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On the formation of cyclopentadiene in the
CzH5* + C,H, reactiony

Jordy Bouwman,*® Andras Bodi,° Jos Oomens®® and Patrick Hemberger®

The reaction between the allyl radical (CsHs®) and acetylene (C;H,) in a heated microtubular reactor has
been studied at the VUV beamline of the Swiss Light Source. The reaction products are sampled from
the reactor and identified by their photoion mass-selected threshold photoelectron spectra (ms-TPES)
by means of imaging photoelectron photoion coincidence spectroscopy. Cyclopentadiene is identified
as the sole reaction product by comparison of the measured photoelectron spectrum with that of
cyclopentadiene. With the help of quantum-chemical computations of the CsH; potential energy
surface, the CoH, + CsHs® association reaction is confirmed to be the rate determining step, after which
H-elimination to form CsHg is prompt in the absence of re-thermalization at low pressures. The
formation of cyclopentadiene as the sole product from the allyl + acetylene reaction offers a direct path
to the formation of cyclic hydrocarbons under combustion relevant conditions. Subsequent reactions of
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1 Introduction

Combustion processes are a major source of polycyclic aromatic
hydrocarbons (PAH) and soot that are known to cause adverse
health effects. Numerous PAH species formed in combustion
processes have mutagenic and carcinogenic properties." Fine
particulate matter, such as soot particles, has been linked to a
variety of heart and lung diseases and their presence in the
environment is thought to be responsible for more than a
million premature deaths annually.>™ Furthermore, soot plays
an important role in global warming, because it strongly absorbs
sunlight and affects cloud formation.>® A thorough understanding
of the formation paths of PAHs and soot in combustion environ-
ments is essential in order to reduce their emissions.

Resonantly stabilized radicals (RSRs) are considered important
precursors in the formation of PAHs and soot.”° RSRs have
delocalized unpaired electrons, leading to multiple resonance
structures for the same atomic configuration. This results in an
increased thermodynamic stability as well as reduced reaction
rates with oxygen compared with non-resonantly stabilized
radicals. As a consequence, the concentration of RSRs in
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cyclopentadiene may lead to the formation of the smallest polycyclic aromatic molecule, naphthalene.

combustion environments is increased compared to that of
non-stabilized radicals. It is now widely believed that the main
reaction path leading to the first aromatic ring species proceeds
via the condensation of two resonantly stabilized propargyl
(C5H;*) radicals.'®'! However, this reaction alone cannot explain
the formation rate of aromatic molecules, and other reactions,
such as propargyl with acetylene and reactions involving other
RSRs such as allyl (C3H;*), also have to be considered."*™®
After the first ring has formed, PAH growth can proceed via
subsequent addition of C,H, groups in the hydrogen abstraction
carbon addition (HACA) mechanism, or via the addition of larger
hydrocarbon species, such as phenyl radicals."””"° The products
formed from the self-reaction of resonantly stabilized phenyl-
propargyl radicals have been investigated in a double resonance
study.”® Reactions of the resonantly stabilized cyclopentadienyl
(c-CsHs*, CPDyl) radical with a variety of unsaturated hydro-
carbons have gained increased attention.””** Based on theory and
experiments, it has been suggested that the reaction between two
CPDyl units yields the smallest polycyclic aromatic species,
naphthalene.”* 2 One possible path to form cyclopentadienyl is
the allyl + acetylene reaction, followed by hydrogen abstraction
from the thus formed cyclopentadiene.”” Subsequent reactions of
CPDyl may be crucial in the production of large aromatic molecules
that lead to soot formation in combustion environments.”*>°
Nohara and Sakai*® studied the allyl + acetylene reaction in a
flow tube at atmospheric pressure and employed gas chromato-
graphy mass spectrometry, flame ionization detectors and thermal
conductivity detectors to identify the products. They determined
the rate of the reaction relative to the allyl + allyl reaction rate
by measuring the rate of formation of cyclopentadiene, CsHg at
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temperatures ranging from 430 to 510 °C.*° Products were
detected off-line, rather than sampled directly from the combustion
environment and the computed energetics data for the reaction
path were limited at the time. They concluded that the rate-limiting
step was either cyclization to CsH; or hydrogen loss to form CsHe.
Because short-lived intermediates may remain undetected,*" off-
line detection may also hamper the identification of the cyclo-
pentadiene formation mechanism. In a different study, Isemer
and Luther®” investigated the allyl + acetylene reaction in a shock
tube. They employed time-resolved UV absorption spectroscopy
to determine the reaction rate at combustion relevant tempera-
tures (1060-1320 K). From analysis of the congested UV spectra it
was suggested that under these experimental conditions, 95% of
the products is in the form of cyclopentadiene rather than the
stabilized CsH, intermediate.

