with others scattered in between. With
the exception of pl and, tentatively, p2, energetic concern
alone has set the rest of CsH’s squarely out of the picture of
low-temperature reaction mechanism. By the same token, the
C+HCCCCH as C-dissociation products, in addition to pl,
the only products with transition-state energies lower than
the reactants, may well be a plausible outcome for the titled
reaction energetically. Note that the four-member ringed p5
and 3-hydrobicyclo[ 1,1,0]but-1,2-diene-4-ylidenecarbene
(p9) are newly predicted CsH isomers in the current investi-
gation; the rest have also been characterized theoretically
among various works, *#:3%:37-61

The feasibility of CH and C,H eliminations is gauged.
As grouped in Table sI and Figs. 3(b) and 3(c), the
C,H-dissociation products can only be attained by around
30 kcal/mol; moreover, the products due to CH decomposi-
tion are located at 84.7 kcal/mol and beyond. Evidently,
these channels are plainly not within reach below the colli-
sion energy of 10 kcal/mol and at ultra low temperature.

C. Reaction paths of ethynylcyclopropenylidene (c1)

As seen in Fig. 5, ring opening could lead cl to pent-
1,4-diyne-2,3-diene (i4) and c2 by overcoming barriers of
7.7 and 9.7 kcal/mol, respectively; ring opening to ¢3, how-
ever, does not seem probable since the transition state has not
been found. With activation energies of 38.8 and
57.8 kcal/mol, the cyclic cl could undergo further cycliza-
tion to form biringed spiro[2,2]pent-2,5-diyl-1,4-diene (i5) of
two three-membered rings, and bicyclo[1,2,0]pent-1,3,4-
triene (i24) of three- and four-membered rings at —23.6 and
—5.0 kcal/mol, respectively. Possible 1,2 H-shifts in cl
would presumably give cycloprop-2-ynyl-ethyne (i9) and
cycloprop-2,3-dienyl-etheneylidene (il0); present calcula-
tions prove only the former is feasible with a high barrier of
49.3 kcal/mol. Other than the carbon decomposition back to
form the reactants, C+ HCCCCH, the most energetically ac-
cessible direct dissociation products of c1 are predicted to be
p2 and p3 located at still higher 0.7 and 18.1 kcal/mol, re-
spectively, as a result of H elimination. The 7.7 kcal/mol
barrier of ¢l —1i4 reaction appears the easiest to conquer,
while a close second tsclc2 is higher by a mere 2 kcal/mol.
The paths via tscli5, tsc1i9, and tsc1i24 would be very dif-
ficult to compete with c1 —i4 and cl —c2.

The scenario is made more apparent by the rate constant
calculations, which at zero collision energy estimate k;
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TABLE 1. The RRKM rate constants (s™') computed with B3LYP/6-311G(d,p) zero-point energy corrected
CCSD(T)/cc-pVTZ energies, and B3LYP/6-311G(d,p) harmonic frequencies at collision energies of 0.0, 0.03,
0.15, 2.0, 5.0, and 10.0 kcal/mol.

