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During the last decade, experimental and theoretical studies
on the unimolecular decomposition of cumulenes (H,C,H,)
from propadiene (H,CCCH,) to hexapentaene (H,CCCCCCH,)
have received considerable attention due to the importance of
these carbon-bearing molecules in combustion flames, chemi-
cal vapor deposition processes, atmospheric chemistry, and the
chemistry of the interstellar medium. Cumulenes and their sub-
stituted counterparts also have significant technical potential
as elements for molecular machines (nanomechanics), molecu-
lar wires (nano-electronics), nonlinear optics, and molecular

1. Introduction

Cumulenes (H,C,H,; n>2) and the corresponding cumulene
carbenes!™ (C,H,; n>2) present important reaction intermedi-
ates in combustion flames,*™ chemical vapor deposition pro-
cesses,”® in the chemical evolution of hydrocarbon-rich at-
mospheres of planets and their moons such as Titan,”® and in
the chemistry of the interstellar medium such as in cold molec-
ular clouds like TMC-1, circumstellar envelopes of the carbon
star IRC+10216, and planetary nebulae like CRL 618.°
Whereas lower members of the cumulene carbenes have G,
symmetry and 'A, electronic ground states,"’"'? the situation
for the closed-shell cumulenes is more complex.®? Here,
molecules having an even number of carbon atoms such as
butatriene (H,(=C=C=CH,) and hexapentaene (H,(=C=C=
C=C=CH,) belong to the D,, point group (all four hydrogen
atoms are in one symmetry plane);”*?* on the other hand, cu-
mulenes with an odd number of carbon atoms as found in
propadiene/allene (H,C=C=CH,) and pentatetraene (H,C=C=
C=C=CH,) dictate an inherent D,; symmetry®” and hence a
pair-wise, staggered arrangement of the hydrogen atoms
(Figure 1, Table 1). This correlates with the 'A; and 'A, electron-
ic ground states for the even- and odd-numbered cumulenes,
respectively.”®?® The structures of these cumulenes also corre-
late with recent studies of C nuclear magnetic resonance
(NMR) paramagnetic shielding constants.®® Considering the
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Figure 1. Structures of singlet (left) and triplet (right) cumulenes from allene
to hexapentaene. The point groups and the symmetry of the electronic
wave functions are also indicated.

sensors. In this review, we present a systematic overview of
the stability, formation, and unimolecular decomposition of
chemically, photo-chemically, and thermally activated small to
medium-sized cumulenes in extreme environments. By concen-
trating on reactions under gas phase thermal conditions (pyrol-
ysis) and on molecular beam experiments conducted under
single-collision conditions (crossed beam and photodissocia-
tion studies), a comprehensive picture on the unimolecular de-
composition dynamics of cumulenes transpires.

Table 1. Compilation of the symmetry, ground electronic states, enthalpies of
formation, singlet-triplet gaps, and the overall carbon-carbon lengths in cumu-
lenes from propadiene to hexapentaene.

Cumulene Symmetry/  AH; [kJmol '] Singlet-Triplet c—C
electronic  expt./theory gap"kJmol™"] length® [A]
state

H,CCCH, Dy/X'A, 1984+125M 2156 2,604

propadiene 198.4147)

H,CCCCH, Dy/X'Ag (347.4)148/ 1737 3.894

butatriene 321.9"

H,CCCCCH, D, /X'A, (481.4)48)/ 152.8 5.168

pentatetraene 465.1122

H,CCCCCCH,  Dy/X'A,  /586.00 1256 6.453

hexapentaene

[a] From B3LYP/6-311G(d,p) calculations.

first excited triplet states of the cumulenes (Figure 1, Table 1),
the situation is reversed. Here, even-numbered triplet cumu-
lenes such as triplet butatriene (H,C=C=C=CH,) and hexapen-
taene (H,(=C=C=C=C=CH,) belong to the D,; point group,
whereas odd-numbered molecules like pentatetraene (H,C=
C=C=C=CH,) have D,, symmetry. Note that the C,,-symmetric
triplet allene presents an exception to this generalized princi-
ple.

Due to their unique electronic structure,®” cumulenes and
their substituted counterparts have important technical poten-
tial as components of molecular machines.®>>* Recent studies
of these nanosystems also suggest that these molecules can
be important building blocks in nano-electronics®¥ and nano-
mechanics—a newly emerging field in structural chemistry.
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Here, the terminal CH,-group, for instance, can be rotated by
90° by the removal of two electrons from the highest occupied
molecular orbital (HOMO).?¥ The cationic forms also serve as
models for molecular wires.***? This makes cumulenic com-
pounds relevant in the fields of molecular electronics,** non-
linear optics,* and molecular sensors” as well. For instance,
cumulenic chains are stable under ultra-high vacuum condi-
tions at temperatures lower than 250 K. They influence the
electronic transport properties of the carbon-skeleton through
a self-doping mechanism by pinning the Fermi level closer to
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one of the mobility gap edges. Upon heating above 250 K, the
cumulenic species decay to form graphitic nanodomains em-
bedded in an amorphous matrix.*? It should be noted that cu-
mulenes have significantly enhanced stability once they are co-
ordinated to transition metals. This has been demonstrated,
for instance, in the stabilization of butatriene™®” and hexapen-
taene™ by iron-carbonyl complexes.

In combustion flames, cumulenes can lose hydrogen atoms
via abstraction processes and unimolecular fragmentation of
the cumulene molecules. This can lead to resonantly stabilized
free radicals (RSFRs) in which the free electrons are delocalized
over several carbon atoms. During the last decade, the investi-
gation of the synthetic routes and chemical reactivity of these
RSFRs have received particular attention due to their role in
the formation of the first aromatic ring species™>* and of
polycyclic aromatic hydrocarbons (PAHs) in combustion flames.
These molecules are also believed to play a critical role in the
formation of soot during the combustion of hydrocarbon fuels
under oxygen-poor conditions.”>>” In a RSFR, the unpaired
electron is delocalized over at least two carbon atoms. This
causes a number of resonant structures of similar impor-
tance.”® Due to the delocalization, resonantly stabilized free
hydrocarbon radicals are more stable than ordinary radicals,
have lower enthalpies of formation, and normally form weaker
bonds with stable molecules including molecular oxygen.®-¢"
Such weakly bound addition complexes are not easily stabi-
lized by collisions at high temperature. Therefore, RSFRs can
reach high concentrations under combustion conditions
making them important reaction intermediates to form com-
plex, often polycyclic, aromatic hydrocarbons in flames.®?
These processes are both closely related to the growth of
carbon clusters up to polycyclic aromatic hydrocarbons (PAHs)
and carbon-rich interstellar grain particles in carbon-rich stars
and to the synthesis of diamonds in hydrogen-poor preplanet-
ary nebulae.”

Despite the importance of cumulenes in the chemical evolu-
tion of extreme environments (combustion flames, chemical
vapor deposition [CVD], the interstellar medium) and promis-
ing technological applications such as molecular machines and
as model systems for molecular wires, surprisingly little is
known on the unimolecular decomposition and hence stability
of these cumulenic structures. However, this information is cru-
cial to model the chemical evolution of combustion flames
and of distinct interstellar environments via chemical reaction
networks reliably and to understand the role of cumulenes in
the formation of complex, carbon-bearing molecules up to car-
bonaceous nano-particles (soot, interstellar grains). In this
review, we present a systematic overview of the underlying un-
imolecular decomposition of cumulenes in extreme environ-
ments ranging from temperatures as low as 10 K (cold molecu-
lar clouds) up to a few 1,000 K (combustion flames). By focus-
ing on reactions under thermal conditions (thermal chemistry
via pyrolysis) and gas phase molecular beam experiments con-
ducted under collision conditions (crossed beam and photodis-
sociation studies), a comprehensive picture of the formation
and unimolecular decomposition of cumulenes will emerge.
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2. Experimental Techniques

2.1 Thermal Chemistry

As probed in shock tubes, the breakdown of cumulenic struc-
tures can be initiated under thermal conditions via pyrolysis ex-
periments at temperatures as high as 2000 K.**"*® Here, a bath
molecule or buffer gas molecule M can collide with the cumu-
lene species H,C,H, and transfers energy to the rovibrational
modes of the cumulene. This process yields an internally excit-
ed molecule [H,C, H,]* [Eq. (1)]. The latter can lose its excess
energy either by collision with another bath molecule M’
[Eq. (2)] or via fragmentation [Eq. (3)]. As these experiments are
conducted under bulk conditions, wall effects can influence
the outcome of the chemical reaction, and three-body reac-
tions together with secondary reactions of the nascent reac-
tion products can mask the outcome of a chemical reaction.
This makes it difficult to identify the primary reaction products
of pyrolytic studies unambiguously.

H,C,H, + M — [H,C H, )™ (1)
[Hzanz}* +M — H,C,H, (2)
[H,C,H,]* — products. (3)

2.2 Molecular Beams

Since the macroscopic alteration of interstellar environments
and combustion flames consists of multiple elementary reac-
tions that are a series of bimolecular encounters between
atoms, radicals, and molecules, a detailed understanding of the
decomposition of cumulenes occurring at the most fundamen-
tal, microscopic level is crucial. These are experiments under
single-collision conditions in which particles of one supersonic
beam are made to ‘collide’ only with particles of a second
beam or are photolyzed by a laser beam. The crossed molecu-
lar beam technique represents the most versatile approach in
the elucidation of the energetics and dynamics of elementary
reactions, in particular of atom-radical and of radical-molecule
reactions.”””% In contrast to bulk experiments, where reactants
are mixed, the advantage of this approach is the capability to
form the reactants in separate, supersonic beams. These fea-
tures provide an unprecedented approach to observe the con-
sequences of a single collision event, while preventing secon-
dary collisions and wall effects. In principle, both reactant
beams can be prepared in well-defined quantum states before
they cross at a specific collision energy under single-collision
conditions. The products can be identified via spectroscopic
detection schemes such as laser-induced fluorescence (LIF)""
or Rydberg tagging,”? ion-imaging probes,”*”"” or via a quad-
rupole mass spectrometric detector (QMS). With QMS, the cu-
mulenes can be formed in situ via chemical reactions and are
chemically activated. For instance, reactions of carbon atoms
(O and carbon clusters like dicarbon (C,)"® and tricarbon
(C,)® with ethylene (H,CCH,) and allene (H,CCCH,) can formal-
ly expand the carbon-skeleton by up to three carbon atoms
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yielding electronically and/or rovibrationally transient species
[Eqg. (4)]. In the gas phase, these intermediates have life times
of a few picoseconds. Under single-collision conditions and
hence the absence of stabilizing three-body collisions, these in-
termediates fragment via unimolecular decomposition [Eq. (5)].

