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ABSTRACT: The reaction of the methylidyne radical (CH(X*IT)) with Hop
cyclopentadiene (c-CsHg) is studied in the gas phase at 4 Torr and 373 K H\C“/C\HC/H ).
using a multiplexed photoionization mass spectrometer. Under multiple collision = .

conditions, the dominant product channel observed is the formation of C¢Hg +
H. Fitting the photoionization spectrum using reference spectra allows for
isomeric resolution of C4Hy isomers, where benzene is the largest contributor
with a relative branching fraction of 90 (+5)%. Several other C4H, isomers are
found to have smaller contributions, including fulvene with a branching fraction
of 8 (£5)%. Master Equation calculations for four different entrance channels on
the C¢H, potential energy surface are performed to explore the competition
between CH cycloaddition to a C=C bond vs CH insertion into C—H bonds of
cyclopentadiene. Previous studies on CH addition to unsaturated hydrocarbons
show little evidence for the C—H insertion pathway. The present computed

8.6 8.8 9.0 9.2 9.4 9.6 9.8
Photon Energy (eV)

branching fractions support benzene as the sole cyclic product from CH cycloaddition, whereas fulvene is the dominant product
from two of the three pathways for CH insertion into the C—H bonds of cyclopentadiene. The combination of experiment with
Master Equation calculations implies that insertion must account for ~10 (£5)% of the overall CH + cyclopentadiene mechanism.

1. INTRODUCTION

The formation of benzene (C¢Hg) in carbon-rich gas phase
environments, such as planetary atmospheres,” the interstellar
medium (ISM),”™° and combustion processes,’ has long
been of interest in many theoretical and experimental studies.
Owing to its overall high stability and resistance to oxidation,
benzene is regarded as one of the key intermediates in larger
carbon molecule growth schemes, and its formation is believed
to be a rate-limiting step in this process.'””'* Through
repetitive mechanisms, such as hydrogen-abstraction-C,H,-
addition (HACA)," hydrogen-abstraction-methyl-addition
(HAMA),"* or clustering of hydrocarbons by radical-chain
reactions (CHRCR),"® sequential addition of small aliphatic
structures to the first ring can lead to the formation of larger
polycyclic aromatic hydrocarbons (PAHs). PAHs are widely
abundant in combustion processes, and there is also evidence
to suggest their presence and role in the evolution of the
interstellar medium.>'*"2° Once formed, PAHs can aggregate
to ultimately form much larger nanoparticle structures, such as
soot or carbonaceous dust particles. The efficacy of models
that aim to predict and reproduce the composition of
combustion and interstellar environments is still limited by
an understanding of how benzene and other first-ring
structures are formed in the gas phase.”’

Benzene formation is typically modeled through the
reactions of resonantly stabilized radicals, such as propargyl
(C3H,), allyl (C3Hy), butadienyl (i-C,Hs), and cyclopenta-
dienyl (c-CiHs;, CPD).”>™* The self-recombination of the
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propargyl radical is the most familiar route to benzene
formation in combustion environments and has been
extensively studied through theory and experiment.'®**~>’
Experimental studies in 1,3-butadiene (H,CCHCHCH,)
flames indicate that the i-C,H; + C,H, reaction may also
compete with propargyl recombination in benzene forma-
tion.”” To a lesser extent, benzene may also be formed by the
cross-recombination of the propargyl and allyl radicals.”**"
The dominant benzene formation mechanism is likely to
depend on the relative concentration of the propargyl radical
and therefore on the chemical composition of the environ-
ments.>*** In addition, for reactions involving self- or cross-
recombination of resonantly stabilized radicals, the final
product distribution will be very sensitive to the temperature
and pressure of the environment.”* In the interstellar medium,
at low temperatures and number densities, stabilization of the
initially formed reaction adduct is very improbable, and
benzene is more likely to be formed by addition of carbon-
centered radicals to a closed-shell molecule. This mechanism
allows stabilization in low-pressure environments by loss of H
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or another free radical fragment. Jones et al.’ proposed the
C,H + butadiene (H,CCHCHCH,) reaction as a possible
benzene source at low temperatures based on analyses of
molecular scattering data obtained in crossed-molecular beam
experiments. These results remain to be reconciled with the
direct detection of mainly fulvene (c-C;H,=CH,) + H,
following the 248 nm photolysis of a C,HBr + butadiene
mixture at room temperature and 4 Torr under multiple
collision conditions using multiplexed photoionization mass
spectrometry techniques, performed by Lockyear et al.’> A
better understanding of benzene formation in carbon-rich
environments requires a systematic investigation of all possible
benzene-forming reactions involving a range of open- and
closed-shell intermediates.

The highly reactive methylidyne radical (CH) plays a
significant role in carbon-rich environments and its reaction
with a series of relevant hydrocarbon species has been
extensively studied.”*™*' It was one of the first radicals
detected in the interstellar medium,* and is also believed to
play a role in planetary atmospheres where methane is
abundant, such as in Saturn’s moon, Titan.*> The CH radical
can also form during the pyrolysis of hydrocarbon fuels and
other combustion processes and is mostly removed through
reactions with abundant fuel molecules.”*™*® The unique
structure of the CH(X?*[]) radical, which contains a vacant
nonbonding molecular orbital in addition to a half-filled &
orbital, enables direct addition to C=C double bonds in
unsaturated hydrocarbons with little evidence for radical
insertion into C—H bonds.”’ ™" The intermediate is often
short-lived and can undergo isomerization followed by H atom
elimination.”” This mechanism allows for growth in carbon-
containing molecules, as described in a general scheme: CH +
C,H,, = C,, H,, + H>° A previous study of the CH radical
reaction with acetylene has also revealed a competitive
molecular hydrogen loss pathway, as described in a general
scheme: CH + C,H,, - CH,_; + CHZ.Sl’52 For reactions
with cyclic molecules, such mechanisms may lead to a growth
of the ring structures.