The allyl + acetylene reaction has also been studied computa-
tionally. First, Dean® reported a potential energy surface (PES) for
the reaction and concluded that the reaction is an important source
of cyclopentadiene. Later, Moskaleva and Lin** studied the kinetics
and PES of the C;Hg + H reaction. It could also be inferred from
their CsH; PES that cyclopentadiene can be formed from the allyl +
C,H, reaction.

Here we aim to identify the allyl + acetylene reaction
mechanism and products unambiguously at a combustion
relevant temperature. The reaction mixture is sampled directly
from a pyrolysis microtubular reactor, and the constituents are
identified isomer-selectively by threshold photoelectron spectro-
scopy in coincidence with photoion mass spectrometry using
synchrotron radiation. Furthermore, the reaction is explored by
computational chemistry and RRKM theory is applied to inves-
tigate whether thermalization can contribute to the stabilization
of intermediates.

2 Experimental and
computational methods

The reaction of the allyl radical with acetylene was studied in a
pyrolysis tube reactor coupled to the iPEPICO instrument at the
vacuum ultraviolet (VUV) beamline of the Swiss Light Source at
Paul Scherrer Institute (PSI) in Villigen, Switzerland.*>*” Bending
magnet synchrotron radiation was collimated, dispersed by a 150
grooves per mm grating in grazing incidence, and focused at the exit
slit, which resulted in an energy resolution of about 1:1500. For the
experiments reported here, the photon energy was tuned from 8.3 to
10.2 €V in step sizes of 20 or 25 meV. Higher order radiation was
suppressed by a MgF, window in this energy range.

Allyl iodide was used as a radical precursor, as it was found
to be a clean and efficient source of allyl radicals.’® A glass
bubbler containing allyl iodide (98%, Sigma-Aldrich) was suspended
in ice water to stabilize its vapor pressure at ~9.5 mbar. Acetylene
(>99.5% stabilized with acetone, Carbagas) or argon (99.999%,
Messer) was bubbled through allyl iodide at a pressure of 2.5 bar
to pick up the vapor. The resulting gas mixture of 0.5% allyl iodide in
C,H, (or Ar) was expanded through a 100 pm pinhole into the
pyrolysis tube reactor.
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The microtubular reactor consists of a 3 cm long SiC tube that
is resistively heated by a DC power supply. The pressure before
the gas flow reducing 100 pm pinhole is 0.3 bar and the pressure
after the pinhole can be estimated to be several tens of mbars.
The pressure at the outlet of the reactor tube is 5 x 10~* mbar.
The temperature of the reactor is monitored by a “type C”
thermocouple and is varied from room temperature to 1073 K.
A £100 K uncertainty is assumed in the temperature reading due
to the imperfect contact of the reactor to the thermocouple. Note
that this temperature is measured on the outside of the tube
reactor, and the absolute temperature inside is different. This
temperature can be estimated from data reported in a recent
modeling study by Guan et al.*® and is found to be around 700 K
when the reactor surface is at 850 K. The residence time can also
be estimated from the data in this study and is on the order of
10-100 ps.

The products exit the pyrolysis reactor and are subsequently
skimmed by a 1 mm skimmer, through which the molecular
beam enters the interaction region of the iPEPICO instrument.
Typical pressures in the iPEPICO detection chamber are on the
order of 10~® mbar. Here, the molecular beam containing the
reaction products is intersected by the ionizing VUV radiation
from the beamline. Electrons are velocity map imaged on a
RoentDek delay line detector and provide the start signal for
the cation time-of-flight measurement (TOF). The ions are
extracted in the same, constant 120 V cm™ " field and space
focused at a Jordan-TOF MCP detector at the end of a linear
time-of-flight (TOF) mass spectrometer. At an extraction field of
120 V em ™, electrons with a maximum energy of 1 eV are
imaged onto the detector.