H,CH, (n=23) + G, (m=1-3) — [H,Cyp nH,]* (4)
[H,C,.mH,]* — products (5)

Likewise, one supersonic beam can be replaced by a laser
beam intersecting a molecular beam of the cumulene mole-
cule. This leads us to the domain of the photochemistry of cu-
mulenes [Eq. (6)] and the inherent photo-chemical activation
and decomposition of cumulenes in their electronic ground
and/or electronically excited states [Eq. (7)].

H,CoH, + hv — [H,C,H, (6)
[H,C,H,]* — products. (7)

By analyzing the fragmentation products under single-colli-
sion conditions, it is possible to monitor the primary reaction
and photolysis products to gain unprecedented information
on the stability, chemistry, and unimolecular decomposition of
cumulenes. These studies are often pooled together with elec-
tronic structure calculations to provide a comprehensive pic-
ture on the chemical dynamics and underlying stability of sin-
glet and triplet cumulenes.

3. Unimolecular Decomposition of Cumulenes
3.1 Propadiene
3.1.1 Thermal Decomposition

The thermal decomposition of propadiene/allene (H,C=C=
CH,), the simplest and prototypical cumulene, was a subject of
extensive experimental studies in the last five decades because
of its relevance to soot formation in combustion processes.
Collin and Lossing®" investigated the fragmentation of allene
and its structural isomer propyne (methylacetylene, CH,CCH)
back in 1957 using electron impact and derived upper esti-
mates of their C—H bond dissociation energies of 340 and
347 kJmol™', respectively. Later, several groups carried out
more detailed investigations of allene pyrolysis.*** In 1969,
the product profiles from allene and propyne in a flow system
in the temperature range of T=1173-1430 K were measured
and first-order rate constants for allene-propyne isomerization
were determined by Levush et al.®® They showed that under
these conditions, the isomerization is faster than any decom-
position process; however, the authors did not suggest de-
tailed reaction mechanisms. This conclusion was confirmed by
subsequent shock tube studies.®>**! In their single-pulse shock
tube measurements in the temperature range of 1040-1470 K,
Lifshitz and co-workers observed both the decomposition and
the isomerization processes. They suggested a chain mecha-
nism initiated by a C—H bond cleavage both in allene and pro-
pyne. On the basis of the measured rate constants in the tem-
perature range of 1300-2100 K, Kakumoto et al.®® found the
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activation energy for allene-propyne isomerization to be
around 285 kJmol~".Walsh and co-workers proposed that the
allene-propyne isomerization takes place via the cyclopropene
intermediate.["*¢

Subsequently, Wu and Kern®” studied high-temperature py-
rolysis of allene in a shock tube at T=1300-2000 K and pres-
sures of 0.2-0.5 atm; these authors derived, for the first time, a
detailed reaction mechanism incorporating a primary dissocia-
tion process followed by numerous secondary reactions. The
major pyrolysis products were shown to be acetylene (C,H,),
diacetylene (C,H,), methane (CH,), and benzene (C¢H), where-
as traces of ethylene (C,H,), ethane (C,H¢), vinylacetylene
(C,H,), and triacetylene (C¢H,) were also found. The mechanism
describing the pyrolysis consists of 80 reactions, but the only
primary reactions needed to describe the experimental results
properly are the allene-propyne isomerization and the initial
decomposition of allene and propyne to form the propargyl
radical (C;H;) by hydrogen atom loss. Among secondary reac-
tions, the most important are hydrogen atom additions to
allene and propyne to produce C;H; isomers such as the allyl
radical, followed by their decomposition to various products
and self-recombination of propargyl radicals (C;H,). This leads
to the formation of benzene and eventually to the production
of soot. Later, another study of the decomposition (and iso-
merization) by Hidaka and co-workers®® ¥ confirmed the ben-
zene formation and presented a quantitative mechanism simi-
lar to that of Wu and Kern.®”

Most recently, Kiefer and co-workers® studied the unimo-
lecular dissociation of allene and propyne using two comple-
mentary shock-tube techniques: laser schlieren (LS) and time-
of-flight (TOF) mass spectrometry. The LS experiments were
performed at 1800-2500 K and 70-650 torr, whereas the TOF
results covered the temperature range of 1770-2081 K. The
earlier conclusion that the dominant primary reaction path is a
carbon-hydrogen bond rupture of either isomer did not
change, although it was found that a small amount of molecu-
lar hydrogen (H,) elimination may be possible from allene.
Thermal rate constants for the hydrogen atom elimination
from both allene and propyne were derived from the extrapo-
lation of LS profiles to zero time using an extensive mechanism
constructed to fit both the time profiles of LS gradients and
the TOF product profiles. Since the LS technique can often
eliminate the influences of secondary reactions, the carbon-hy-
drogen bond fission rates were accurately determined. They
vary in the range of 2x10°-2x 10" cm®’mol~'s™" for T=1800-
2500 K and are consistent with the carbon-hydrogen bond
strength of 387 kJmol™" calculated for the methyl group in
propyne by Bauschlicher and Langhoff”" The rate constants
derived for the atomic hydrogen loss from allene and propyne
differ only slightly, confirming that isomerization between the
two structures is fast, but indicating that it is not so fast that
separate rates cannot be resolved. Another important finding
of Kiefer et al. is that the rate of the carbon-hydrogen bond fis-
sions in propyne and allene measured in the high-temperature
and low-pressure LS experiments cannot accurately be ac-
counted for by Rice-Ramsperger-Kassel-Marcus (RRKM) theory
unless the hindered rotation in propyne and allene is consid-
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ered. As before, the authors detected acetylene, methane, di-
acetylene, and benzene as the major pyrolysis products. The
formation of benzene (mostly via recombination of two prop-
argyl radicals) is perhaps the most important matter in the
allene/propyne pyrolysis, since it correlates with a high soot
yield.”?

Miller and Klippenstein® calculated the temperature- and
pressure-dependent rate constants for the allene-propyne iso-
merization to be in the range between 10*-10"° cm®mol™'s™
at temperatures in the range of 1200-2000 K, thus in quantita-
tive agreement with the experimental values of both Hidaka
et al.®®% and Wu and Kern.® The rate constant calculations
for dissociation processes showed that the only significant
products in this temperature range are C;H; radicals plus
atomic hydrogen; the total rate coefficient for the molecular
hydrogen elimination is typically about three orders of magni-
tude (or more) smaller than that for carbon-hydrogen bond fis-
sion. Comparison of the theoretical predictions for the propyne
and allene dissociation rate coefficients with the experimental
results of Kiefer et al.”” showed that the agreement between
theory and experiment is very close; the calculations fall within
the error bars of the measured data, with somewhat better
agreement for allene. However, the computed dissociation rate
constants for allene are about 10-20% faster than that of pro-
pyne, whereas the experiments show the opposite trend. Ac-
cording to Miller and Klippenstein it cannot be ascertained
whether such small differences could be the fault of the theory
or the experiment. For instance, a more accurate anharmonic
state count in the theoretical treatment could reverse the cal-
culated trend. Nevertheless, due to the excellent agreement
between the calculated and experimental rate constants both
for isomerization and dissociation reactions, one can conclude
that the surface obtained by Miller and Klippenstein adequate-
ly describes the ground state of the C;H, system. The major
findings of the unimolecular decomposition of thermalized
C;H, molecules are compiled in Figure 2.

3.1.2 Molecular Beam Experiments—Photolysis
3.1.2.1 Flash Photolysis

The first ultra-violet (UV) flash photolysis experiments for
allene and propyne were reported by Ramsay and This-
tlethwaite in 1966, who detected the same product, the
propargyl radical, in both reactions. Two successive isotopic
studies,**® suggested that photolysis of propyne at 193 nm
exclusively breaks the acetylenic carbon-hydrogen bond. Both
observations can be reconciled if any CH;CC produced in the
flash photolysis experiment rearranges to form the lower
energy propargyl isomer on the time scale of the experiment
(25 us). Further experimental studies of these processes have
been carried out by using laser photolysis at various fixed
wavelengths between 213 and 121.6 nm; the main focus of
this work was the characterization of the primary fragments
formed via molecular and atomic hydrogen loss pathways, the
understanding of their competing formation processes, and
the role of the allene-propyne isomerization.
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Figure 2. Compilation of the principal reaction mechanisms in the thermal decomposi-

tion of allene.

3.1.2.2 Molecular Beam Studies—Time-of-Flight
Spectroscopy

The first molecular beam study of the photodissociation of
allene was performed by Jackson et al. in 1991.°7 Based on the
translational energy distributions, the authors concluded that
the decomposition takes place from allene molecules in their
vibrationally excited electronic ground state. This result indi-
cates that UV photochemistry of excited states of allene (as
produced by absorption of 193 nm photons) indeed occurs via
internal conversion to the vibrational continuum of the ground
state. Thus, photoexcitation of allene can be used to generate
vibrationally highly excited (“hot”) molecules in the ground
electronic state with their energy determined by the wave-
length of the light. Photodissociation experiments can there-
fore be used to probe the unimolecular dissociation on the
ground state potential energy surface (PES), similar to thermal
decomposition or pyrolysis, but with well-defined internal
energy and under collisionless conditions in molecular beams,
i.e., at the zero-pressure limit. Jackson et al. measured time of
flight (TOF) of the fragments of allene photolyzed at 193 nm
and identified two primary dissociation channels, C;H;+H and
C;H, +H,, with quantum yields of 0.89 and 0.11, respectively.
The form of the translational energy distribution curve for the
predominant hydrogen atom loss channel suggests the pro-
duction of the propargyl radical; the distribution peaks at low
translational energies and then monotonically decreases to the
thermodynamic limit. This is indicative of a reaction occurring
without a distinct exit barrier via a loose transition state. The
primary products, propargyl and hitherto undefined C;H, iso-
mers were vibrationally excited upon formation and absorbed
another photon to decompose to a variety of secondary prod-
ucts, such as CH;—CH,+H, CGH+H, and CH,+CH, or
CH,—C;+H,, CGH+CH, and CH,+C. Among the secondary
product channels, the hydrogen atom loss from propargyl was
found to be dominant (94 %) followed by C;H+H, (4%); how-
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ever, the nature of the C;H could not be unraveled.
The remaining channels were minor routes. The pro-
duction of the propargyl radical by the UV photolysis
of allene is so efficient that it can be even used to
measure high-resolution vibrational/rotational spec-
tra of the propargyl radical.”