The reaction of the CH radical with conjugated cyclic
molecules is thought to mostly proceed through cycloaddition
onto the unsaturated carbon bonds to form a ringed
intermediate. In the case of the reactions with ethyl-substituted
furan molecules,”** the initially formed intermediate is found
to isomerize through ring opening to form mostly noncyclic
final products. However, for the reaction with pyrrole
(C4H,NH), Soorkia et al.” identified the six-membered ring,
pyridine (CsHN), as the sole contributing isomer to the
product channel, supporting ring expansion through CH
cycloaddition. Based upon the evidence from CH + pyrrole,
the reaction of CH radical with cyclopentadiene (c-CsHg,
CPD) could follow a similar ring expansion mechanism. With
the identification of cyclopentadiene in the pyrolysis of several
conventional fuels,*”*° the CH + cyclopentadiene reaction
may be a route to benzene in combustion environments and
other carbon-rich media.

An experimental kinetic investigation of the CH +
cyclopentadiene reaction was recently reported by Caster et
al.’" The rate coefficient for the reaction was determined using
pulsed laser photolysis (PLP)/laser-induced fluorescence
(LIF) techniques and reported as 2.70 (+1.34) x 107'% cm?
s™' at 298 K and 5.3 Torr. In addition to the kinetic study,
stationary points on the C¢H, potential energy surface (PES)
including CH cycloaddition and insertion entrance channels
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were calculated. The fast, experimentally determined rate
coeflicient is consistent with barrierless entrance channels. In
addition, the lack of pressure dependence in the rate coefficient
over the 2.7—9.7 Torr range agrees with the mechanism of fast
isomerization/decomposition of the initially formed CiH,
intermediates. Although no experimental evidence could be
gathered about the products from the study, three possible
C4Hg isomers were discussed: benzene, fulvene, and a bicyclic
product, bicyclo[3.1.0]Thexa-1,3-diene. Based upon previous
product detection studies involving CH radical reactions, it is
likely that the cycloaddition entrance channel will dominate
the reaction mechanism, offering a direct route to benzene
formation.*”*>*>%* Insertion of the CH radical into one of the
three C—H bonds of CPD may be a path to fulvene formation.

The present study provides time- and isomer-resolved
detection of products in the CH(X*II) + c-CiHy reaction
and investigates a mechanism for the formation of benzene and
other C4Hg isomers from this reaction. Experiments are
performed at the Advanced Light Source (ALS) synchrotron at
the Lawrence Berkeley National Laboratory (LBNL). Products
are sampled from a flow reactor at 4 Torr and 373 K and
detected using tunable vacuum ultraviolet (VUV) photo-
ionization coupled to time-of-flight mass spectrometry (TOF-
MS). The isomers of the C¢Hg + H product channel are
quantified by fitting the resulting photoionization spectra to
experimental reference and simulated photoionization spectra.
Master Equation (ME) analysis using the Master Equation
Solver for Multi-Energy Well Reactions (MESMER)® code is
used to predict the cyclic product branching fractions from
both the C=C cycloaddition and C—H insertion entrance
channels, over a wider range of temperatures (300—1000 K)
and pressures (S—760 Torr). Finally, the relative contribution
of the cycloaddition and insertion entrance channels to the
final product distribution is discussed.

2. EXPERIMENTAL PROCEDURE

The experimental apparatus has been described in detail
elsewhere,””°*%* and only an abbreviated description is
presented here. The CH radical precursor bromoform
(CHBr;) in an excess of helium buffer gas flows through a
62 cm slow-flow quartz reaction tube with a 1.05 cm inner
diameter. Conditions in the flow tube are held at 4 Torr and at
373 K with a total gas flow rate of 100 sccm such that the total
number density is approximately 1.0 X 10'7 cm™. The reaction
tube is heated to 373 K to avoid deposition of the bromoform
precursor on the walls. Multiple data sets using the photolysis
laser with CPD with and without CHBr; were also collected at
298 K. A superposition of the m/z 78 photoion spectra
collected at 298 and 373 K can be seen in Figure S2. Due to
the bromoform deposition on the reaction tube at 298 K, the
373 K data is chosen to represent the title reaction here,
although the same results are obtained at 298 K. Additionally,
experiments on the reaction of CPD + deuterated bromoform
(CDBr;) were performed at 298 K.

Gas composition and molar flow rates are regulated by mass
flow controllers, whereas pressure in the flow tube is regulated
by a feedback-controlled butterfly valve throttling a Roots
pump that evacuates the flow tube. An unfocused 248 nm KrF
excimer laser at 4 Hz repetition rate with laser fluence of ~50
mJ cm™> propagates down the length of the flow tube to
generate a uniform concentration of CH radicals from
bromoform photolysis (CD radicals from deuterated bromo-
form) and initiates the reaction of interest.*' The flow velocity
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is set at ~5 m s™! to replenish the gas mixture between each
laser pulse. The gas mixture is sampled about halfway down the
length of the flow tube through a 650-um diameter pinhole.
The resulting molecular beam is skimmed via a 0.15 cm
diameter skimmer and then ionized by tunable VUV
synchrotron radiation. A 50 kHz orthogonal-acceleration
time-of-flight mass spectrometer is used to monitor the
resulting ions in relation to the excimer laser pulse. The
resulting time-resolved mass spectra are normalized for
variations in the VUV photon flux, which is continuously
monitored via a photodiode placed after the ionization point.

Bromoform, deuterated bromoform, and CPD are intro-
duced in small amounts relative to the helium buffer gas, which
comprises the majority of the total flow. A small fraction (15%)
of nitrogen is added to sufficiently quench any vibrationally
excited CH resulting from the photolysis of the bromoform
precursor.”® Liquid bromoform is held in a glass bubbler at a
temperature of approximately 10.0 °C and pressure of 600
Torr and its vapor is carried into the main carrier gas flow by a
controlled amount of helium flow such that the density of
bromoform in the flow is 2.0 X 10" cm™. The photo-
dissociation of bromoform is known to occur through
successive absorption of photons at 248 nm and can also
form CHBr,, CHBr, Br, and Br, species in addition to the
radical of interest.”” Based on the CH production efficiency
calculated by Romanzin et al.”” at 248 nm and 44 mJ cm™2, the
initial CH number density in the reaction flow is on the order
of ~107' cm™. The sample of deuterated bromoform
(CDBr,) is introduced to the flow in the same manner and
conditions.