0.0 0.03 0.15 2.0 5.0 10.0
ke 442X10° 4.69x10°  590x10°  7.81x10*  1.06X10°  1.41Xx107
(c1 —C+HCCCCH)
ke 1.0x 10* 1.1x10* 1.38X10*  1.86X10°  241x10°  3.17x10’
(c2—C+HCCCCH)
ke 3.66X10°  3.82X10°  450X10°  2.80x107  2.01x10%  1.44x10°
(c3—C+HCCCCH)
ky 7.10X 102 7.10x 102  7.12Xx10'2  7.43x102 7.93x10'2 871x10"
(c1—1i4)
k_y 7.98X10%  8.00X10%°  8.09Xx10%  958x10%  124x10°  1.82Xx10°
(i4—cl)
ky 5.59x 10" 559x 10" 5.61x10"  594x10"  6.47x10'"  7.34x 10"
(c1—c2)
k., 1.89x 10" 1.89x 10 1.89x10 1.90x10? 1.91x10? 1.92x10"
(c2—cl)?
ky 3.54x 107 357x107  3.68x107  576x107  1.09X10%  2.63X 108
(c1—1i5)
k5 773X 101" 7.76 X 10! 7.87X 10" 9.69x 10" 1.29%x 102  1.88%x 102
(i5—cl)
ky 9.11x10*  931X10* 1.01x10° 328X10° 1.47X10° 9.24Xx10°
(c1—19)
ky 220X 108  233x10%  251x10%  7.10x10%  259x10°  121x10"
(i9—cl)
ks 526X1010  527x100  530x10° 584x10° 6.72Xx10'  8.24x10"
(c2—il)
k_s 144108 1.44X108%  1.45X108%  1.54X10%  1.69%x10  1.93x10"3
(il —c2)
ke 6.12Xx 10" 6.15x 10"  627x10'° 820x10'0 124x10" 2.18x10"
(c2—1i3)
kg 356100 358X 100  3.67Xx10°  520x10° 9.02x10° 1.92x10"
(i3—c2)
ky 432X 108  433x10°  440x10%  553x10%  7.69x10%  1.22x10°
(c2—i2)
k4 230x 10" 231x10'° 235%10'° 3.08x10'0 455x10'° 7.91x10"
(i2—c2)
kg 333x107  337x107  351X107  6.46X107  1.48X10°  4.40X 108
(c2—c3)
kg 3.95%x10°  3.98x10°  4.10x10° 621x10° 1.07x10° 2.14x 10"
(c3—¢2)
ko 479X 10" 480x 10" 485x10"0 555%x10'° 6.69x10'0 8.57x10"
(c3—1il)
kg 221x10'"  222x10"  226x10"  3.04x10"  4.63x10" 823x10"
(c1—c3)
ko 1.51x10°  1.56x10°  1.77X10°  1.00x10*  8.53x10*  1.13x10°
(i4—pl)
ki 1.94x10°  1.95X10° 1.99x10° 271x10° 427x10° 8.16Xx10°
(i3—19)
k_y, 268X 102 269x102  271x10?  3.12x102 3.80x10'2 4.99x10'?
(i9—1i3)
ki 482x10*  503x10*  592x10* 477X10°  5.17X10°  7.59% 107
(i3—pl)
ki3 856X 10" 8.69x10"  923x10' 2.19X10> 7.27X10> 3.65X103
(i4 —16)
k_i3 119X 10" 120X 10"0 1.26X10'0 240x10'° 569x10'° 1.73x 10"
(i6 —i4)
ks 448X10° 453Xx10°  4.69x10° 7.97x10® 1.72X10*  5.15x10*
(i4—il1)
k 14 6.92X 102 6.93X10"? 6.96x10? 7.43x10"Z? 811x102 9.10x10"
(i11—i4)
kys 924X 10" 928X 10"  945x 10" 122Xx10? 1.71x10? 2.62x10
(i11’ —i3)
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TABLE 1. (Continued.)
0.0 0.03 0.15 2.0 5.0 10.0
ks 895X 10°  9.05X10° 9.45X10° 1.78x107  4.32x107 1.43x10°
(i3—ill")
kig 6.98x10°  7.05x10°  7.37x10°  1.37X10° 3.19X10° 9.54x 10"
(i13—13)
k_16 147X 108 1.49x10%  1.57x10%  3.34x10%8  9.49x10% 3.80%x10°
(i3—1i13)
ki 120100 1.23x10" 1.35x10'° 4.20x10"° 131x10" 3.97x10"
(i10—c2)
k_i7 125X 10*  1.30X10*  1.49x10*  830x10* 576x10° 5.02x10°
(c2—110)
kg 824X 102  825x102 829x102 878x102 951x102 1.06Xx10"?
(i11—il11")
k_yg 8.88x 102  8.89x10'7 8.92x10"” 943x10? 1.02x10"% 1.12x10"
@i11"—il1)
ko 3.39% 10°
(i1l —i12")
k 1o 1.24% 108
(i12' —il1’)
k2o 2.72X10°  331x107  3.84X10%
(i6—i14")
ko 490x107  327x10%  1.70x10°
(i14’ —i6)
ky 2.09%X100  2.11x10'% 218X 10 352X 10 6.79%x10° 1.62x 10"
(i6—113)
k o 230108 2.32x10%  239x108  3.85x10%  740x10% 1.75%10°
(i13—i6)
ky, 435X10"0  437x10"°  446x10"° 6.01x10° 9.27x10'° 1.70x 10"
(i2—i3)
k_x 237X10%  239x10%  244X10%  345Xx10®8  570Xx10°  1.16X10°
(i3 —i2)
ka3 8.85X 107  8.92x107  9.18x107  1.39x10*  254x10® 593x10%
(i3—1i15)
k o3 430x 10" 430x 10"  433x10'""  4.78x 10" 548x10'"  6.56 X 10"
(i15—13)
kyy 620X10°  627x10° 659X 10°  1.35Xx107  3.60x107  1.32Xx10°
(i3—1i17)
ko 241X102  242X102  246X10'2  3.05X102  3.99X102 548x10"2
(i17—13)
ks 7.2X107 719X 107 7.46X107  128x10%  2.73x10%  7.78x 108
(i3—il4)
kag 625X10>  2.03x10* 4.76X10°
(i3—1il5")
ks 1.27X10'" 113X 102 5.09%x10"2
(i15’ —i3)