The photoelectron photoion coincidence mass spectra of the
species exiting the microtubular reactor can be plotted using all
electrons detected as coincidence start signal, irrespective of
their energy. From here on, these are referred to as all-electron
mass spectra. On the other hand, photoion mass selected
threshold photoelectron spectra (ms-TPES) of the precursors,
reactants and reactions products are obtained by taking into
account only coincidences between electrons with less than 10 meV
kinetic energy and cations. This is achieved by considering only the
threshold electrons, which are imaged onto a small area in the
center of the position-sensitive detector. However, kinetic energy
electrons may also strike the center of the detector if their
momentum is parallel with the extraction field, which results in
“hot electron” contamination of the center signal. The hot electron
contamination can be well approximated based on a ring around
the center spot, and is subtracted from the center signal to obtain
the TPES.">*' The isomer specificity of the ms-TPES is generally
much better than that of photoionization efficiency curves, in
which the total ion yield in a specific mass channel is recorded
as a function of photon energy.****

Quantum chemical computations have been performed
using the Gaussian09 program** to obtain insights into the
CsH, potential energy surface. Structures of intermediates,
transition states, and products are located by identifying the
internal coordinate that corresponds to the reaction coordinate
in Question - a bond length most of the time - and scanning it
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while optimizing the rest of the coordinates at the B3LYP/
6-311++G(d,p) level of theory. The minimum energy and transition
state structures are then subjected to a CBS-QB3 calculation, in
which their geometry is re-optimized. Accurate single point energies
of the located products, transition states, and intermediates are thus
obtained at the CBS-QB3 level of theory.*>*®

3 Results and discussion

Mass spectra of the species sampled from the pyrolysis reactor
have been recorded on the iPEPICO machine. Thereafter,
photoion mass selected threshold photoelectron spectra (ms-TPES)
have been recorded to identify the reaction products, and quantum
chemical computations are also presented that give insights into the
potential energy surface.

3.1 Time-of-flight mass spectra

Mass spectra have been recorded at a set of photon energies and
temperatures to study the product formation in the microtubular
pyrolysis reactor. Products formed from the pyrolysis of each of
the starting materials (C3HsI and C,H,) alone are identified in
control experiments, which are presented in the ESI{ along with
a discussion reviewing several relevant references.’'**77¢
Experiments on the pyrolysis of C;HsI in acetylene leading to
the reaction products under investigation are discussed here.

The time-of-flight mass spectra in Fig. 1 show the species
resulting from the pyrolysis of a mixture of 0.5% allyl iodide in
C,H, containing traces of acetone at temperatures ranging from
582 to 1068 K and recorded at a photon energy of 9.5 eV. Most
reaction products are also found in the control pyrolysis experi-
ments involving only one of the reactants C;HsI or C,H, (see
ESIt). As the peak area ratios are unchanged with respect to the
reference pyrolysis measurements, we assume that these species
can be ruled out as significant reaction products of the allyl +
acetylene reaction. Mass spectra recorded at 9.5 eV for pyrolysis
of C3H;l1 in Ar (823 K), for C,H, with traces of acetone (873 K) and
for C,H, with traces of acetone in the presence of allyl iodide
(873 K) are shown in Fig. 2 for comparison.

From Fig. 2 it is apparent that a strong signal arises at m/z =
66 when C,H, and C3HsI are co-expanded into the heated
reactor. This product corresponds to CsHg, which is formed
via an addition-elimination reaction:

C;H;* + C,H, — CsH,** - CsHg + H*

The CsHg isomers that can contribute to this product channel
are listed together with their ionization energies in Table 1.

3.2 Mass selected threshold photoelectron spectrum

A photoion mass selected threshold photoelectron spectrum of the
CsH, channel has been recorded at a temperature of ~800 K in
order to shed light on the identity of the product. The resulting
ms-TPES is displayed in Fig. 3 together with the photoelectron
spectrum of cyclopentadiene recorded in a separate unpublished
set of experiments® recorded on the low pressure flat flame burner
apparatus coupled to the iPEPICO machine at the SLS.®
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Fig. 1 All-electron mass spectra of the pyrolysis of 0.5% allyl iodide in
acetylene at temperatures of 582, 683, 777, 873, 981, and 1068 K, recorded
at a photon energy of 9.5 eV.