CPD reagent is prepared through the thermal cracking of
dicyclopentadiene (C,,H,), where the distillate is collected in
a liquid nitrogen trap and then vacuum transferred into a 3.79
L stainless steel cylinder. A detailed description of the
cyclopentadiene synthesis has been given previously.”"*®
Helium buffer gas was added so that the total pressure was
approximately 2023 Torr and the final mixture contained
4.67% CPD. The resulting number density of CPD in the
reaction flow tube was approximately 4.8 X 10" molecules
cm™. A mass spectrum was recorded without the 248 nm
photolysis laser to validate the presence of CPD and impurities
in the prepared gas mixture. Miniscule amounts of m/z 68, 80,
and 132 were noted in the mass spectrum of the prepared gas
mixture. The 132 amu signal likely represents a small amount
of dicyclopentadiene precursor. The relative intensities of these
peaks compared to that of the m/z 66 peak suggest that CPD
comprises >99% of the molar hydrocarbon flow from this

cylinder.

3. COMPUTATIONAL METHODS

The CBS-QB3 method was used to calculate the adiabatic
ionization energy of the species of interest.”” Electronic
structure calculations were completed in the Gaussian 09
(G09) suite of programs with the B3LYP/CBSB7 method to
optimize the geometry of neutral and cationic structures.”””"
The PESCAL program was used to calculate the Franck—
Condon factors for ionization of each species where
experimental photoionization spectra are not available.”” The
PESCAL program performs the calculations within a harmonic
approximation and includes the Duschinsky rotation effect for
all totally symmetric modes. To obtain the relative photoion
spectra for each species, the resulting calculated photoelectron
spectra are integrated over the electron binding energy. The
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calculated photoion spectra do not include contributions from
excited cation states nor autoionizing resonances. The
photoion spectra are scaled at 11.8 eV to the estimated value
of the absolute ionization cross section, per the semiempirical
method of Bobeldijk et al,”® with an estimated accuracy of
+20% for the cross sections reported. A collection of all of the
photoion spectra, calculated and experimental, are shown in
Figure S1.

Portions of the C¢H, potential energy surface of Senosiain
and Miller” have been previously calculated using density
functional theory (DFT) and CBS-QB3 methods.®" Additional
stationary points are calculated here. Single-point energies for
all stationary points were obtained using CBS-QB3. The
resulting stationary points are characterized as either local
minima or first-order saddle points based upon analysis of their
vibrational frequencies. Transition states are found by scanning
the bong lengths between intermediates using B3LYP/6-
31G(d) and/or through QST3 methods. The presence of a
single imaginary frequency confirms the presence of a
transition state structure. Intrinsic reaction coordinate
calculations on the transition states at the B3LYP/6-31G(d)
level of theory confirm their connectivity to the corresponding
intermediate structures.

3.1. Master Equation. Branching fractions for the
products of the CH(X?II) + CPD reaction are calculated
using the open-source Master Equation Solver for Multi-
Energy Well Reactions (MESMER). Given stationary points of
the potential energy surface (PES), MESMER solves coupled
differential equations describing the reaction and energy
transfer kinetics. The methodology has been described in
detail by Glowacki et al®> and has been employed to
investigate OH radical reactions with unsaturated hzdro-
carbons as well as CH radical reaction with ammonia.”*”>

Unimolecular rates for isomerization and decomposition of
the reaction intermediates along the PES are calculated using
Rice—Ramsperger—Kassel—Marcus (RRKM) theory. Energy
transfer processes between intermediates and the buffer gas are
modeled using a constant average energy transferred, AEy,,
(Table 1). The classical rotor approximation is used for all

Table 1. Master Equation Parameters and Their Associated
Scanning Range Significant to the MESMER Calculations

AE pm (ecm™) e (cm™) o (A)
intermediates 250 (100-800) 380 (300-600) 4.3 (2—6)
products 250 (100—800)
argon 11.4 3.47
nitrogen (N,) 48 39

intermediates as suggested by Pakhira et al.”® for molecules
with rotational constants well below 1 cm™. The energy grain
size typically used for the modeling is SO cm™, while a larger
grain size of 100 cm™" is used for the sensitivity analysis. The
energy transfer and Lennard-Jones parameters (¢, 6) are taken
from previous work on CH and OH reactions with unsaturated
hydrocarbon and are displayed in Table 1.7

4. EXPERIMENTAL RESULTS

The products of the CH + CPD reaction are studied at 373 K
and 4 Torr using multiplexed photoionization mass spectrom-
etry coupled to tunable VUV synchrotron radiation. The
photon energy for each data set is scanned over the 8.3—9.8 eV
energy range in 25 meV energy steps. Photoionization spectra

https://doi.org/10.1021/acs.jpca.1c03517
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are recorded by averaging at least S00 laser shots at each
energy step over a kinetic time range of 0—80 ms relative to the
laser pulse. The setup allows for collection of data sets in three
dimensions: cation intensity vs mass-to-charge ratio (m/z),
kinetic time (¢), and photon energy (E). The data are baseline
subtracted for prephotolysis signals using the 20 ms time range
before each laser pulse and normalized for the VUV photon
energies. Plotting the data in two-dimensional (2-D) data sets
provides mass spectra that are resolved for either photon
energy or kinetic time. Positive ion signals in the mass spectra
indicate species created during and after the laser pulse,
whereas negative ion signals indicate species that are depleted
due to the laser pulse. Photoionization spectra are obtained by
taking a one-dimensional (1-D) slice over the mass species of
interest from the 2-D energy-resolved mass spectra. The
photoionization spectra enable identification of different
isomers appearing at a single mass of interest through fitting
of each observed spectrum with the reference spectra of
individual isomeric components. Experimental photoionization
spectra of pure isomers are available for two species, benzene’”
and fulvene,* and are utilized as basis functions in the fit. For
isomers without an experimental spectrum, the photoioniza-
tion spectra are predicted from the integral of calculated
Franck—Condon factors, assuming that direct ionization
dominates. A linear least-squares fit of a set of basis functions
to the experimental spectra enables quantification of each
isomer if the absolute photoionization cross sections are
known.

The experimental photoionization spectra are reported as
individual measurements with error bars reported from twice
the shot noise in the number of the detected ion counts
(2+/N). Since several data sets were recorded at both 298 and
373 K, the photoionization spectra were superimposed,
revealing little to no difference in the overall shape due to
the temperature change (see Figure S2).