“Computed with zero-point energy corrected B3LYP/6-311G(d,p) energies.

(c1—i4) and k, (cl1—c2) being 7.10X 10> and 5.59
X 1011 g1, respectively, while the 3.54X 107 and 9.11
X 10* s7! of ky (c1 —i5) and k, (c1—1i9) are decidedly neg-
ligible. Thus, c1 is most likely to arrive at the two immediate
intermediates, ¢2 and i4. As discussed in the section that
follows, c2 would in fact prefer ring closing back to cl,
which suggests the fate of cl eventually depends solely on
the chained i4, the most energetically stable intermediate.
Likely low energy paths for i4 could include 1,2 H-shift
to c2, three-member ring closing back to cl, four-member
ring closing to cyclobut-1,2,3-triene-1-ylidene-hydrocarbene
(ill) at —18.6 kcal/mol, channel to five-member ringed
cyclopent-1,3-diyl-1,2,4-triene (i6) at —34.9 kcal/mol, and
hydrogen dissociating to pl+H of energy —9.6 kcal/mol.
While attempts failed in finding tsc2i4, all other i4 transition

states are located, of which the barriers are 53.1, 82.6, 90.2,
and 95.2 kcal/mol for tscli4, tsidill, tsi4i6, and tsidpl, re-
spectively. With the lowest barrier, the i4—cl channel is
expected to be the most kinetically favored as well, which is
ratified by the magnitude of computed rate constant k_,
7.98 X 10% s~! at 0 collision energy. In the order of decreas-
ing kinetic competitiveness, k; is then surprisingly followed
by k4 (i4—1ill), ky (i4—pl+H), and k5 (i4—i6), being
448X 10, 1.51X 103, and 8.56 X 10" s, respectively. The
position of i4 —pl+H is advanced owing to a particularly
loose transition state, which dominates even more as the col-
lision energy gets higher.

Accordingly, i4 would initially be guided by the mini-
mum energy path to cl which rushes right back to i4 as
discussed above. The accumulated amount of i4 could only
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FIG. 5. The reaction paths of the collision complex cl1, in which the energies in kcal/mol relative to the reactants, C(*P)+HCCCCH(X 'E;), are computed
with CCSD(T)/cc-pVTZ level of theory with B3LYP/6-311G(d,p) zero-point energy corrections at the B3LYP/6-311G(d,p) optimized geometries as shown in
Figs. 1-3. Note the attempts are not made to locate the transition states for those paths in dotted lines, unless otherwise stated in text.

look for seemingly unfavorable paths to pl and ill for dis-
sipation. Of the four possible i1l ring openings, only two
appear to be feasible as predicted by present level of com-
putations, namely, i4 and but-1-yne-3-eneylidenecarbene