The strong transition observed at 8.57 eV matches the cyclo-
pentadiene ionization energy of 8.57 eV reported in the literature
very well.’® Hot bands of cyclopentadiene that are populated
thermally in the pyrolysis reactor and by excess energy from the
reaction cause the signal level to be non-zero before the sharp
ionization onset.®> Cylopentadiene is by far the most stable
reaction product, but the geometry relaxation upon ionization
is relatively small in the other isomers as well (Table 1). There-
fore, the origin transition is expected to have large intensity for
all CsHg isomers. It is conceivable that the origin transition of
1,2,4-pentatriene is hidden in the vibrational progression of the
ground state band of cyclopentadiene at 8.9 eV. However, as will
be shown later, the transition state to 1,2,4-pentatriene is
actually the most energetic, and it is unlikely that it is produced
in a measurable quantity and the other isomers are not.
Therefore, it can be concluded that - within the experimental
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Fig. 2 Comparison of mass spectra recorded for the pyrolysis of CsHsl in
Ar at 823 K (bottom), pyrolysis of C,H, at 873 K (middle) and pyrolysis of
C,H, in presence of CsHsl at 873 K (top).

Tablel Names, structures and ionization energies of CsHg isomers, listed
together with CBS-QB3 calculated relative energies (AisoE), and B3LYP/
6-311++G(d,p) calculated differences between the adiabatic and vertical
ionization energies

AioEl  (IE — VIE)/

Name Structure IE/eV kI mol ™' eV
\\\

4-Penten-1-yne A\ 9.9¢ 139 —0.24
A\

cis-3-Penten-1-yne N 9.2%" 115 —0.17
N

trans-3-Penten-1-yne = 2.1 116 —0.17
A\

2-Methyl-1-buten-3-yne 9.23%%¢ 115 —0.15

1,2,4-Pentatriene T N\— 88’ 115 —0.18

Cyclopentadiene 8.57" 0.0 —0.18

0

@ Ref. 57. P Ref. 58. ¢ Ref. 59.

uncertainty - cyclopentadiene is the sole isomer formed in the
reaction. It is also interesting to note that a signal grows in at
mfz = 65 when the temperature is raised beyond 873 K (see Fig. 1).
The intensity of this peak is larger than the background in the
absence of the allyl precursor (see ESIt) and is thus likely formed via
allyl chemistry. This product can be the resonantly stabilized
cyclopentadienyl (CsH;*) radical formed by thermal decomposition
of cyclopentadiene,® or by hydrogen abstraction from cyclopenta-
diene. As reported in the literature, both theoretical and experi-
mental evidence suggests that cyclopentadienyl (CPDyl) radicals
condense to form naphthalene (m/z = 128).>**°%° At 9.5 eV, ie.
below the ionization energy of HI, we did not detect a peak at
mj/z = 128, which could be due to unfavorable temperatures or a low
number density of cyclopentadienyl radicals in the reactor.

3.3 CsH; potential energy surface

Quantum chemical computations have been performed at the
CBS-QB3 level of theory to rationalize experimental observations.
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Fig. 3 Mass selected threshold photoelectron spectrum of CsHeg formed

in the reaction between C3sHs®* and C,H, (in black) plotted together with a
measured spectrum of cyclopentadiene (in red).

The CsH; potential energy surface has been mapped by con-
strained optimizations to locate intermediates (INT) and transi-
tion states (TS), which were subjected to CBS-QB3 calculations
and the resulting PES is shown in Fig. 4.

Crossing of the entrance barrier (TS1) leads to the adduct
species INT1. A number of conformers exist for this adduct that
are linked through internal rotations with associated barriers
ranging from 8-12 kJ mol™" and only the lowest energy structure
for INT1 is shown in Fig. 4. From the initial adduct, crossing
over TS2 leads to the formation of the very stable cyclic CsH,
radical (c-CsH,*) species. The alternative products, 4-penten-1-
yne (P2) and 1,2,4-pentatriene (P3) can only form from INT1 over
quite energetic transition states TS4 and TS5, which explains
why they are not detected in our experiments. The rate limiting
step in the formation of cyclopentadiene (P1) from allyl + C,H, is
the formation of the initial acyclic CsH, adduct (INT1), which
involves a barrier of 58.8 k] mol™" and results in a low reaction
rate at low temperatures. The ¢-CsH; radical is formed from the
adduct by crossing a barrier located at 6.3 kJ mol " with respect
to the reactants. Once formed, the ¢-CsH,* can be stabilized by
collisional de-excitation at elevated pressure, or it undergoes
H-atom loss to form cyclopentadiene. H-atom loss from the non-
cyclized intermediate INT1 leading to acyclic products (P2 and P3)
requires at least 153.3 kJ mol " with respect to the reactants and is
unlikely to compete with cyclization over the low-energy transition
state TS2.