Under the present experimental conditions, collisional
quenching with the He and N, buffer gases is expected to
rapidly thermalize all of the products to the temperature of the
flow. As long as the unimolecular dissociation of the reaction
intermediates occurs with a rate higher than the collision rate
(~20 X 10° s7'), the present branching fractions provide
information about the unimolecular isomerization and
dissociation scheme of the nascent reaction intermediates as
would be observed at very low pressures.

4.1. Cyclopentadiene Photodissociation. Figure 1
displays mass spectra recorded upon photolysis of CPD (a)
without and (b) with bromoform. The mass spectra were
integrated over the energy range of interest (8.3—9.8 eV) and
kinetic time of 0—80 ms. The absorption cross section of CPD
was previously reported as 4.5 X 107** cm?® at 248 nm,”® and
the molecule is known to readily photodissociate at this
wavelength.”” The depletion of CPD (m/z 66) is evident in
both spectra from the negative signal displayed in the mass
spectra. The depletion of the '*C isotopologue of the
cyclopentadiene reactant at m/z 67 is also visible in the mass
spectra. Although only a portion of the depletion is shown in
Figure 1, the intensity ratio of the two masses supports the
assignment of m/z 67 as the singly substituted '*C
isotopologue.

Analysis of the 248 nm photodissociation of cyclopentadiene
allows us to directly account for photoproducts and their
secondary reactions. From Figure 1a, two primary products are
identified through peaks appearing at m/z 39 and 65. Figure 2
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Figure 1. Mass spectra integrated over the 8.3—9.8 eV photon energy
and 0—80 ms kinetic time range obtained from (a) photolysis of the
CPD (CHg) mixture alone in helium and nitrogen buffer gases and
(b) bromoform (CHBr;) and CPD mixture in helium and nitrogen
buffer gases at 4 Torr and 373 K. Negative ion signals indicating
depleting species are truncated.
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Figure 2. Normalized kinetic traces obtained from cyclopentadiene
photolysis at 248 nm at (a) m/z 39 and (b) m/z 65. The ion signal is
integrated over the 8.3—9.8 eV energy range.

displays the kinetic traces of (a) m/z 39 and (b) m/z 65. The
shapes of the traces in Figure 2 are consistent with the
formation of a radical by the laser pulse. The signal at m/z 65
corresponds to the formation of cyclopentadienyl (c-CsHj)
arising from the H loss channel of cyclopentadiene reactant.
Under the experimental conditions, and neglecting other CPD
photodissociation pathways, the maximum cyclopentadienyl
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(m/z 65) number density in the flow is ~1 X 10"* cm™. The
formation of cyclopentadienyl is also confirmed by the
ionization energy onset of m/z 65 at ~8.4 eV and from
reference photoion spectra obtained by Savee et al.*’ and
Hansen et al.”" (see Figure S3). Another prominent peak at m/
z 64 suggests the formation of C;H, species, ethynylallene,
methyldiacetylene, and pentatetraene, which are identified by
fitting their absolute reference s%)ectra to the experimental
photoion spectrum (Figure S3).*” The m/z 64 products are
likely to be the result of H, loss from the cyclopentadiene
reactant and have been previously reported in CPD photolysis
studies.*”®* The shape of the photoionization spectrum of
CiH, (m/z 64) in Figure S3 is also noticeable in the
experimental m/z 65 spectrum, supporting the assignment of a
portion of the m/z 6S signal to the *CC,H, isotopologue of
m/z 64, formed from CPD photolysis. The resonantly
stabilized radical propargyl (CyH;) is identified at m/z 39 by
its ionization energy onset at ~8.65 eV and through
comparison of the recorded photoionization spectrum with
reference spectra.”® The corresponding kinetic time trace in
Figure 2a displays a fast increase and a slower decay that is
consistent with the formation of a resonantly stabilized radical.
The vinyl radical (C,H;) is also observed at m/z 27 as a
propargyl radical coproduct.®** The vinyl radical is expected to
be much more reactive than the resonantly stabilized propargyl
radical and thus accumulate in lower concentrations than those
reported for m/z 39. This is supported by a comparatively
faster decay time in the m/z 27 kinetic trace, as shown in
Figure S4. A small amount of ion signal at m/z 27,
corresponding to the vinyl radical (C,H;), is observed
experimentally but not included in the mass range of Figure
la due to a comparably low intensity.*

Lower intensity peaks are observed at m/z 38, 40, 52, 54,
and 63 that are indicative of other cyclopentadiene photo-
dissociation channels or products of fast bimolecular reactions.
The photodissociation products further react to form larger
mass secondary products, such as those observed at m/z 68,
76, 78, 80, 82, 90, and 92. Further insight into the m/z 78
photoproducts will be provided in Section 4.3.

Through comparison of the CH + CPD mass spectra, shown
in Figure 1b, with that of CPD photolysis shown in Figure 1a,
it can be seen that the relative intensity of the peaks
corresponding to the CPD photoproducts does not signifi-
cantly change upon addition of bromoform to the flow. The
only exception arises in the mass of interest, m/z 78, where the
intensity is 18 times greater in the presence of CH radical
precursor. This increase in ion signal can be attributed to C¢Hg
neutrals formed in the title reaction: CH + C;H4 — C,Hg + H.

4.2. CH + Cyclopentadiene. Photodissociation of bromo-
form at 248 nm effectively produces the CH(XII) radical
through a two-photon process.*"*” In addition to the radical of
interest, it is also known to form CHBr,, CHBr, Br, and Br,
species, which can subsequently react with other photo-
products and give rise to higher mass signals that may lie
outside of the range of the mass spectra in Figure 1b (see
Figure SS for m/z up to 150). The reaction of cyclopentadienyl
with molecular bromine results in the appearance of peaks at
m/z 144/146. Relatively less intense peaks also appear at m/z
106/108 and 118/120 from vinyl and propargyl radical
reactions with atomic Br to form C,H;””Br/C,H,*'Br and
C3H,"°Br/C3H,*' Br, respectively (insets in Figure SS). Most of
the m/z 106 signal in Figure S5 comes from CPD
photoproduct side reactions. Small peaks appear at m/z 93/
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95, resulting from single-photon 248 nm photolysis of
bromoform, confirming the presence of CH,””Br/CH,*Br
formed through H atom reactions with CHBr photoproducts.
Identification of these photoproducts is further supported by
their radical-like temporal profiles and confirms the presence of
CHBr singlet carbene species. The small relative intensity of
the peaks and temporal profiles at m/z 92/94 indicates very
low yields of this photoproduct, which is in agreement with
previous studies of 248 nm photolysis of bromoform.**
Figure 3 shows the normalized kinetic time trace of the m/z
78 ion signal with the addition of bromoform. The observed

1.0F

0.8~

0.6

0.4+

0.2~

Normalized lon Signal (arb.)