(i3); the transition state for il11 H shifting to 1,3-butdiyn-3-
ylidene-3-yne-carbene (il) has not been obtained. Among the
probable low energy channels of ill, k4 and k5 of 6.92
X 10" and 9.24 X 10" s7! for the ring openings i11— i4 and

p7+H "
Py c—B-c-c-c
keal/mol ’
C(P)+HCCCCH
10 tsc2il0
pl+H
T c—c~c-c~cH

FIG. 6. The reaction paths of the collision complex c2, in which the energies in kcal/mol relative to the reactants, C(*P)+ HCCCCH(X IE;), are computed
with CCSD(T)/cc-pVTZ level of theory with B3LYP/6-311G(d,p) zero-point energy corrections at the B3LYP/6-311G(d,p) optimized geometries as shown in
Figs. 1-3. Note the attempts are not made to locate the transition states for those paths in dotted lines, unless otherwise stated in text.
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FIG. 7. The reaction paths of the collision complex c3, in which the energies in kcal/mol relative to the reactants, C(*P)+HCCCCH(X ]2;), are computed
with CCSD(T)/cc-pVTZ level of theory with B3LYP/6-311G(d,p) zero-point energy corrections at the B3LYP/6-311G(d,p) optimized geometries as shown in
Figs. 1-3. Note the attempts are not made to locate the transition states for those paths in dotted lines, unless otherwise stated in text.

il1—i3, respectively, have a clear advantage over two
H-shifting reactions to i7 and bicyclo[1,1,0]but-1,2-diene-4-
ylcarbene (i12), and two H dissociations to p4 and p9. It
turns out that i3 has plenty of routes to proceed: three
H-shifts to c¢2, E-pent-1,4-diene-3-yne-1-yl-5-ylidene (i13),
and pent-1-yne-2,4-diene-1,5-diylidene (i14), ring forma-
tions to five-member ringed cyclopent-1-diyl-2,3,4-triene
(i2), four-member ringed ill and cyclobut-2,3-diene-1-
ylidenecarbene (i15), i9 and 1-hydrogencycloprop-2-enyl-3-
ylideneethynylidene (il17) of three-member ring, and H
eliminations to pl and p10. Compared with the next fastest
ky; (1.94%x10° s7") for i3—19, rate constant calculations
identify that i3 — c2 with k¢ being 3.56 X 10'° s~! stands out
as the most likely path, which simply takes c2 all the way
back to i4. In another words, i4 would in fact seek to leak
through the channel of pl1+H.

D. Reaction paths of pent-4-ene-5, 5-diyl-1, 2-diyne
(c2)

With the exception of the four-member ringed i7, the
transition states to the possible c2 ring-formation isomers,
the three-member ringed cl and 110, four-member ringed il,
and the five-member ringed i2, are characterized as revealed
in Fig. 6. Of three 1,2 H migrations, the tsc2i3 is the only
transition state identified, with the activation energy com-
puted to be 22.0 kcal/mol. The carbon migration converts c2
to fellow complex c3; dissociation channels could be carbon
decomposition to reactants C+ HCCCCH and H elimination
to the chained pl and p7.

Notably, the energy of c2, —44.2 kcal/mol, is higher than
the —44.3 kcal/mol of tsclc2, an indication that c2 is un-
stable with respect to the ring closing to cl. Thus, despite
that there are at least six channels open and the most stable
isomer is, in fact, i3, c2 seems inevitably converting to cl
immediately and assumes the cl paths.