3.1.2.3 Molecular Beam Studies—Laser-Induced
Fluorescence

In 1994, Jackson and co-workers revisited this system
and measured the quantum state distribution of the
secondary decomposition product tricarbon (C;)
from the “deep” multiphoton dissociation of both
allene and propyne at 193 nm in a pulsed molecular
beam.” Prior to this experiment, Lesiecki et al.'"®”
demonstrated that infrared (IR) multiphoton photoly-
sis (with a carbon dioxide laser at 9.55 um exciting
the v, CH, rocking vibration) of allene provides a
source of tricarbon, which was detected by laser-in-
duced fluorescence (LIF). Jackson and co-workers
also utilized the LIF spectroscopy to measure C;'s rotational
distributions in the 000 and 010 vibrational states. The distribu-
tions appeared to be cold and identical for C; derived from
either allene and propyne. The results were explained by sug-
gesting the following reaction mechanism: the initial photoex-
citation of allene and propyne puts them in different Franck-
Condon regions on their respective excited states. Direct disso-
ciation from the different Franck-Condon regions would lead
to distinct C;H, product isomers with different internal ener-
gies, which in turn should give tricarbon products with differ-
ent internal energies, contrary to the observations. For the ro-
tational distributions of the observed tricarbon to be identical,
one is forced to postulate that the photolyzed C;H, intermedi-
ate should be the same for allene and propyne. One way to
achieve this is by the conversion of electronically excited
allene and propyne to the vibrationally excited C;H, on the
ground state PES before dissociation occurs. Once it is on this
surface, a C;H, molecule with internal energy of 620 kJmol™' is
above all barriers to isomerization, and the same intermediate
is formed before dissociation. This agrees with the results of
the allene and propyne pyrolysis experiments showing that
the allene-propyne isomerization is faster than their decompo-
sition. Alternatively, the equilibration may happen after the
molecular hydrogen detachment from allene or propyne if the
primary C;H, product has enough internal energy for isomeri-
zation. The last possibility is that the photoexcited C;H, isomer
also undergoes internal conversion to the vibrationally hot
ground electronic state and its isomerization on the ground
state PES is faster than the molecular hydrogen loss. Any of
these three scenarios can account for the observed identical
rotational distributions of tricarbon from allene and propyne.

3.1.2.4 Molecular Beam Studies—Photoionization

Further photodissociation experiments, however, cast doubt
that the unimolecular decomposition dynamics of allene and
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propyne are completely identical. Ni and co-workers (1999)
used vacuum ultraviolet (VUV) laser photoionization at 118 nm
in combination with TOF mass spectrometry to determine the
photofragments of laser photodissociation of allene and pro-
pyne at 193 nm in a molecular beam. They confirmed atomic
hydrogen elimination as the primary dissociation process for
both of these molecules by detecting C;H;™ ions. In addition,
they observed molecular hydrogen elimination and also the
carbene (CH,) + acetylene channel for allene. The latter was ob-
served for the first time, which is not surprising, because it is a
minor channel responsible for only 1% of the total products as
extrapolated to zero laser power. The contribution of the mo-
lecular hydrogen elimination was evaluated as 7%, slightly
lower than the 11% obtained by Jackson et al.®” This channel
was found to include a multiphoton component of less than
10% of the total C;H,+H, yield due to absorption of more
than a single photon. Only the C;H; (H-loss) and C;H, (H,-loss)
fragments were detected in the photodissociation of propyne,
with most of C;H, resulting from a two-photon process. Ni
et al. concluded that the different ratios of the various dissocia-
tion channels in allene and propyne points to a difference in
dissociation mechanisms of these two molecules. The geome-
try on the excited state surface can influence the relative rates
of internal conversion and direct dissociation, and the isomeri-
zation between allene and propyne might not be as fast as the
dissociation. They also inferred that hydrogen atom production
in propyne is likely to occur in the excited state, but in allene
it takes place on the ground state surface.

Chang et al. followed up this study by measuring the ionic
and luminous photofragments of allene excited with a focused
laser beam at 193 nm,"® such that the decomposition and
ionization was caused by absorption of several UV photons.
They performed laser-power dependence measurements to
reveal the mechanisms accounting for the competition be-
tween dissociation and ionization in the excited states of
allene and its photofragments. The major products observed
were neutral carbon species (C, C,), carbon ions (C;*, C,*, C7),
and methylidyne (CH). The yields of the hydrocarbon ions of
CH," (n=1-4) were relatively low compared with the yields
of the abundant carbon ions. All the observed products were
generated by multiphoton processes. A kinetic model was sug-
gested to interpret the laser-power dependence of each pho-
tofragment and to illuminate the photodissociation/ionization
mechanisms of allene. The model included the following pro-
cesses (“—" and “=" denote one- or two-photon processes, re-
spectively): production of C;* (4 photons are required): C;H,—
CH,—C=C; C,7 (5 photons): CH,—CH,—C=C =G
C* (5 photons): C3H,—C3H,—C;=C;"—C™; CH(A’D) (2 pho-
tons): CH,—C;H;—CH; C,(d’P,) (4 photons): C;H,—C;H,—
G=Gy(d); GD'E,N (3 photons): CH,—C;H,=C,; and C('P)
(5 photons):  C;H,—C3H,—C;=C('D)—C('P).Since the major
ionic products detected are C,* (n=1-3), the authors conclud-
ed that the photodissociation of C;H, (n=1-4) at 193 nm, with
atomic/molecular hydrogen elimination or carbon-carbon
bond rupture, is more favorable than the competing multipho-
ton ionization process in these hydrocarbons.

[101]
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3.1.2.5 Molecular Beam Studies—Tunable Photoionization

In 1999, Neumark and coworkers""® investigated the photodis-
sociation dynamics of allene and propyne at 193 nm in molec-
ular beams using two different techniques to photoionize the
photofragments, namely electron impact ionization and tuna-
ble VUV light. Although they confirmed that the two major pri-
mary photodissociation product channels are C;H;+H and
C;H, +H,, based on their measurements of photoionization ef-
ficiency (PIE) curves, they arrived to rather different conclusions
than the previous groups, except for Satyapal and Bersohn,”*
and Seki and Okabe.” For instance, they assigned the C;H,
isomer formed from allene as propargyl, but that from propyne
as propynyl (CH;CC) and attributed the cleavage of the stron-
ger acetylenic C—H bond in propyne instead of a weaker C—H-
bond in the methyl group to the fact that the dissociation in-
volves an electronically excited PES. The C;H, fragments pro-
duced both from allene and propyne were assigned as vinyli-
denecarbene (H,CCC), a small amount of which was also ob-
served from secondary dissociation of C;H;. The C;H;+H/
C;H,+H, branching ratios were evaluated as 64:36 and 56:44
for allene and propyne, respectively, which is at odds with the
previous measurements by Jackson etal.”” and Ni etal."™"
Four years later, DeSain and Taatjes""® studied 193 nm photol-
ysis of propyne using infrared laser absorption spectroscopy
and reported even lower quantum yield of the CH; radical,
0.49+0.1, though they disagreed on the identity of the C;H,
isomer produced, which, based on the observed infrared spec-
tra, they concluded to be the propargyl radical. Interestingly,
they also deduced that acetylene is a primary product of pro-
pyne photolysis, with a quantum yield of about 0.1.

3.1.2.6 Molecular Beam Studies—UV Spectroscopy

The question on the identity of the C;H; isomer produced in
photolysis of propyne lingered in the literature. In 2005, Fahr
and Laufer® reported a study of UV absorption spectra of the
radical transients produced in photodissociation of allene, pro-
pyne, and 2-butyne at 193 nm. In this work, the dissociation
products were detected by time-resolved UV-absorption spec-
troscopy and through gas chromatographic/mass spectroscop-
ic (GC/MS) analysis of the photolyzed samples. The spectral
features measured for 193 nm photolysis of allene are in good
agreement with the previously reported spectrum of the prop-
argyl radical and thus the latter was concluded to be the domi-
nant C;H, isomer produced. The spectra obtained from 193 nm
photolysis of HCCCH; (propyne) and CH;CCCH; (2-butyne) are
nearly identical but distinct from that for allene. This difference
induced the authors to suggest that the observed absorption
features for propyne and 2-butyne are likely to be composite
with contributions from a number of transient species other
than propargyl radicals. Based on the structural similarity of
propyne and 2-butyne, Fahr and Laufer concluded that methyl
(CH;) and propynyl (CH;C=C) are likely to be among the pho-
todissociation products of 2-butyne, whereas propynyl is likely
to be the photodissociation product of propyne. They found
some support for this conclusion in their GC/MS product analy-
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sis of photolyzed 2-butyne samples, which showed the pres-
ence of C,H, (formed by recombination of CH; radicals) and
various C¢Hg (including 1,5- and 2,4-hexdiynes) and C,H iso-
mers likely formed in the CH;+ C;H; reaction. However, a flaw
in this consideration is the following: according to ab initio
and RRKM calculations of product-branching ratios in the pho-
todissociation of 2-butyne at 193 nm,!'"® assuming both inter-
nal conversion to the ground state PES and statistical behavior,
the C;H; fragment is propargyl rather than propynyl. Isomeri-
zation of 2-butyne to 1,2-butadiene followed by the carbon-
carbon bond cleavage in the latter to give propargyl plus
methyl is faster than the direct dissociation of 2-butyne to pro-
pynyl and methyl. Therefore, it is likely that propargyl radicals
are produced in the photodissociation of both propyne and 2-
butyne. The difference in the UV absorption spectra of the rad-
ical transients could possibly be caused by a small contribution
of propynyl formed on an excited state surface.