0.0
-20 0

20 40 60 80
Kinetic Time (ms)

Figure 3. Normalized kinetic trace of m/z 78 obtained by the reaction
of CH(X’[]) radical with cyclopentadiene. The ion signal is
integrated over the 8.3—9.8 eV energy range.

increase of the m/z 78 temporal profile has a corresponding
ki value of ~860 s™" observed through exponential fits to the
data. The k;, value for the observed increase of photoproduct
m/z 65 is ~8700 s~' and is faster in comparison to the k;
value (~450 s™*) for the m/z 78 kinetic trace obtained from
the photolysis of CPD alone. Once the m/z 78 products are
formed, a slight increase in signal continues over the kinetic
time range. This has been observed in a previous CH radical
study”” and can likely be attributed to divergence of the laser
beam along the flow tube that leads to a gradient in the initial
CH radical number density. A similar trend is observed in the
CPD depletion time profile. The contribution of any slower
secondary reactions that may also form m/z 78 have been
ruled out because the photoionization spectrum of m/z 78
does not change with increasing kinetic time. It is also worth
noting that a small peak at m/z 79 appears in the mass
spectrum from the title reaction as well, which is consistent
with *C contribution from the C4Hg product. The lack of a
temporal decay that would be expected for a free radical in the
kinetic trace of the m/z 79 product further rules out any
contribution from stabilization of a C4H, radical intermediate.

Based on the comparison between the two mass spectra in
Figure 1 and the discussion above, formation of m/z 78
through H elimination seems to be the only observed CH +
CPD product channel. Since the CPD number density is
relatively large in comparison to its photoproducts, it is likely
that the CH + CPD reaction is the main route for CH decay
and m/z 78 increase. Because of cyclopentadienyl formation by
photodissociation of cyclopentadiene, we avoid drawing any
conclusions on the contribution from the abstraction channel
CH + CH, — CH, + C.H..

4.3. m/z 78 Isomer Products. Figure 4 shows the m/z 78
photoionization spectra for (a) CPD alone and (b) CPD +
CHBr; at 4 Torr and 373 K. Both spectra are integrated over
0—80 ms after the photolysis pulse and are the result of an
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Figure 4. Photoionization spectra of m/z 78 ion signal obtained from
(a) 248 nm photolysis of cyclopentadiene and (b) 248 nm photolysis
of bromoform (CH radical precursor) and cyclopentadiene reactant
integrated over the 0—80 ms time range (open circles) at 4 Torr and
373 K and background subtracted for CPD photolysis. The spectra
are shown with error bars calculated from twice the shot noise in the
number of detected ion counts (2</N). The solid red lines in both
panels are a fit to the data using the absolute photoionization spectra
of benzene (purple dashed line)”” and fulvene®® (solid green line) as
well as the integrated photoelectron spectra of six other C¢Hg
isomers: cis/trans-1-ethynyl-1,3-butadiene (1E13BD) (solid orange
line), 1,2,4,5-hexatetraene (124SHT) (magenta dot-dashed line), cis-
2-ethynyl-1,3-butadiene (2E13BD) (dark blue dot-dashed line), 1,2-
hexadien-S-yne (12HDSY) (light blue dashed line), and 3,4-
dimethylenecyclobutene (dark green dashed line). The fitted
branching fractions are displayed in Table S1 for (a) and Table 2
for (b).

individual measurement. Each photoion spectrum is reported
with error bars calculated from twice the shot noise in the

number of detected ion counts (2/N). To remove the
contribution of C4Hy signal that arises only from the C;Hy +
laser interaction, we subtract the m/z 78 spectrum in Figure 4a
from the m/z 78 spectrum obtained when CHBrj; is added to
the system (Figure 4b). Both experiments were performed
under identical conditions except that an equivalent mass flow
of helium is replaced by CHBr; in the second experiment. The
resulting spectrum in Figure 4b should therefore contain only
the m/z 78 contributions from the CH + C;Hg reaction. The
addition of bromoform to the reaction flow increases the sharp
onset at 9.25 eV that is characteristic of benzene.”

The spectra are fit using a least-squares fitting routine to the
weighted sums of absolute photoionization data of several
C¢Hy isomers obtained from previous studies by Lockyear et
al.>® and Cool et al.”” and calculated here (see Figure S1). The
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residuals of the fitting routines on the experimental photo-
ionization spectra were within 5% for CPD only (Figure 4a)
and within 3% for CPD + CHBr; (Figure 4b). The selection of
the C4Hg isomers included in the fit was based upon the
ionizing energy range considered here (8.3—9.8 €V) and other
reasonable products expected based on previous studies of the
C¢Hg and C¢H, potential energy surfaces.'7?"?%%0792 Baged
upon this selection criteria, eight possible CsHg isomers were
included in the fitted spectrum: benzene, fulvene, cis-2-ethynyl-
1,3-butadiene (2E13BD), trans-1-ethynyl-1,3-butadiene
(1E13BD), 1,2,4,5-hexatetraene (124SHT), 1,2-hexadien-5-
yne (12HDSY), 3,4-dimethylcyclobutene (34DMCB), and 1,3-
hexadien-S-yne (13HDSY). Within the energy resolution of
the experiment (~40 meV), it is not possible to differentiate
between the trans- and cis-1-ethynyl-1,3-butadiene (1,3-
hexadien-S-yne) species. The C4H, isomers along with their
structures, CBS-QB3 calculated adiabatic ionization energies,
and resulting fitted branching fractions with 20 standard
deviation from Figure 4b are shown in Table 2. Table S1 shows

Table 2. Structures, CBS-QB3 Adiabatic Ionization
Energies, and Fitted Product Branching Fractions for the
m/z 78 Photoionization Spectrum of CPD + CHBr; Shown
in Figure 4b