E. Reaction paths of 2-ethynyl-allene-1-ylI-3-ylidene
(c3)

The tsc3i8 for c3 ring closure to cyclobut-1-yne-3-ene-
I-ylidenecarbene (i8) are at 17.3 kcal/mol and a
H-dissociation product, p8, is much higher at 63.9 kcal/mol,
while the transition state to c1, the isomers as a result of 1,2
H shift, and another H-dissociation product have not been
located at this level of calculations. It appears merely three
channels are found open to c3 at low temperature. As de-
picted in Fig. 7, the four-member ring formation to il, car-
bon shift to produce c2, and carbon dissociation to reactants,
are of the transition states, tsc3il, tsc2c3, and tsc3, at —18.3,
—11.1, and —1.1 (at O collision energy) kcal/mol and corre-
sponds to rate constants, kg, kg, and k.3, estimated as 4.79
X 10'°,3.95% 10°, and 2.93 X 10° s7!, respectively. Being on
the minimum energy path, il edges out as an evident imme-
diate destination and subsequently dictates the fate of c3.
Probable channels to consume il include two possible 1,2
H-shift reactions to ill and i16, possible H dissociations to
p4 and p5, and ring breakings to ¢3 and c2. The latest, il
—c2, suppresses others by virtue of much lower barrier.
From this point on, the paths of c2 would be pursued.
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FIG. 8. The most probable paths of the collision complex cl, in which the energies in kcal/mol relative to the reactants, C(*P)+HCCCCH (X 12;), are
computed with CCSD(T)/cc-pVTZ level of theory with B3LYP/6-311G(d,p) zero-point energy corrections at the B3LYP/6-311G(d,p) optimized geometries as

shown in Figs. 1-3.

F. The most probable paths of collision complexes

The most probable paths of cl are presented in Fig. 8
which are determined on the basis of the kinetic competitive-
ness at zero collision energy, simply, the paths with the larg-

keal/mol

C¢*P) +HCCCCH
0

+-100

FIG. 9. The most probable paths of the collision complex c2, in which the
energies in kcal/mol relative to the reactants, C(°*P)+HCCCCH(X 12;), are
computed with CCSD(T)/cc-pVTZ level of theory with B3LYP/6-311G(d,p)
zero-point energy corrections at the B3LYP/6-311G(d,p) optimized geom-
etries as shown in Figs. 1-3.

est rate constants but not necessarily the minimum energy
paths. In Fig. 11(a), as Fig. 8 derived c1 reaction mechanism
demonstrates, via two lowest energy paths with comparable
rates, cl would prefer ring opening to its immediate interme-
diates c2 and i4. While c2 goes back to cl, i4 could skip a

kcal/mol

CCP)+HCCCCH
10
0.0

r-100

FIG. 10. The most probable paths of the collision complex c3, in which the
energies in kcal/mol relative to the reactants, C(*P)+HCCCCH(X ]2;), are
computed with CCSD(T)/cc-pVTZ level of theory with B3LYP/6-311G(d,p)
zero-point energy corrections at the B3LYP/6-311G(d,p) optimized geom-
etries as shown in Figs. 1-3.
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FIG. 11. The reaction mechanisms (a—c) derived from the most probable
paths of collision complexes (c1—c3), respectively, in which the k’s are the
corresponding rate constants.

relatively energetically favored path to i6 and proceed
through three channels to cl, ill, and pl. With two least
hindered pathways, cyclic il1 easily stretches to yield chain
i4 again and i3. i3 bypasses the minimum energy path to
ringed 19 and chooses a more efficient way out instead, by H
shifting to ¢2. The (c1, i4) loop could break away only by
means of i4 H dissociation to the exclusive product pl.

The c2 minimum energy path to cl is comfortably the
most probable, as shown in Fig. 9. c2 reaction mechanism
thus inferred in Fig. 11(b) should closely resemble cl’s.
Likewise, as laid out in Fig. 10, the most probable immediate
path of c3 is at the same time the minimum energy path
which guides c3 to the four-member ringed il and, right
afterwards, c2. Accordingly, the corresponding mechanism in
Fig. 11(c) illustrates that the same (c1, i4) route would usher
c3 all the way to the only product available, pl.

It is worth noting that the paths presented in Figs. 8—10
are marked energetically, their complementary [Figs.
11(a)-11(c)] could give a clear indication for the direction of
reaction.