3.1.2.7 Molecular Beam Studies—Tunable Photoionization
of Deuterated Molecules

In 2005, Neumark and coworkers"*” reinvestigated allene, pro-
pyne, and D3-propyne with photofragment translational spec-
troscopy (PTS) at 193 nm, also using tunable VUV synchrotron
radiation or electron impact to ionize the fragments. They ob-
tained TOF data and determined center-of-mass translational
energy distributions (P(E;)) and measured photoionization effi-
ciency (PIE) curves. The C;H;+H/C;H, +H, branching ratio was
found to be 90:10, regardless of precursor, in agreement with
the results of Jackson et al.®” and Ni et al."®" The P(E;) distribu-
tion for each channel is also practically independent of precur-
sor and both channels appear to occur following internal con-
version to the electronic ground state, also in line with the
conclusions of the previous studies. For allene, no evidence of
the carbene (CH,)+ acetylene (C,H,) channel observed by Ni
et al. was found; the authors attributed this to poorer kinemat-
ics in their experiment for the detection of fragments with rela-
tively close masses. For the hydrogen atom loss, the P(E;) dis-
tribution is concentrated at very low translational energy, con-
sistent with ground state dissociation to two open shell spe-
cies C;H;+H without an exit barrier. The distribution for the
minor C;H, +H, channel peaks well away from zero translation-
al energy consistent with dissociation over an exit barrier. The
shape of the PIE curve suggests that the vinylidenecarbene
(H,CCQ) is the dominant product among C;H, isomers in this
minor channel. However, the authors did not rule out the for-
mation of a small amount of the most stable C;H, isomer, cy-
clopropenylidene, which would involve, as a precursor, cyclo-
propene, an intermediate along the allene-propyne isomeriza-
tion pathway. Neumark and coworkers also concluded that the
C;H; species formed by hydrogen atom loss from propyne is
dominantly the propargyl radical, although they have not com-
pletely excluded the possibility that there is some production
of propynyl. As was the case for allene, the molecular hydro-
gen loss from propyne is relatively minor and the P(E;) distribu-
tion peaks well away from zero, consistent with ground state
dissociation following internal conversion. The molecular hy-
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drogen loss is disfavored by the tighter transition state associ-
ated with molecular elimination as opposed to bond scission,
and the P(E;) distribution was consistent with dissociation over
an exit barrier. The atomic versus molecular hydrogen loss
branching ratios are largely identical for allene and propyne,
even though the barrier heights for the two 1,1-elimination
pathways are somewhat different by 33 ki mol™". These results
raise a question over how much isomerization occurs between
propyne and allene prior to dissociation. This was addressed
by interesting results obtained for D3-propyne. First, the au-
thors looked at the D:H-branching ratio from photodissocia-
tion of CD;CCH and found it to be approximately 1:1. Based
on this, they deduced that the hydrogen atom loss from D3-
propyne does not result from excited state dissociation to
CD;CC+H but is rather caused by isotopic scrambling prior to
dissociation. This either takes place through isomerization to
cyclopropene and back to propyne, giving CD,HCCD, which
could then lose a hydrogen atom to form D3-propargyl, or by
isomerization to D3-allene, CD,CCDH. The complete isotope
scrambling would however be expected to result in a D:H-
branching ratio of 3.3:1 rather than 1:1. To explain this discrep-
ancy, the authors computed the densities of states for the pos-
sible reactions to form propargyl radical and H or D. It ap-
peared that at the energies corresponding to 193 nm photoex-
citation, the density of states for CD,CCD+H is three times
that of either CHDCCD +D or CD,CCH+D, thereby almost ex-
actly compensating for the 3.3:1 D:H-ratio expected without
considering product densities of states. Simply speaking, the
hydrogen atom loss is more favorable thermodynamically (and
kinetically) because the carbon-hydrogen stretching frequency
is larger than that for carbon-deuterium and rupture of a
carbon-hydrogen bond results in a larger reduction of the
zero-point vibrational energy (ZPE) than in the case of carbon-
deuterium bond. Therefore, isotopic scrambling of the hydro-
gen atoms in propyne competes effectively with the hydrogen
atom loss. The question as to whether the hydrogen atom
scrambling produces a significant allene population prior to
dissociation was addressed by considering the molecular hy-
drogen loss channels, measuring HD:D,-branching ratio, and
PIE curves for CGGHD and C;D, fragments. If no isomerization
were to take place, then the molecular hydrogen elimination
from D3-propyne would give only D,+DCCCH via a three-
center transition state, because production of HD+ CCCD,
through a five-center transition state requires a much higher
barrier. However, HD:D,-branching ratios were measured to be
between 1:1 and 1.5:1 and thus there should be significant iso-
topic scrambling in D3-propyne prior to a molecular hydrogen
loss. The P(E;) and PIE curves help to identify the C;HD and
C;D, fragments. The P(E;) distributions for HD versus D, are
similar, whereas the PIE curves are identical within their error
bars, indicating no difference between the CHD and CD,
fragments. Moreover, these curves are more similar to the PIE
curve for the molecular hydrogen loss from propyne than the
corresponding curve for H, loss from allene. Based on this, the
authors concluded that the HD- and D,-loss channels are very
similar, and there is a preference for forming C;H, species with
lower ionization potentials from propyne, that is, propargylene

357

www.chemphyschem.org


www.chemphyschem.org

PHYS

(HCCCH) and cyclopropadienylidene, than from allene (vinyl-
idenecarbene). This, however, only presents evidence that iso-
topic scrambling is not fast enough to fully eliminate the dif-
ferences in photodissociation of allene and propyne.

3.1.2.8 Molecular Beam Studies—VUV Photodissociation

In 2000, Harich et al. studied the photodissociation dynamics
of allene at a shorter wavelength with 157 nm VUV pho-
tons."™ They confirmed the conclusion made by Ni et al.""
that there exists three major decomposition channels, C;H;+
H, CGH,+H,, and CH,+ C,H,. According to the observed trans-
lational energy distributions, the dissociation was concluded
rather to be statistical in nature and to occur on the ground
electronic state PES after internal conversion. There is little or
no reverse barrier for the hydrogen atom loss channel, but the
translational energy distribution for the molecular hydrogen
elimination peaks away from zero, at 75 kJmol™', pointing to
the existence of a significant reverse barrier for the production
of C;H,+H,, as is common for molecular hydrogen loss in hy-
drocarbons. The dynamics of the atomic and molecular hydro-
gen loss processes were found to be similar to those observed
at 193 nm. A further insight was obtained for the CH,+C,H,
products, namely a trace channel observed earlier by Ni et al.
at 193 nm.""" The translational energy distribution for CH, for-
mation peaks at about 33 kJmol™', indicating the existence of
a small reverse barrier, and covering a broad energy range ex-
tending 25-293 kJmol . This means that at least a fraction of
C,H, products are acetylene molecules, although the vinyli-
dene isomer (H,CC) could be also produced. The latter can be
formed via a carbon-carbon double bond cleavage in allene,
but the formation of acetylene is expected to proceed via the
cyclopropene intermediate. The H/H/CH,-branching ratios were
evaluated as 1:0.15:0.27 indicating that the increase of the
photon energy and consequently the internal energy available
to allene strongly favor the CH,+C,H, and C;H,+H, channels
against the atomic hydrogen; recall that Ni et al. evaluated the
branching ratios as 1:0.075:0.01 at 193 nm.['®!

Harich et al. also studied the photodissociation of propyne
at 157 nm, including its deuterated counterparts CD,CCH and
CH,CCD.' The hydrogen atom loss was observed both from
the methyl group and from the ethynyl radical site. The hydro-
gen atom elimination from the methyl group was found to be
a single dynamical channel and was concluded to be a statisti-
cal process occurring on the ground state PES after internal
conversion. Alternatively, the hydrogen atom loss from the eth-
ynyl (C,H) group shows two distinguishable dynamic pathways
with a ratio of 0.30 (fast) and 0.43 (slow), where the slow hy-
drogen atom products are attributed to statistical dissociation
on the ground state surface and the fast products to dissocia-
tion in an excited electronic state. The overall branching ratio
for the hydrogen atom elimination from the methyl and ethyn-
yl group was evaluated to be 0.27:0.73. The yield of molecular
hydrogen was much smaller than that of hydrogen atom:s,
with the molecular to atomic hydrogen branching ratio mea-
sured as 1:9.6. Comparison of the H,, HD, and D, photoprod-
ucts from deuterated molecules indicated that the molecular
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hydrogen elimination process is not sensitive to the origin of
the two hydrogen atoms and therefore scrambling of the hy-
drogen atoms is significant prior to dissociation at 157 nm. In
addition, two different carbon-carbon bond breaking processes
were also observed, producing CH;+ C,H and CH, + C,H,, with
the relative branching ratio of 2.2:1, respectively. The existence
of the latter channel also confirms that isomerization of pro-
pyne is significant prior to dissociation. Nevertheless, the ob-
served differences in the photodissociation dynamics of allene
and propyne at 157 nm clearly show that complete equilibra-
tion between the two isomers does not occur at these condi-
tions.

3.1.2.9 Molecular Beam Studies—Rydberg Tagging

In 2002, Qadiri et al.""” investigated the photodissociation dy-
namics of allene and propyne using the hydrogen atom Ryd-
berg tagging method at 203.3, 209.0, and 213.3 nm. They
found the translational energy spectra of the hydrogen atom
formation channel to be practically identical for allene and pro-
pyne and to have the form well-reproduced by a statistical
model. Qadiri et al. concluded the fragmentation to occur on
the ground state surface and the isomerization between allene
and propyne to precede the dissociation. In 2003, the same
group™" used the similar H(D) Rydberg tagging techniques to
study the fragmentation dynamics of allene, propyne, and D3-
propyne at 193 nm and arrived at the same conclusions based
on the strong resemblance of the total kinetic energy release
spectra of the H(D) atoms produced from H,CCCH,, H;CCCH,
and D;CCCH. The authors contrasted their results to the earlier
observations by Neumark and coworkers in their 1999
paper’® and by Bersohn'’s group,” who inferred that the pro-
pynyl radical is formed in 193 nm photodissociation of pro-
pyne by a cleavage of the stronger acetylenic C—H bond. This
likely occurs on an electronically excited state surface. Never-
theless, the later paper from Neumark’s group in 2005"%” fun-
damentally agrees with the results of Qadiri etal. in that the
H(D) loss processes from allene, propyne, and D3-propyne are
preceded by isomerization and statistical equilibration. Howev-
er, subtle differences were still observed for the other dissocia-
tion channels (H,, D,, and HD loss in the Neumark’s study"®”
and the observation of a trace CH,+ C,H, channel from allene
in the work of Ni et al."®"), indicating that there is no full equi-
libration between allene and propyne before decomposition.
Qadiri et al."" extended their studies of the photofragmen-
tation dynamics to the much shorter wavelength of 121.6 nm.
In this case, they observed TOF spectra of the hydrogen and
deuterium atoms, which were rather different for allene, pro-
pyne, and D3-propyne. They interpreted these differences by
assuming two competing mechanisms for the H(D) loss from
propyne. One involves selective cleavage of the acetylenic
carbon-hydrogen bond on the excited electronic state surface
where the photoexcitation energy is efficiently funneled to
induce stretching of this bond. The second channel, with a
slower distribution of H(D) atoms arises from internal conver-
sion to a lower electronic state, isomerization and subsequent
hydrogen atom loss. Interestingly, the data of the hydrogen
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atom channel produced from 121.6 nm photolysis of allene are
identical to those attributed to the second, statistical fragmen-
tation channel of propyne. These results show that, as the
wavelength shortens, the importance of the hydrogen atom
loss channel involving the acetylenic hydrogen atom in pro-
pyne on the excited state PES increases.