Branching
( Abl?::z;ts:(;n;;me) Geometry IE(C:\%;’B’ Fraction
(% +20)
Benzene O 9.25 90 (£5)
Fulvene Eg 8.36 8 (£5)
HC,
Cis-2-ethynyl-1,3-butadiene \ 3.93 0(+0
(2E13BD) \ : G0
H,C CH,
HC,
Trans/Cis-1-ethynyl-1,3- \\
butadiene _ 8.62 1(x£2)
(IE13BD)
——CH,
CH,
1,2,4,5-H tr HC/C/
,2,4,5-Hexatetraene
(1245HT) /lH 8.49 12
Hzc/C
C//CH
Hexa-1,2-dien-5-yne HZT/ 930 04
(12HD5Y) o : )
HQC/C
3,4-Dimethylenecyclobutene
e o v e
- e
Hexa-1,3-dien-5-yne
(13HDsY) H 8.64 0(+3)
CH

the product distributions for Figure 4a (CPD only). Although
the absolute photoionization spectrum of fulvene is not shown
in Figure 4a, it was included in the fitting routine with a
reported branching fraction of 0 (+7)%, as shown in Table S1.

From the fitting results, benzene is the largest contributing
isomer contributing 90 (£5)% to the CPD + CH product
distribution. Fulvene, which is not detected in the case of CPD
photolysis (Table S1), has a branching fraction of 8 (£5)%
and is the only other cyclic isomer assigned. Very minor
contributions from 1-ethynyl-1,3-butadiene (1 (+2)%) and
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1,2/4,5-hexatetraene (1 (+2)%) are also reported. Fitting the
photoionization spectra to only benzene and fulvene reveals no
significant difference (Figure S6). In addition, a minor
contribution from another C4Hg isomer, 1,5-hexadiyne, cannot
be ruled out, but is not included into the experimental fits
because its ionization energy onset (9.98 eV) is outside the
energy range used here. Previous single-point energy
calculations of 1,5-hexadiyne suggest that it is thermodynami-
cally accessible on the C¢H, PES.°’ However, it is not
anticipated to change the assignment of benzene as the major
product in the CPD + CH reaction but rather only play a small
role in the minor C¢Hy product branching fractions. Product
detection experiments of CH radical reaction with the
cyclopentadiene analog, pyrrole (C,H,NH), further suggest
that the major product is cyclic in structure.™

4.4. CD + Cyclopentadiene. Figure S displays the mass
spectra recorded upon photolysis of CPD with bromoform

25F
— CPD + CHBry
— CPD + CDBrg
20
g
S 151
©
c
2
» 10
c
o
| A
75 76 77 78 79 80 81 82
m/z

Figure 5. Mass spectra integrated over the 8.3—9.8 eV photon energy
and 0—80 ms kinetic time range obtained from photolysis of the
bromoform (CHBr;, black line) and CPD mixture in helium and
nitrogen buffer gases and deuterated bromoform (CDBr;, red line)
and CPD mixture in helium and nitrogen buffer gases at 4 Torr and
298 K.

(CHBr;, black line) and with deuterated bromoform (CDBr;,
red line). The mass spectra were integrated over the energy
range of interest (8.3—9.8 eV) and kinetic time of 0—80 ms at
298 K. Comparison of the CPD + CDBr; mass spectra (red
line) with the CPD + CHBr; mass spectra (black line) shows a
significant increase in m/z 79 signal relative to the m/z 78
signal. In the CD + CPD reaction, a 1:3.3 C4H4/CH;D
(corrected for '*C) ratio is observed. Figure S7 shows the
photoionization spectra for the reaction of CDBr; + CPD at
(a) m/z 78 and (b) m/z 79 with fits to the absolute
photoionization spectra of benzene’’ and fulvene.”> The
reported branching fractions for the fits to m/z 78 in Figure
S7a are 76 (+2) and 24 (+1)% for benzene and fulvene,
respectively. The branching fractions for m/z 79 in Figure S7b
are 66 (+2) and 34 (£1)% for benzene and fulvene,
respectively. Further insight into the mechanisms behind the
formation of C;H;D/C¢Hg species is provided in Section S.
4.5. H-Assisted Isomerization. It is also necessary to
discuss the role that H-assisted isomerization could have in the
branching fraction distribution of the C4H4 products. Several
studies of the C¢H, PES reveal that the exit channel barriers
are low enough with respect to the C¢Hg + H products for the
process to easily occur.’’?”°"?* However, under the
experimental conditions of this work, there is very little
evidence to support that H-assisted isomerization plays a major
role in the formation of benzene. The fast increase in the m/z
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78 temporal profiles does not indicate the occurrence of H-
assisted isomerization in the products. A comparison of the
branching fractions extracted from the m/z 78 photoionization
spectra integrated over various kinetic time ranges (0—4, 0-10,
and 10—80 ms) does not reveal evolution in the product
isomer distribution (see Figure S8). In fact, the branching
fraction of benzene remains consistent at 90 (+3)% over the
0—4 ms time range in comparison to the 90 (£5)% reported
over the 0—80 ms time range. Integrated over longer time
ranges (0—10 and 10—80 ms) and within the error bars of the
fitting routine, the benzene branching fraction remains
unchanged.

5. DISCUSSION

The isomeric distribution of the C;Hy + H product channel
was determined experimentally using photoionization mass
spectrometry between 8.3 and 9.8 eV ionizing energy range at
4 Torr and 373 K. Fits to the photoionization spectrum of the
m/z 78 channel reveal benzene as the major product channel
with a branching fraction of 90 (£5)%, and fulvene
representing 8 (+5)% of the products. The CDBr; + CPD
reaction was also experimentally investigated over the 8.3—9.8
eV ionizing energy range at 4 Torr and 298 K. The reactions of
the CH radical are generally believed to follow either a C=C
cycloaddition or C—H insertion mechanism.”® If the
subsequent isomerization of the nascent CsHy4 molecule
(unimolecularly or via H-assisted isomerization) is negligible,
then the distribution of the detected C,H, isomers reflects the
different pathways of the title reaction. In the following
sections, we discuss the formation of benzene and fulvene
through cycloaddition and C—H insertion using PES and
RKKM-ME calculations. Insertion into CPD C—C o bond is
also considered.