Collisional stabilization of ¢-CsH,* would manifest itself in the
experimental mass spectra as a product at m/z = 67. While this peak
is observed in the T'= 981 and 1068 K spectra in Fig. 1, its intensity
ratio to the m/z = 54 peak suggests that its sole source is the allyl
iodide pyrolysis (see ESIt). The reason as to why the ¢-CsH,*
intermediate in the allyl + acetylene reaction is not observed likely
relates to the CsH, species not being thermalized in the low-
pressure environment of the microtubular reactor. In the absence
of sufficient thermalization, it contains enough internal energy to
proceed to the final products cyclopentadiene + H°®.

Phys. Chem. Chem. Phys., 2015, 17, 20508-20514 | 20511
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Fig. 4 CsH; potential energy surface obtained at the CBS-QB3 level of theory. All energies are shown in kJ mol ™ relative to the energy of CsHs + CoHo.
Products (red), intermediate states (black) and transition states (blue) are color coded.

Based on the computed harmonic vibrational frequencies,
we employed RRKM theory to further elucidate the possible
stabilization of ¢-CsH,.%® The rate constant for the formation
of INT2 from INT1 is found to be 3 x 10° s~ ' at an energy of
58.8 k] mol ! relative to the reactants. Even the rate constant
for the H-loss step, from INT2 to P1, is found to be 3 x 10® s™"
at this energy, despite the deep potential well and the resulting
high density of states of the reactant. A typical collisional
frequency under combustion relevant conditions (1000 K and
5 bar) is 10"* s, which allows for 100-1000 collisions at most,
and suggest that INT1 and INT2 could only be thermalized and
INT2 stabilized in high-pressure environments.

4 Conclusions

The products of the reaction between the resonantly stabilized allyl
radical and acetylene have been identified using a pyrolysis reactor
coupled to the iPEPICO system at the vacuum ultraviolet beamline of
the Swiss Light Source. Control experiments have been performed to
identify side reactions along with allyl + acetylene chemistry.
Cyclopentadiene is unambiguously identified as the sole product
of the reaction by recording the mass selected threshold photo-
ionization spectrum of the CsHg product and comparing it with a
cyclopentadiene photoelectron spectrum.

Quantum chemical computations of the reaction path rationalize
the detection of a single product from the reaction. From the PES it
is found that the formation of cyclopentadiene + H is lowest in
energy and the barrier associated with the initial addition of allyl to

20512 | Phys. Chem. Chem. Phys., 2015, 17, 20508-20514

C,H, (58.8 k] mol ") is the rate-limiting step. The Cs;H, adduct
formed after cyclization of the initially formed acyclic adduct is
more stable than cyclopentadiene + H by 125 kJ mol ' and
would require significant thermalization to be detected. The
rate limiting barriers for the formation of 4-penten-1-yne + H
and 1,2,4-pentatriene + H are 113.9 and 153.3 k] mol ' with
respect to the reactants, respectively.

Cyclopentadiene is observed as the sole product formed in
the pyrolysis tube under our experimental conditions and no
evidence is found for stabilization of the CsH, adduct. The
detection of cyclopentadiene as the only product of the reaction
is in agreement with the study by Nohara and Sakai.** The non-
detection of the CsH; adduct is in accordance with the study by
Isemer and Luther®> and points to a prompt ring closure in the
energized adduct followed by a fast subsequent unimolecular
dissociation forming CsHe + H. Hence, the rate limiting step
in the formation of cyclopentadiene from the C;Hs + C,H,
reaction is indeed, as predicted based on computations, the
formation of the initial adduct. This is in contrast with findings
by Nohara and Sakai, who argued that not the initial addition,
but either ring closure or the loss of an H-atom would be the
rate limiting step.*°

At elevated temperatures in combustion environments, the
allyl radical can undergo thermal decomposition to allene + H,
or isomerization to the vinyl radical.®*®> At temperatures and
acetylene densities for which the allyl + acetylene reaction
competes with dissociation, the reaction of the allyl radical
with acetylene yields solely cyclopentadiene. Resonance stabilized
CPDyl radicals can subsequently form by hydrogen abstraction
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from cyclopentadiene; a reaction that is also observed in our
experiments, albeit at elevated reactor temperatures. Both
theory and experiments suggest that the reaction of two cyclo-
pentadienyl radicals (CPDyl) yields naphthalene.>*"*® This
emphasizes the importance of the C;Hs + C,H, reaction in
the formation of aromatic molecules in combustion environ-
ments at temperatures where bimolecular reactions of allyl with
acetylene outcompete unimolecular dissociation of allyl.
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