G. Evolution of concentrations with time

The rate equations derived from mechanisms of C
+HCCCCH reaction via cl, c2, and ¢3 as seen in Figs.
11(a)-11(c), respectively, are set up; these three sets of si-
multaneous differential equations in 6, 6, and 8§ unknown
concentrations, respectively, are then solved numerically, in
which the RRKM rate constants of Table I are adopted. The
evolution of concentrations with time thus obtained at colli-
sion energies of O for each species in the three reaction
mechanisms are shown in Figs. 12—14 at collision energy

J. Chem. Phys. 128, 244303 (2008)

10 kcal/mol, those of ¢l mechanism are presented in Fig.
12, while those of ¢2 and c3 are revealed in Fig. s2.73

As illustrated in Fig. 12, for the C+ HCCCCH proceed-
ing through collision complex c1 with the condition that ini-
tially (r=0) there is only cl, cl simply dies down after a
fraction of a picosecond as its immediate isomers, c2 and i4,
rise up at the same time. While c2 amounts to a small but
non-negligible ~0.05 of cl initial concentration with a life-
time in picoseconds, the peak i4 reaches 1.0 and persists well
into milli- and microseconds for collision energy of 0 and
10 kcal/mol, respectively. The lifetimes of i4 reflect appro-
priately the magnitudes of its bottle-neck rate constants ky
of i4—pl+H, 1.51X10° and 1.13 X 10° s~ at these two
collision energies. The instant when i4 is formed, the detour-
ing to i11 takes off such that the rise and fall of i4 and 111 are
almost synchronized in time, as seen in Fig. 12. At any mo-
ment during reaction, a k4/(k_;+ko+k;4) portion of i4
could yield il1, which reduces to a mere 5.6 X 107 at 0
collision energy even when i4 is 1.0 in concentration. Com-
pounded by the fact that 111 dissipating rate constants, k4
and ks, are overwhelmingly larger than the only buildup rate
constant k4, 111 drains instantly and does not have a chance
to accumulate as indicated by the dismal maximum concen-
tration, around 107'°, With i11 being its single source, i3 is
not expected to pile up to any significant quantity; however,
due to a slower dissipating step to ¢2 (k_g) than building up
out of ill (k;s), i3 does acquire a higher peak concentration
than i11’s. i4 leaking to the only products, pl +H, or equiva-
lently, the formation of pl, takes milliseconds and
microseconds to complete at collision energy of 0 and
10 kcal/mol, respectively, which also marks the end of the
reaction at a single-collision environment. It is particularly
interesting to note that for a typical detection time of micro-
seconds in crossed beam experiments, the results indicate the
intermediate i4 can be captured at near zero collision energy.
Intermediates and product peak earlier and attain higher
maximum concentrations at collision energy of 10 kcal/mol
than at O kcal/mol, with obvious exception of i4 and pl
whose peak concentrations remain at 1.0.

For the bimolecular reaction by way of collision com-
plex c2 seen in Figs. 13 and s2(a), c2 could disappear around
1 ps given the ring closure k_, (c2—c1) being 1.89-1.92
X 10" s7!. Now that c1 acts as the immediate intermediate
of ¢2, the rest of the species in loop (c1, i4) have a time delay
in reaching the same peak concentrations compared with
mechanism cl in Fig. 12. Otherwise, unsurprisingly the con-
centration evolutions in ¢2 mechanism share the same fea-
tures as in cl’s.

Intriguingly, the mechanism ¢3 in Fig. 14 and s2(b) dem-
onstrates that the least energetically stable collision complex
c3, however, lasts longer than cl and c2 in Figs. 12 and 13
respectively, and has a lifetime of ten to twenty picoseconds
as estimated from the inverse of ko. The moment its imme-
diate intermediate il is formed, the ring opening to c2 takes
place; thus the peak concentration of il only reaches around
1073 of the c3 initial concentration. When the reaction pro-
ceeds to ¢2, the routes of ¢2 mechanism, as in Fig. 11(b), are
then followed.

While all other species in the predicted mechanisms
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FIG. 12. The evolution of concentration with time for each species in c¢1 reaction mechanism as in Fig. 11(a) at collision energies of (a) 0 and (b) 10 kcal/mol.

would be elusive for detection with perhaps an exception of
pl, i4 remains the easiest target to trap for its duel roles of
both intermediate and product due to a long lifetime within
collision energy of 0—10 kcal/mol. For a typical detection
time scale of a microsecond in crossed beam experiment, our
results give a mixture of i4 and pl with 1:2 ratio at
10 kcal/mol and i4 as an exclusive product at O collision

energy.