5.1. Cycloaddition Mechanism. The CH, potential
energy surface for CH cycloaddition onto a C=C bond of
CPD is displayed in Figure 6. This surface has been previously
calculated using CBS-QB3 and DFT methods in another
publication and is only briefly described here.®' All
intermediates and reaction products were found to be highly
exothermic relative to the reactants as shown in Figure 6.
Pathways to additional cyclic and linear C4Hg products on the
Cs¢H, PES have been previously considered in other
works”***>*? and are included in a more extensive C4H,
PES in the Supporting Information (Figure S9).

On the CH + CPD PES, the CH may add by cycloaddition
to the 7 system that is delocalized across C2—C3—C4—CS$
forming INT1 through a barrierless process. INT1 has three
isomeric contributions: addition onto the C2—C3 carbons
(forming bicyclic intermediates INTIA and INT1B)®" and
addition onto the C3C4 carbons (forming the tricyclic
intermediate INT1C). INT1A and INT1B interconvert across
a relatively low-lying TS3. INT1C can lose a H atom to give
benzvalene + H (—126.1 k] mol™"). No barrier was located for
this pathway at the CBS-QB3 level. A barrier of a few kJ mol™
to benzvalene + H would only further tighten the transition
state compared to a barrierless pathway and raise the energy of
the transition state. A much lower energy pathway is
isomerization to INT1B via TS3b. As a result, it is most likely
that addition at the C3-C4 position effectively leads only to
INT1A and INT1B, with isomerization of these intermediates
to the more stable INT2 and INT3 species. The PES in Figure
6 includes two additional H-loss channels: INT2 — TS2 —
benzene + H (purple) and INT3 — INT4 — TS8 — fulvene +
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Figure 6. Portion of the CBS-QB3 calculated C¢H,, potential energy surface proceeding through CH cycloaddition across a C=C bond of CPD.*"
The reaction enthalpies (300 K) are given in k] mol™" for the intermediates and products relative to the reactants. The PES shows those pathways
(black, green, and purple) included in the MESMER calculations. The light blue pathway leading to the formation of INT9 and the red pathway to
bemzvalene are not included in the MESMER calculations. The hydrogen atom from the CH radical is labeled in bold, assuming formation of

INT2.

H (green). An alternate H shift from INT2 can occur through
TS14 to form INTS, which can further ring open to form
INT9 (light blue). INT9 is the bottleneck intermediate leading
to the formation of the other six C4Hg products included in the
fits to the photoionization spectra of Figure 4. A more
extensive C¢H, PES that includes pathways from INT9 to the
formation of these products is provided in the Supporting
Information (Figure S9). A third cyclic H-loss channel,®’ INT3
— bicyclo[3.1.0]hexa-1,3-diene + H, is also depicted in Figure
So.

To better understand the role of the cycloaddition reaction
mechanism in the formation of benzene, RRKM-based Master
Equation (ME) calculations using the open-source software
MESMER have been performed on a portion of the C;H, PES
shown in Figure 6. The light blue pathway INT2 — TS14 —
INT8 — TSI1S — INT9 is not included in the MESMER
calculations because the intermediates and transition barriers
are expected to be less accessible relative to the pathways
leading to the formation of cyclic products, likely due to high
energy barriers (AE = 317.8 and 171.2 kJ mol™") and entropic
factors due to ring opening. The barrierless formation of the
bicyclic product (Figure S9) is omitted as well. The PES used
for the MESMER calculations is displayed in Figure S10. In
addition, due to the high energy of the H-loss channel from
INTIC relative to the transition state for its isomerization to
INT1B, the most likely fate of INT1C is isomerization to
INT1B, and we omit the H-loss pathway to benzvalene + H.
Therefore, in the ME calculation, the reaction is modeled to
proceed through CH cycloaddition onto the 7 system, either
yielding INT1A/1B with a rate coefficient set to the
experimental one.’’ The reactant number densities are chosen
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from the experimental conditions. The intermediates INT1A
and INT1B are found to be in equilibrium. Two cyclic C¢Hg
products from the PES are considered in the ME analysis:
benzene and fulvene. The ME analysis is run for temperatures
ranging from 300 to 1000 K and pressures ranging from 5 to
760 Torr in both Ar and N, as buffer gas. Benzene is found to
be the sole cycloaddition product (>99%) over the considered
pressure and temperature ranges. Sensitivity analyses are
performed to investigate the effect of model input parameters
on the benzene population. The energy transfer parameter
(AE ) is varied from 100 to 800 cm™' while the Lennard-
Jones parameters € and o are varied from 300 to 600 cm™' and
2 to 6 A, respectively, as shown in Table 1. Over these ranges,
the final modeled benzene population is found to be
independent of temperature and pressure and the initial
input parameters.

Figure 7 displays the microcanonical rate constants
calculated using RRKM theory for the unimolecular isomer-
ization and dissociation of the reaction intermediates.
Following INT1 formation by cycloaddition of the CH radical
(INT1A and INT1B are in equilibrium), isomerization occurs
very rapidly through ring opening to form INT2. The H-shift
pathway that competes with this process, converting INT1 to
bicyclic INT3, is calculated to be several orders of magnitude
slower than the ring-opening path to INT2 and considered
unfavorable relative to expansion to a six-membered ring.
Additionally, the isomerization of INT2 to bicyclic INT3
through TS6 (AE = 151 k] mol™") is relatively slow, being on
the same order of magnitude as the INT1B — TS5 — INT3
H-shift pathway (AE = 142.1 kJ mol™"). Based on the PES in
Figure 6, the formation of fulvene + H through cycloaddition
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Figure 7. RRKM theory calculated microcanonical rate constants for
the unimolecular isomerization and dissociation of the C¢H, reaction
intermediates. The energy origin is set to INT2.

can only proceed through the three-membered ring opening of
the bicyclic INT3 to INT4 followed by H elimination through
TS8. Overall, the most important kinetic competition is INT2
— TS6 — INT3 (the rate-limiting step to fulvene formation)
vs INT2 — TS2 — benzene. The latter pathway has a
substantially larger rate constant at all energies. The micro-
canonical rates support benzene being the most energetically
and entropically favorable cycloaddition product, with no
fulvene formation. This comparison between experiment and
theory suggests that fulvene is more likely to be formed by
barrierless insertion of the CH radical into one of the C—H
bonds of CPD.*'