3.1.2.10 Molecular Beam Studies—Inversion Mass
Spectrometry

Hayakawa et al."'? studied dissociation mechanism of electron-

ically excited isomers of C;H, using charge inversion mass
spectrometry. In their experiment, neutral allene and propyne
in excited states are formed by a neutralization reaction with
alkali metal atoms (Cs and K), and then dissociated into neutral
fragments, which are converted into negative ions and then
detected by a mass spectrometer. Both C;H;™ and C;H,™ prod-
ucts are found for allene and propyne. The behavior of the
branching ratio of molecular to atomic hydrogen loss indicats
that dissociation in the higher excited state favors a molecular
compared to atomic hydrogen loss. When two hydrogen
atoms are eliminated, the dissociation occurs via molecular hy-
drogen rather than by two consecutive atomic hydrogen
losses. Experiments with partially deuterated propyne
(CD;CCH) show that a HD elimination produces mainly vinyli-
dene carbene D,CCC or cyclopropenylidene isomers. However,
the activation energy for the molecular loss channel should be
higher than that for atomic loss pathway, although the heats
of reaction for the former process are lower than those for the
latter. The correlation between the product peak intensity
ratios in the observed mass spectra shows that the weaker the
carbon-hydrogen bond in allene or propyne, the more easily
this bond cleaves. Finally, rupture of a carbon-carbon bond is
found to be much less favorable than elimination of hydrogen
atoms. The role of potential energy surfaces of excited elec-
tronic states is not well understood from this work, but it is
likely that the electronically excited allene and propyne under-
go fast internal conversion to the vibrationally excited ground
electronic states prior to their dissociation.

3.1.2.11 Molecular Beam Studies—VUV Synchrotron
Excitation

The most recent study of the photolysis of allene and propyne
involves relaxation processes at much higher energies. Alnama
etal¥ used VUV synchrotron radiation in the excitation
energy range of 7-30 eV (180-40 nm) and measured the visible
fluorescence spectra of the excited neutral photofragments.
Since only the electronically excited dissociation products are
detected in this experiment, dissociation occurs on excited
state surfaces and thus this report is complementary to the
previous photolysis studies, in which mostly ground state frag-
ments were measured (besides the work by Hayakawa et al."'?
and Chang et al."). Note that at the photoexcitation wave-
length of 157 nm (7.9 eV) and even 121.6 nm (10.2 eV) allene
photodissociation was concluded to occur statistically, mostly
on the ground state surface, whereas for propyne the role of
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excited state cleavage of the acetylenic C—H bond becomes
significant at 157 nm. Alnama et al. were able to detect visible
fluorescence from hydrogen atoms (4-2 and 3-2 Balmer lines),
CH (A*A-X °II) transition, and C, (d’I1,-a’[1,) “Swan’s bands".
The apparition thresholds of these excited products were de-
termined and all processes leading to them were interpreted
as fast and barrierless dissociation processes on the excited
PESs. The authors concluded that at low energy of 7-16 ¢V,
allene and propyne keep a “strong memory” of their initial
structure and show differences in the observed spectra;
though isomerization is already present, it is not dominant.
Above 16 eV, increasingly fast isomerization as compared to
neutral fragmentation is evidenced for both isomers. For exam-
ple, around 17.5 eV, the sudden rise of the H, emission signal
in allene could be rationalized by an isomerization into pro-
pyne with the additional formation of the propynyl radical.
Beyond 22 eV, the two isomers are no longer distinguishable
either by their total fragment fluorescence or by their dis-
persed fragment fluorescence spectra. Thus, among the neutral
relaxation processes occurring on the excited PESs and ob-
served in this work, isomerization precedes neutral fragmenta-
tion in the high-energy range.

3.1.2.12 Electronic Structure Calculations

The experimental data described above can be better under-
stood using ab initio calculations on the C;H, potential energy
surface. Yoshimine and co-workers first described detailed ab
initio calculations of the ground state surface of C3H,.["*"9
They investigated the lowest energy pathways involving inter-
mediate geometries and transition states and suggested the
following sequence of reaction paths: allene (CH,CCH,)—1,2-H
shift—vinylmethylene (CH,CHCH)—ring closure—cyclopro-
pene—1,2-H shift/ring opening—propenylidene(CH;CHC)—
1,2-H shift—propyne (CH;CCH). These studies confirmed the
proposal of Walsh and co-workers"”""'? that the allene-pro-
pyne isomerization takes place via the cyclopropene intermedi-
ate. The height of the isomerization barrier was found to be
275 kJmol™' above the zero-energy level of propyne, which
itself lies 3 kymol™" below allene. The barrier for the 1,3-H shift
leading directly from allene to propyne was calculated to be
much higher, at 397 kJmol™'. Further higher-level ab initio
studies followed"® and in the recent decade the allene-pro-
pyne isomerization was reexamined by Davis et al. at the G2-
(B3LYP) level,"*" and the atomic and molecular hydrogen loss
channels were computed by Mebel and co-workers at
CCSD(T)/6-311 + G(3df,2p)//B3LYP/6-311G(d,p), along with cal-
culations of the lowest excited states.'?*'* The most detailed
account of the C3H, PES in the ground state was given by
Miller and Klippenstein in 2003,°¥ who also utilized this surface
to calculate microcanonical rate coefficients using RRKM
theory, and to predict phenomenological rate constants for
various reactions occurring employing several formulations of
the master equation. Miller and Klippenstein confirmed the iso-
merization mechanism suggested by Yoshimine and co-work-
ers (except that propenylidene does not appear to be a stable
intermediate and vinylmethylene is only a metastable species)
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and calculated the highest barrier on the reaction pathway to
be 279 kimol™" with respect to allene and to correspond to
the initial 1,2-H migration step from allene to vinylmethylene.
At 371 kJmol™, the direct 1,3-H shift path from allene to pro-
pyne exhibits a much higher barrier. The energies for the
atomic hydrogen loss processes to produce the propargyl radi-
cal were computed to be 373 kimol™" and 376 kimol™" for
allene and propyne, respectively. The propynyl isomer (CH,CC)
lies 168 kJmol™" above propargyl™* and so the hydrogen
atom loss from the ethyl group in propyne requires
545 kJmol™'. The three-center molecular hydrogen elimination
from allene yielding vinylidenecarbene (H,CCC) goes via a bar-
rier of 389 kimol™". The same product can be formed by five-
center molecular hydrogen loss from propyne, but with a huge
barrier of 532 kJmol™ relative to propyne. The 1,2-H, emission
from the methyl group in propyne to form singlet propargy-
lene (HCCCH) occurs via a lower barrier of 425 kJmol™". Finally,
the molecular hydrogen loss from cyclopropene producing the
most stable C;H, isomer (cyclopropadienylidene) requires a
350 kJmol™" barrier with respect to cyclopropene, but the
latter itself resides 94 kJmol™' above allene. Note also that the
endoergicities of the singlet CH,+ C,H, and CH;+C,H product
channels involving carbon-carbon bond cleavages computed
at a similar G2M(MP2) level of theory are 454 kJmol™' and
513 kJmol ™, respectively.

Also, Jackson et al.'?? investigated surfaces for several excit-
ed electronic states of allene and deduced a scenario for inter-
nal conversion to the vibrationally excited electronic ground
state. The most likely mechanism for the photodissociation of
allene at 193 nm was suggested to involve as the initial step
vertical excitation to the 'B; state. The difference between the
energy of a photon and the adiabatic excitation energy for the
corresponding equilibrium structure on the excited state PES is
very large, about 327 kimol™". Therefore, the molecule formed
in the excited electronic state should also be highly excited vi-
brationally. Particularly, since the allene molecule in the excited
state tends to become planar, the normal mode corresponding
to the internal CH, rotation should be excited. In the next
stage, conversion into the vibrationally excited electronic
ground state takes place by hopping from S; to S, on the
seam of their crossing, which can happen at the planar G,
symmetric geometries with a bent CCC group and would lead
to vibrational excitation of the CC stretching and the CCC and
CCH bending modes in the ground state. The existence of sev-
eral crossing points between the excited and ground electron-
ic states in the energy range below 628 kJmol™' indicates that
internal conversion of allene to the ground state after photo-
excitation should be fast, in line with the experimental obser-
vations in the allene photolysis.