The o,.:0.,:0. is estimated to be practically 1:1:1,

which implies that the overall reaction mechanism for
C(SP)+HCCCCH(X'2;) is consisted of three equally
weighted mechanisms as laid out in Fig. 11.

H. Assessing the branching ratio of i3—p1+H

Note that i3 —pl+H is left out of the most probable

outgoing paths for i3, thus excluded from the reaction
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FIG. 13. The evolution of concentration with time for each species in ¢2 reaction mechanism as in Fig. 11(b) at zero collision energy.

mechanism due to its much smaller rate constant k, (4.83 tifying the most probable paths, thus reaction mechanism,
X 10* s!) compared with the k_4(3.56%10'°s7!) of i3 could be nicely demonstrated by estimating the branching
—c2, while the seemingly unlikely i4 —pl+H with a 30 ratio of i3—pl+H vs. i4 —pl+H. In order to incorporate
fold smaller k; (1.51X 10 s7!) has been firmly put in the i3—pl+H channel, the seven more efficient i3 outgoing

reaction mechanism. The validity of present scheme for iden- paths to 19, i2, 113, il5, i14, i11’, and 117 are also included,
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their immediate reaction paths and rate constants further
scrutinized as detailed in Figs. s3 and s4 and Table SIL” The
cl mechanism eventually adapted for this task is depicted in
Fig. s2, along with the corresponding plots of concentration
versus time at 10 kcal/mol. The branching ratio for i3
—pl+H:i4—pl+H is predicted to be 4 X 107°: 1. It indi-
cates that the channel of i3 — p1+H is indeed negligible and
i4 is the sole provider for the exclusive product pl. The
demonstration lands support to our kinetic scheme.

I. Notes on CsH, isomers

Relevant CsH, isomers identified in this work sum up to
an impressive 38, as paraded in Figs. 1, 2, and s4, the opti-
mized structures for three collision complexes and 35 inter-
mediates. Among them, six isomers have previously been
predicted at various levels of theory, specifically, the singlet

1,9851:52 j3 4951 14 4849 g S1 jo0 48495156 . trivlet 1,7
c3, 52 i3,% 14,477 120, which leaves the number of newly
found CsH, isomers being 32.

IV. CONCLUSION

The important interstellar reaction of the ground state
carbon atom, C(°P), with carbon chain diacetylene,
HCCCCH(X 12;), has been investigated by employing ab
initio electronic structure calculations for predicting reaction
paths, subsequently RRKM theory to yield rate constants at
six collision energies for each path, and a modified Langev-
ine model for estimating capturing cross sections. By com-
bining these results, the most probable paths are identified
and adopted as the reaction mechanism of which the rate
equations are solved numerically such that the evolutions of
concentrations with time are obtained.

Three collision complexes, cl, ¢2, and c3, without en-
trance barrier, 35 relevant intermediates, and 10
H-dissociated products are located. Overall, 32 CsH, and
two CsH isomers are newly found in this work.

This study predicts that three collision complexes, cl,
c2, and c¢3, would end up at one single final product, linear
CsH (pl1)+H, via the most stable intermediate, linear HCsH
(i4). That is while the first member of interstellar reaction
class, C(*P)+C,H,— C3;H+H, is famously known to form
both linear and cyclic C3H isomers with the latter being
lower in energy, the second member C(*P)+HC,H— CsH
+H is found to produce only the carbon chain CsH, the most
stable isomer. Our investigation indicates that the C(*P)
+HCCCCH(X 12;) reaction would be efficient route for di-
acetylene depletion and 2,4-pentadiynylidyne,
HCCCCC(X 1), formation in interstellar medium. This is
in strong contrast to the reaction of trlcarbon Ci(X 12+)
with acetylene, HCCH(X '2+) Here,”* although the 24—
pentadiynylidyne, HCCCCC(X °T1), isomer was identified as
a product under single collision conditions, this reaction was
found to be strongly endoergic by about 24 kcal/mol. There-
fore, the barrierless and exoergic reaction of ground state
carbon atoms with diacetylene presents a compelling route to
synthesize 2,4-pentadiynylidyne, HCCCCC(X *II), in cold
molecular clouds.
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