Previous studies have investigated the role of CH insertion
into a C—C o bond.”>”° In the case of the reaction with CPD,
addition into the C3—C4 o bond directly forms INT 2. A
transition state was unable to be located at the level of theory
employed here. According to the RRKM microcanonical rates,
this mechanism will predominantly lead to benzene-d, + H and
benzene-d, + H in the case of CD + CPD. It is therefore not
possible to discriminate between C=C cycloaddition and C—
C addition based on the experimental results and RRKM-ME
calculations. However, there is evidence to suggest that C—C
addition mechanisms may be sterically hindered for reactions
with larger hydrocarbons.”””®

5.2. C—H Insertion Mechanism. Figure 8 displays the
CeH, potential energy surface for CH insertion into each of
the three unique C—H bonds of CPD. This surface has been
previously calculated using CBS-QB3 and DFT methods in
another publication,”’ although TS12 and TS13 were not
previously reported. There are three insertion channels: into
the C—H bond of one of the sp® carbons to form INTS or
INT7, and into one of the C—H bonds of the sp® carbon to
form INT4. As discussed previously INT4 may lead to benzene
formation through successive ring closing and opening to form
INT2 followed by H-loss. INT4 can also directly lose a
hydrogen atom to form fulvene through TS8. Alternatively,
INT4 can isomerize to INT6 or INT7 through TS9 and TS10,
respectively. The insertion intermediates INTS and INT7 can
directly decompose to fulvene + H through TS12 and TS13 or
isomerize into each other through TS11.

The theoretical method used here does not allow for
calculation of the relative contributions between the cyclo-
addition and C—H insertion entrance channels nor between
the three insertion channels. Nonetheless, RRKM-ME
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calculations are performed using the PES in Figure 8, not
including INT6. Within the level of theory employed here,
there is no identifiable saddle point for decomposition of INT6
into fulvene + H. The PES used in the MESMER calculations
is displayed in Figure S10. Three individual calculations are
performed starting with direct formation of INT4, INTS, or
INT?7, respectively. The calculations are performed using the
same parameters as for the cycloaddition calculations. At room
temperature and 5 Torr, benzene formation is found to be the
dominant mechanism (85%) when starting from the formation
of INT4. In the case of the direct formation of the insertion
intermediates INTS and INT7, fulvene formation becomes
dominant with branching fractions of 82 and 74%, respectively.

Figure 9 displays the calculated fulvene branching fractions
for isolated cycloaddition or isolated C—H insertion as a

CH+CPD = m INT1

1.0k = INT4
S m INT5
B = INT7
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Figure 9. Calculated fulvene branching fractions for CH cycloaddition
to INT1 (black) and insertion of the CH radical into one of the C—H
bonds of CPD forming INT4 (red), INTS (green), or INT7 (blue).

function of temperature upon reaction of the CH radical with
CPD to from INT1 (black), INT4 (red), INTS (green), or
INT7 (blue). Considering the maximum fulvene fraction from
insertion (82% after formation of INTS), the total branching
fraction of the insertion mechanism must represent at least 10
(£5)% of the overall CH + CPD reaction mechanism to
reproduce the measured 8 (+5)% fulvene fraction. Assuming
that the insertion/cycloaddition fraction does not change with
temperature, the overall fulvene/benzene branching fraction
from the CH + CPD reaction is only slightly dependent on
temperature. Benzene is therefore likely to remain the main
cyclic reaction product from the CH + CPD reaction at
combustion temperatures with a non-negligible amount of
fulvene.

The 1:3.3 m/z 78:79 ratio from Figure S combined with the
benzene to fulvene branching ratios from Figure S6 suggests
that the benzene-d; + H channel is the main exit channel. This
is in agreement with cycloaddition being the dominant
mechanism. The benzene-d, products can be attributed to
the C—H insertion mechanism through formation of INT4
undergoing a ring closure to INT3 following by 1:1 H:D
elimination. The formation of both fulvene-d,/fulvene-d;
suggests either formation of INT6 and 2:1 H/D elimination
or H/D scrambling along the insertion PES. Such hydrogen
scrambling is expected for highly exothermic reactions. Overall,
the CDBr; experiments are consistent with cycloaddition as
the main reaction pathway with a non-negligible fraction of C—
H insertion. Considering the maximum fulvene fraction from
insertion in Figure 9 (82% after formation of INTS), as well as
the CD + CPD m/z 78:79 ratio from Figure S, the total

branching fraction of the insertion mechanism must account
for at least 10 (+5)% of the overall CH + CPD reaction
mechanism to reproduce the measured 8% fulvene fraction.

6. CONCLUSIONS

Using PIMS-TOF product detection techniques, the direct
formation of C4Hg isomers by the reaction of the methylidyne
radical (CH(X?[])) with cyclopentadiene has been observed.
All C4Hy products observed in this work are formed through
elimination of an H atom. Fitting the experimental photoion
spectra to C¢Hy reference spectra reveals that the two major
products from the title reaction are benzene, with a branching
fraction of 90 (+5)% and fulvene, with a branching fraction of
8 (£5)%. Several linear isomers are found to be minor
products. The findings presented here suggest a novel and
competitive route to benzene formation in combustion
environments rich in cyclopentadiene.

Most studies of CH radicals reacting with unsaturated
closed-shell hydrocarbons conclude that cycloaddition across a
C=C bond dominates, with little evidence that CH inserts
into C—H bonds.”’ 7° In the present study, the experimental
observation of fulvene strongly suggests that C—H insertion
mechanisms play a non-negligible role compared to CH
cycloaddition. It is therefore possible to conclude that the
insertion mechanism accounts for at least 10 (+5)% of the
overall CH + CPD mechanism to support the experimentally
derived product branching fractions. Master Equation
calculations that properly treat the competition between the
barrierless CH + CPD entrance channels are substantially
more difficult but would provide further information of the
competitiveness of the insertion mechanisms relative to the
cycloaddition mechanism. The experimental product branch-
ing fractions and mechanistic information are significant in
exploring alternative and competitive routes to the formation
benzene in carbon-rich gas phase environments.
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