For propyne photodissociation at 193 nm, Mebel et al.'*
suggested a mechanism that involves as the initial step vertical
excitation to the 'E state. Upon lowering the symmetry from
G, to C, the first excited 'E state splits into the 2'A” and 'A”
components, both with trans and cis geometries. The geome-
try optimizations of these states give four distinct minima. The
trans and cis forms of the 'A” state have adiabatic excitation
energies of 5.01 and 5.47 eV, respectively, and the geometry is
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characterized by the bent CCC and CCH groups in the mole-
cule. The acetylenic CC bond is stretched from 1.20 to 1.36-
1.39 A, and the acetylenic carbon-hydrogen bond is elongated
by 0.02-0.03 A, whereas here only small changes in the geom-
etry of the H;C—C group is observed. Interestingly, the struc-
tures of the CCH group and the adiabatic excitation energies
of the trans- and cis-bent 'A" are close to those of the trans-
'A, and cis-'A, states of acetylene,'* respectively. The differen-
ces between the photon energy and the adiabatic excitation
energies of the S, ('"A) and S, (2'A’) equilibrium structures are
0.7-1.4 eV. The normal modes corresponding to the CCC and
CCH bending and carbon-hydrogen stretching of the acetylen-
ic hydrogen should be excited, while the methyl fragment is
not affected. This sheds light on why the elimination of the
acetylenic (but not methyl) hydrogen could be the major pho-
todissociation channel occurring in the excited electronic state,
although the acetylenic carbon-hydrogen bond is much stron-
ger than the one in the methyl group. Also note that calcula-
tions by Cui et al."* show that the photodissociation mecha-
nism of acetylene involves crossings between the S, and S,
surfaces, as well as the S, and S, surfaces in the energy range
of 6.1-6.3 eV along the pathway of the H atom elimination. As
the excited-state surfaces for propyne and acetylene are simi-
lar, we speculated that the fast elimination of the acetylenic
hydrogen in methylacetylene may occur by a similar mecha-
nism: traveling along the S, and S, surfaces followed by the
S,—S, crossing and elimination of the H atom producing the
propynyl radical (H;CCC; 2A,).'"® Thus, there exists a dynamical
preference for hydrogen atom loss from the ethynyl group in
propyne either on the excited state surface or immediately
after internal conversion to the ground state. An alternative
dissociation mechanism involves internal conversion into the
ground state followed by redistribution of the energy between
all vibrational degrees of freedom, in which case elimination of
a methyl hydrogen on the vibrationally excited ground-state
surface is statistically preferable. The major findings of the un-
imolecular photochemical isomerization and decomposition of
C;H, molecules are compiled in Figure 3.

3.1.3 Molecular Beam Experiments—Reactions
3.1.3.1 The C(’P)/H,CCH,(X'A,) System

Crossed molecular beam experiments of ground and excited
state carbon atoms with ethylene (H,CCH,) present a nice ap-
proach to access various intermediates on the C;H, potential
energy surface—among them singlet and triplet allene. The re-
action of ground state carbon atoms was first investigated
under single collision conditions at collision energies of 17.1
and 38.3 kJmol™' using the crossed molecular beams tech-
nique. This bimolecular reaction accesses the triplet allene
structure. A detailed analysis of the product angular distribu-
tions and time-of-flight spectra of m/z=39 (C;H;") and m/z=
38 (C;H,™) suggests the existence of an atomic carbon versus
atomic hydrogen replacement channel to form the propargyl
radical (H,CCCH) plus atomic hydrogen (Figure 4a).'"”"! Here,
the carbon atom was found to add to the carbon-carbon
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Figure 3. Compilation of the principal reaction mechanisms in the photo-
chemistry of allene.
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Figure 4. Relevant stationary points of the potential energy surfaces pertain-
ing to the reactions of ground [C(P), top] and excited state carbon atoms
[C('D), bottom] with ethylene (H,CCH,) and the involvement of singlet and
triplet allene intermediates.

double bond without entrance barrier to form a triplet cyclo-
propylidene intermediate i1.'%712%13% The |atter is stabilized by
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216 kimol™! relative to the reactants and isomerized via ring
opening through a barrier of 56 kimol™ to triplet allene i2.
The triplet allene intermediate resides in a deep potential
energy well of 343 kJmol™ and decomposes predominantly
via a tight exit transition state located 19 kJmol™' above the
separated products by atomic hydrogen loss to form the prop-
argyl radical. Based on the energy dependence of the center-
of-mass functions, the reaction with ethylene also shows also a
second microchannel to form propargyl radicals via rather
direct scattering dynamics; this contribution is quenched as
the collision energy increased. Considering the energy depend-
ence of the relative cross sections, the authors also predicted
the existence of the C,H,(X'Z,*)+CH,(X’B,) channel. The find-
ing correlates well with a theoretical study of this system.
Here, Mebel and co-workers suggested that a minor fraction of
about 7% of triplet allene i2 rearranges via a hydrogen shift to
vinylmethylene (i3) followed by fragmentation to atomic hy-
drogen plus the propargyl radical and to Csz(X12g+)+CH2-
(X3B;) (2%)."*® All experiments and theoretical studies concur
that an elimination of molecular hydrogen does not take
place.

3.1.3.2 The C('D)/H,CCH,(X'A,) System

Complementary to the triplet surface, the reaction of excited
state carbon atoms [C('D)] with ethylene accesses the singlet
C;H, surface. This helps to unravel the unimolecular decompo-
sition of chemically activated singlet allene under single colli-
sion conditions at collision energies of 48-104 kJmol™' (Fig-
ure 4b)."3" Similar to the triplet surface, the reaction is initiat-
ed via a barrierless addition of the carbon atom to the carbon-
carbon double bond to form a singlet cyclopropylidene inter-
mediate i1. The latter ring opens to singlet allene (i2). Due to
the high collision energy, the lifetime of allene is very short;
the inferred reaction dynamics are rather direct and dominated
by a decomposition of singlet allene to form propargyl radicals
plus atomic hydrogen. The short lifetime of the allene inter-
mediate also hinders successive isomerization steps of singlet
allene to three isomers: vinylmethylene (i3), cyclopropene (i4),
and methylacetylene (i5).

3.2 Butatriene
3.2.1 Photochemistry

To date, neither shock-tube studies nor gas-phase photodisso-
ciation studies on the unimolecular decomposition of buta-
triene have been carried out. An in-depth literature search ex-
posed only one matrix isolation study. Here, the photochemis-
try of butatriene is investigated by Wrobel et al."*? using the
matrix-isolation method in argon matrices at 10 K. The matri-
ces were irradiated with 248 and 193 nm laser light and the
products were identified by IR spectroscopy. The irradiation
with 248 nm photons produced vinylacetylene (H,CCHCCH),
the van der Waals dimer of acetylene (HCCH...HCCH), and
methylenecyclopropene  (H,CC;H,) as  major  products
(Figure 5). Trace amounts of the allenylcarbene intermediate
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Figure 5. Compilation of reaction pathways in the photochemistry of buta-
triene under matrix conditions.

(H,CCCHCH) were also detected. The photochemical isomeriza-
tion of butatriene to methylenecyclopropene appears to be re-
versible, as upon irradiation of the product mixtures with visi-
ble light with 1>420 nm methylenecyclopropene rearranges
back to butatriene. Irradiation at 193 nm results in a decrease
of all absorptions of methylenecyclopropene and formation of
butatriene. In addition, acetylene dimers are produced. The au-
thors performed MP2 and DFT calculations and concluded that
the butatriene-methylenecyclopropene rearrangement takes
place predominantly on the singlet surface where the most
plausible pathway is a two-(or multi-) step mechanism involv-
ing a 1,2-H migration followed by a vinylcarbene-cyclopropene
rearrangement, which involves allenylcarbene as the key inter-
mediate and requires a calculated barrier of 268 kJmol™". Trip-
let allenylcarbene was also found to be a stable minimum on
the surface. Similar photochemical matrix-isolation experiments
on allenylcarbene reactivity by Aycard et al."** showed the for-
mation of vinylacetylene and acetylene.

The observed isomerization and dissociation reactions of bu-
tatriene can be understood based on our G2M(RCC,MP2) calcu-
lations of the singlet C,H, PES."** These calculations show that
butatriene can rearrange to methylenecyclopropene by two
different two-step pathways. The isomerization requires three-
member ring closure and a 1,2-shift of one of the hydrogen
atoms. These two processes can occur in different orders and
hence two distinct rearrangement mechanisms were found.
Along the first pathway, the first step is a hydrogen atom 1,2-
migration leading to allenylcarbene. The calculated barrier for
the hydrogen migration is 305 kJmol™', and the resulting
isomer HCCHCCH, lies 254 kJmol~'higher in energy than buta-
triene. HCCHCCH, is only a metastable intermediate, which
easily undergoes ring closure to methylenecyclopropene over-
coming a very small 2 kJmol™" barrier. Along the second possi-
ble pathway the ring closure occurs at the first step and is fol-
lowed by the 1,2-H shift between two ring carbon atoms. The
barrier for the ring closure is calculated to be 262 ki mol™ rela-
tive to butatriene and the cyclic intermediate formed after this
rearrangement is only a metastable local minimum because
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the reverse ring-opening barrier is only about 1 kJmol™". In the
forward direction, the 1,2-H shift leads to methylenecyclopro-
pene via a barrier of 63 kJmol™". A comparison of the two
mechanisms shows that the first pathway via allenylcarbene is
energetically more favorable than the second because the
highest barrier on the former (305 kJmol™' relative to buta-
triene) is 19kJmol™ higher than that on the latter,
324 kJmol™. In both cases, the 1,2-H shift is the rate-determin-
ing step. The most favorable isomerization channel of methyle-
necyclopropene leads to vinylacetylene. This process involves
1,2-H shift to the central carbon accompanied with a rupture
of the carbon-carbon bond bridged by the migrating hydrogen
atom with a barrier of 177 kimol™". Methylenecyclopropene
can also dissociate into a number of different products. First, a
cleavage of two single carbon-carbon bonds in the C; ring can
result in the formation of acetylene plus vinylidene over a bar-
rier of 260 kJmol™" and with an endoergicity of 244 kimol™".
Vinylidene is a metastable intermediate, which rapidly isomer-
izes to acetylene, and apparently cannot be observed in the
matrix isolation experiments. Alternative direct dissociation of
methylenecyclopropene to two acetylene molecules exhibits a
much higher barrier of 367 kJmol~". The diacetylene (HCCCCH)
plus molecular hydrogen products can be formed by 1,3-H,
elimination overcoming a very high barrier of 432 kJmol™' rela-
tive to methylenecyclopropene (50 kJmol™' relative to buta-
triene). These products, which were observed by Wrobel et al.,
are more likely to be formed by a two-step mechanism from
vinylacetylene including a hydrogen atom shift to form a ter-
minal methyl group (methylpropargylene) followed by three-
center molecular hydrogen elimination from this group, with a
highest barrier of 384 kJmol ™' relative to butatriene.

3.2.2 Molecular Beam Experiments—Reactions

The unimolecular decomposition processes of singlet and trip-
let butatriene molecules (H,CCCCH,) were investigated experi-
mentally utilizing crossed molecular beams and theoretically
via electronic structure calculations on the C,H, PES. Here, we
will first summarize the findings for the reactions of ground
and excited state carbon atoms with allene (H,CCCH,)
(Figure 6) and then compile the outcome of bimolecular colli-
sions of singlet and triplet dicarbon molecules with ethylene
(H,CCH,) (Figure 7). Formally, this expands the carbon skele-
tons of the allene and ethylene molecules by one and two
carbon atoms respectively, to access the singlet and triplet
structures of the butatriene.

3.2.2.1 The C(3P)/H,CCCH,(X'A,) System.

The crossed molecular beams technique was employed to in-
vestigate the reaction between ground state carbon atoms, C-
(*P), and allene, H,CCCH,(X'A,), at two averaged collision ener-
gies of 19.6 and 38.8 kJmol™" (Figure 6a)."* Combined with
electronic structure calculations,"*>" it was suggested that
the carbon atom can attack without entrance barrier at the
central carbon atom or across the carbon-carbon double bond
of allene yielding intermediates i1 and i2, respectively. Since
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Figure 6. Relevant stationary points of the potential energy surfaces pertain-
ing to the reactions of ground [C(P), top] and excited state carbon atoms
[C('D), bottom] with allene (H,CCCH,) and the involvement of singlet and
triplet butatriene intermediates.

the reaction is dominated by large impact parameters, the for-
mation of i2 via an addition to one of the terminal carbon
atoms seems to be the preferred reaction pathway. However,
even if i1 molecules are formed, they can isomerize to i2 via a
barrier located only 13 kJmol™' above i1. Intermediate i2 then
undergoes ring-opening to yield the triplet butatriene inter-
mediate. Based on the center-of-mass translational energy dis-
tributions, the latter was found to have a life time in the order
of 1 ps and decomposed via atomic hydrogen loss through a
tight exit transition state to the i-C,H; radical (1-butene-3-ynyl-
2). These indirect reaction dynamics were also confirmed in
electronic structure calculations. Here, statistical calculations
predicted that the synthesis of the i-C,H; radical presents the
dominating decay channel of triplet butatriene; the energeti-
cally less stable n-C,H; isomer was predicted to contribute to
less than 1.5% to the signal. This structure, however, can be
accessed only via intermediate i4 which in turn can be formed
by a hydrogen migration from triplet butatriene (i3).

3.2.2.2 The C('D)/H,CCCH,(X'A,) System

The reaction of electronically excited carbon atoms with allene
has been investigated only theoretically (Figure 6b)."** Similar
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Figure 7. Relevant stationary points of the potential energy surfaces pertain-
ing to the reactions of ground [C,(X), top] and excited state dicarbon mole-
cules [C,(a), bottom] with ethylene (H,CCH,) and the involvement of singlet
and triplet butatriene intermediates.

to the reaction of ground state carbon atoms, the dynamics
were also found to be indirect and dictated by an addition of
electronically excited carbon atoms to the carbon-carbon
double bond of the allene molecule to yield intermediate i1.
The latter can undergo ring-opening to form the singlet buta-
triene intermediate (i2). Singlet butatriene decomposes only
via an atomic hydrogen product and a loose transituion state
to the thermodynamically most stable i-C,H; radical (1-butene-
3-ynyl-2). Our calculations suggest that butatriene can also un-
dergo two successive isomerization steps involving i3 and i4.
Here, both intermediates can undergo unimolecular fragmen-
tation yielding acetylene and the vinylidene carbene isomer
(CCH,) products.

3.2.2.3 The G, (X'Z,)/H,CCH,(X'A,) System

The unimolecular decomposition processes of singlet and trip-
let butatriene molecules (H,CCCCH,) were investigated in
crossed molecular beams experiments of dicarbon molecules
in the X'Z,* electronic ground state and in the first excited
a’ll, state with ethylene at collision energies between 12.1
and 40.9 kimol'['*"138 On the singlet surface, the dicarbon
molecule is inferred to add without entrance barrier to the
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carbon-carbon double bond forming a cyclic intermediate i1
(Figure 7a). The latter undergoes ring-opening via a barrier of
only 60 kimol™" to the singlet butatriene intermediate (i2)
which decomposes to the i-C,H; isomer (1-butene-3-ynyl-2)
plus atomic hydrogen via a loose exit transition state. However,
the authors indicated that the sole existence of a singlet buta-
triene intermediate i2 cannot account for the experimentally
found asymmetry in the center-of-mass angular distributions
at higher collision energies. Since singlet butatriene belongs to
the D,, point group, a G, axis is parallel to each principal rota-
tional axis. This in turn classifies the butatriene intermediate as
“symmetric”; each G, rotational axis can therefore interconvert
the dissociating hydrogen atom giving this atom an equal
probability to leave in the direction of either 6° or t—6°. Con-
sequently, the center-of-mass angular distribution would
always be forward-backward symmetric at all collision ener-
gies—although the lifetime of the intermediate might be less
than its rotation period. This has not been observed experi-
mentally. Therefore, we have to conclude that there must be a
second intermediate which decomposes to the i-C,H; isomer
via atomic hydrogen loss. Note that although the statistical cal-
culations predict a molecular hydrogen pathway to be present
at a level of about 14% relative to the atomic hydrogen path-
way, there are various explanations as to why this channel was
unobserved. First, dynamical (non-statistical) effects could
favor the hydrogen atom loss compared to the molecular hy-
drogen elimination pathway. In this case, the RRKM calcula-
tions would effectively overestimate the importance of the mo-
lecular hydrogen channel. Alternatively, the authors could not
determine the relative abundance of triplet versus singlet dicar-
bon in the beam; hence, even if the beam contains a 1:1 ratio
of triplet versus singlet dicarbon, this would push the fraction
of the molecular hydrogen level to about 7%—close to the
sensitivity limit (about 5%) of the fits. The computations also
predicted the existence of an acetylene (C,H,) plus vinylidene
(CCH,) channel on the singlet surface.!**

3.2.2.4 The C,(a’I1,)/H,CCH,(X'A,) System

On the triplet surface (Figure 7b), triplet butatriene (i7) only
holds a two-fold rotational parallel to the A principal axis.
Therefore, only if triplet butatriene is excited to A-like rota-
tions, the center-of-mass angular distribution will be forward-
backward symmetric. Note that there are two additional G,
axes at an angle of 45° intersecting the plane spanned by the
B and C axes. However, it should be stressed that these axes
are not parallel to any rotational axis, and can therefore not be
considered. Therefore, triplet butatriene (i7) excited to B/C like
rotations could account for the asymmetry of the center-of-
mass angular distributions at higher collision energies. Consid-
ering the barriers involved in the isomerization of i7 to i8, and
comparing this number with the barrier of the atomic hydro-
gen loss from i7 (about 9 kimol™), we expect that i7 dissoci-
ates via hydrogen atom loss rather than undergoing isomeriza-
tion to i8. Based on the triplet surface, the authors conclude
that i7 is the predominant decomposing intermediate on the
triplet surface, which can account for the off-zero-peaking of
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the translational energy distributions and also for the asymme-
try of the center-of-mass angular distributions at higher colli-
sion energies. Here, i7 can be formed via the reaction se-
quence i1—i3—i7 involving an initial addition of triplet dicar-
bon without an entrance barrier™ followed by isomerization
and ring opening.

3.3 Pentatetraene
3.3.1 Molecular Beam Experiments—Reactions

The experimental studies on the stability of singlet and triplet
pentatetraene (H,CCCCCH,) are sparse and were conducted
solely under single collision conditions in crossed beams ex-
periments of singlet/triplet dicarbon with allene (H,CCCH,) and
of singlet tricarbon with ethylene (H,CCH,). These investiga-
tions accessed both the singlet and triplet C;H, potential
energy surfaces. In this section, we first compile the findings
for the reactions of ground and excited state dicarbon atoms
with allene (Figure 8) and then summarize the conclusions of
the bimolecular collisions of singlet tricarbon molecules with
ethylene (Figure 9). Similar to the previous studies of atomic
carbon dicarbon, and tricarbon with ethylene, the carbon-
backbones of the allene and ethylene molecules are formally
expanded by two and three carbon atoms respectively, to

Co(X)+H.CCCH,

H,CCCCCH + H

Relative Energy / kImol '

546
H,CCCCCH,
i2

‘peeos

Cy(a+H,.CCCH,

¢ Energy / kimol '

Figure 8. Relevant stationary points of the potential energy surfaces pertain-
ing to the reactions of ground [C,(X), top] and excited state dicarbon mole-
cules [C,(a), bottom] with allene (H,CCCH,) and the involvement of singlet
and triplet pentatetraene intermediates.
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Figure 9. Relevant stationary points of the potential energy surfaces pertain-
ing to the reactions of ground state tricarbon molecules (C;(X)) with ethyl-
ene (H,CCH,) and the involvement of singlet pentatetraene intermediates.

form pentatetraene transient molecules on the singlet and trip-
let surfaces.

3.3.3.1 The C,(X'E,*)/H,CCCH,(X'A,) System

The data suggested that the dicarbon molecule in its X'Z,*
electronic ground state added to the carbon-carbon double
bond of the allene molecule forming a C; symmetric i1 colli-
sion complex without entrance barrier (Figure 8a)."* "% The
latter isomerized to pentatetraene i2 which fragments without
exit barrier via atomic hydrogen loss to the 2,4-pentadiynyl-1
radical [C;H;(X?B,), HCCCCCH,]. Detailed RRKM calculations™"
propose that a molecular hydrogen elimination pathway to
form the H,CCCCC(X'A,) cumulene carbene via a tight transi-
tion state located 47 kJmol™' above the separated products
does not compete with an atomic hydrogen loss pathway.
Upper limits of 2-3% were derived; the calculated rate con-
stant for the H loss from i2 is a factor of 55.6-33.0 higher than
the rate constant for the molecular hydrogen elimination from
this intermediate. This verifies the experimental findings and
the detection of only the atomic hydrogen loss channel.

3.3.3.2 The C,(a®I1,)/H,CCCH,(X'A,) System

On the triplet surface, the situation is more complex. Dicarbon
can add to either the terminal or center carbon atom of the al-
lenic carbon-carbon double bond to form i1 and i7, respective-
ly (Figure 8b). The rovibrationally excited collision complexes
isomerize via i3 to triplet pentatetraene (i5). The latter can de-
compose via a loose exit transition state through an atomic hy-
drogen loss, forming the 2,4-pentadiynyl-1 radical [CsH;(X?B,),
HCCCCCH,]. The molecular hydrogen elimination channel was
found not to compete. The authors also identified i6 as the de-
composing intermediate forming the 1,4-pentadiynyl-3 radical
[CsH5(X?B,), HCCCHCCH]. The involvement of i6 can also be ra-
tionalized by inspecting the involved exit transition states.

ChemPhysChem 2008, 9, 350 - 369

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3.3.3 The G(X'E;*)/H,CCH,(X'A,) System

The reaction of tricarbon with ethylene leads to the formation
of the 2,4-pentadiynyl-1 radical (HCCCCCH,) plus atomic hydro-
gen via a singlet pentatetraene intermediate."*? To compare
the experimental findings with the computed potential energy
surface (Figure 9), the authors correlated the structure of the
tricarbon and ethylene reactants with the reaction product
and suggested feasible reaction intermediates. Here, the
carbon backbone in the 2,4-pentadiynyl-1 radical is expanded
by three carbon atoms compared to the ethylene reactant
(H,CCH,). To connect the HCCCCCH, structure to the H,CCH,
reactant via CsH, reaction intermediate(s), the reversed reac-
tion of a hydrogen atom addition to the radical center at the
CH group of the HCCCCCH, product forms the pentatetraene
intermediate i4 (H,CCCCCH,). To correlate the H,CCCCCH, in-
termediates with tricarbon plus ethylene formally, it is necessa-
ry to expand the carbon-carbon backbone by three carbon
atoms. In a similar way to the reaction of singlet dicarbon with
ethylene, the experiments suggest that the tricarbon reactant
eventually “inserts” into the carbon-carbon double bond of the
ethylene molecule. Since it is not feasible for the tricarbon re-
actant to “insert” in a single step, tricarbon has to add to the
carbon-carbon double bond of the ethylene reactant to form
initially one or more cyclic CsH, collision complex on the sin-
glet surface. Based on the crossed beam studies, this process
was found to have a characteristic threshold energy of 40-
50 kJmol™". The initial cyclic reaction intermediate(s) can iso-
merize to form eventually the pentatetraene intermediate
(H,CCCCCH,). The computations confirm this postulated reac-
tion mechanism (Figure 9).**' Here, tricarbon can add in one
step either side-on or end-on to the carbon-carbon double
bond forming the intermediates i3 and i1, respectively. Both
addition processes have entrance barriers of about 26 and
48 kJmol™". Intermediate i1 can rearrange stepwise via i2 to i3.
Ultimately, i3 undergoes ring-opening to form the postulated
pentatetraene intermediate i4 on the singlet surface. The pen-
tatetraene molecule loses a hydrogen atom via a loose exit
transition state, that is, a simple bond rupture process.

3.4 Hexapentaene
3.4.1 Molecular Beam Experiments—Reactions
3.4.1.1 The G(X'Z,)/H,CCCH,(X'A,) System

To date, only one experimental study exists on the unimolecu-
lar fragmentation of hexapentaene, namely, a crossed molecu-
lar beam study on the reaction of singlet tricarbon molecules
with allene (H,CCCH,) (Figure 10). The experimental identifica-
tion of the 1-hexene-3,5-diynyl-2 radical (H,CCCCCCH) and the
determination of an inherent threshold energy to the reaction
in the order of 40-50 kJmol™' suggest that the tricarbon mole-
cule adds to the m electronic system of the allene molecule fol-
lowed by isomerization ultimately leading to cyclic reaction in-
termediates i2 and i3. Both intermediates can be interconvert-
ed easily. The latter can also undergo a ring-opening process
to form the hexapentaene molecule (i4) (H,CCCCCCH,), which
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Figure 10. Relevant stationary points of the potential energy surfaces per-
taining to the reactions of ground state tricarbon molecules (C5(X)) with
allene (H,CCCH,) and the involvement of singlet hexapentaene intermedi-
ates.

is stabilized by 419 kJmol™" with respect to the separated reac-
tants. This reaction sequence of addition, isomerization, and
ring-opening is similar to the one found in the tricarbon-ethyl-
ene system (3.3.3.3.). The short-lived hexapentaene molecule
releases its excess energy via atomic hydrogen emission to
form the 1-hexene-3,5-diynyl-2 radical product. Meanwhile, as
seen in Figure 10, if the reaction behaved statistically, the for-
mation of the other two products, cyclic CH; (4 kimol™" less
stable than  1-hexene-3,5-diynyl-2) and HCCCHCCCH
(33 kJmol ™ less stable than 1-hexene-3,5-diynyl-2) can also not
be ruled out.

4. Summary and Outlook

In this review, we presented a systematic overview on the sta-
bility, formation, and the unimolecular decomposition of small
to medium-sized cumulenes ranging from propadiene
(H,CCCH,) to hexapentaene (H,CCCCCCH,) by focusing on re-
actions under thermal conditions (pyrolysis) and on molecular
beam experiments conducted within the single collision
regime (crossed beam and photodissociation studies). This suc-
ceeds excellent reviews of modern allene chemistry referring
to classical synthetic approaches.™ The pyrolysis studies of
singlet propadiene (allene) suggest that the unimolecular dis-
sociation dynamics are dictated by a simple carbon-hydrogen
bond rupturing process leading to the propargyl radical
(H,CCCH) plus atomic hydrogen. This finding is similar to the
unimolecular dissociation of chemically activated singlet and
triplet allene intermediates. Here, the hydrogen atom emission
and inherent synthesis of propargyl presents the dominating
exit channel; to a small extent, carbon-carbon bond rupture
also yields acetylene (C,H,) plus carbene (CH,) on the triplet
surface. As a matter of fact, all chemically activated cumulene
structures from allene to hexapentaene, which are synthesized
as reactive intermediates in the crossed beam reactions of
carbon atoms, dicarbon, and tricarbon with ethylene (H,CCH.,)
and allene (H,CCCH,), lose their internal energy predominantly

366

www.chemphyschem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. I. Kaiser, A. M. Mebel, et al.

via atomic hydrogen emission and the formation of doublet
radicals of the generic formula CH; (H,CH; n=3-6)
(Figure 11; Table 1 and Table 2). These open-shell species are
resonantly stabilized free radicals which are of crucial impor-

L
-0 %< ¢ U e
¢ «
C,Hs, propargyl i-C;Hs. 1-butene-3-yne-2yl
G "By C.A

€
5©660¢ 56060660
[® [~
C4Hs. 2.4-pentadiynyl-1 CgHs. 1-hexene-3.5-diynyl-2
G By G, B,

Figure 11. Structures of doublet radicals formed in the unimolecular decom-
position of singlet and triplet carbenes. The point groups and the symmetry
of the electronic wave functions are also indicated. Note that a C,, symmet-
ric i-C,H; stationary point only presents a transition state.

Table 2. Compilation of the symmetry, ground electronic states, enthal-

pies of formation, and the overall carbon-carbon lengths for the doublet

radicals formed in the unimolecular decomposition of the corresponding

cumulenes.

Species Symmetry/ AH; [kimol ™ C—C length [A]
electronic state  expt./theory

GH,

H,CCCH G,,/XB, 356.6(°9/355.0™7 2,589

propargyl

i-C4Hs

H,CCCCH C/XPA 504+10/498.1"" 3818

1-butene-3-ynyl-2

CsHs

H,CCCCCH G,,/XB, 600410/571.4"2 5146

2,4-pentadiynyl-1

C5H3

H,CCCCCCH C,/XB, 7334+10/734.2"  6.412

1-hexene-3,5-

di-ynyl-2

tance as transient species in the underlying chemical process-
ing of hydrocarbon flames and circumstellar envelopes of
carbon stars to form polycyclic aromatic hydrocarbons. In the
crossed beam studies, molecular hydrogen emission was not
observed. In agreement with theory, the molecular hydrogen
channel should be only of minor importance, typically in the
order of 5%. Also, carbon-carbon bond ruptures of the singlet
and triplet cumulenes are less important than the competing
hydrogen atom loss pathways. It should be emphasized that
the unimolecular decomposition of thermally and chemically
activated cumulenes such as allene differs somewhat from the
photochemically induced fragmentation. In the case of
allene—the only cumulene studied in molecular beams—the
atomic hydrogen emission and the inherent synthesis of the
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propargyl radical product remains the dominant channel (64-
90%). Due to the enhanced energy content of photochemical-
ly activated cumulene, the molecular hydrogen loss pathway
to form vinylidenecarbene (H,CCC) becomes increasingly im-
portant as the photolysis wavelength is reduced (8-30%). Simi-
larly to the thermal activation of the allene, carbon-carbon
bond ruptures play only a minor role in the dynamics at a
level of typically 1%.

The crossed molecular beam experiments also help us to ex-
tract generalized concepts on the formation and decomposi-
tion of cumulenes under single collision conditions. All reac-
tants (ground-state and excited-state carbon atoms and dicar-
bon molecules, and ground state tricarbon) first add to the =
electronic system of the ethylene and allene reactants. In
strong contrast to the barrierless addition of atomic carbon
and dicarbon, the reactions of tricarbon molecules display sig-
nificant threshold energies in the order of 40-50 kJmol™".
These initial collision complexes can undergo successive iso-
merization ultimately leading to singlet/triplet cumulene spe-
cies. De facto, the carbon, dicarbon, and tricarbon reactants
“insert” into the carbon-carbon double bond of the ethylene
and allene molecules in a multi-step reaction sequence. The
cumulenes decompose predominantly via atomic hydrogen
loss pathways to form resonantly stabilized free hydrocarbon
radicals. This generalized reaction sequence as compiled in
Equation (8) and the crossed beam reactions can be expanded
in principle to more complex cumulenes like butatriene and
carbon molecular reactants such as C, and C;. This could
extend the reaction dynamics studies to cumulenes as com-
plex as heptahexaene (H,C;H,), octaheptaene (H,CgH,), and
nonaoctaene (H,C,H,) and their corresponding hydrogen-defi-
cient doublet radicals H,C;H, H,CgH, and H,C,H—transient spe-
cies which cannot be synthesized by classical organic synthe-
sis. In a similar way as for linear and cyclic C;H isomers!'*—
both isomers were recently produced in situ via laser ablation
of graphite and seeding the ablated carbon atoms in acetylene
gas which also acted as a reactant—it should be feasible to
produce the cumulenes H,C,H, and their H,C,H radicals in situ.
This is of crucial importance to extract their thermodynamical
properties such as ionization potentials by selectively photoio-
nizing these species via tunable vacuum ultraviolet photons
and recording the VUV wavelength dependent TOF spectra of
the ionized molecules.

HZCnHZ (n = 2'3) + Cm (m = 1 - 3) - [H2cn+mH2]*

(8)
- HZCn+mH + H
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