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ABSTRACT: The reaction of the ground state methylidyne radical (CH (X*IT))
with cyclopentadiene (CsHy) is studied in a quasi-static reaction cell at pressures
ranging from 2.7 to 9.7 Torr and temperatures ranging from 298 to 450 K. The CH
radical is generated in the reaction cell by pulsed-laser photolysis (PLP) of gaseous
bromoform at 266 nm, and its concentration monitored using laser-induced
fluorescence (LIF) with an excitation wavelength of 430.8 nm. The reaction rate
coefficient is measured to be 2.70(+1.34) X 107'° cm® molecule™ s™' at room
temperature and 5.3 Torr and found to be independent of pressure or temperature
over the studied experimental ranges. DFT and CBS-QB3 methods are used to
calculate the reaction potential energy surface (PES) and to provide insight into
the entrance channel of the reaction. The combination of the experimentally
determined rate constants and computed PES supports a fast, barrierless entrance
channel that is characteristic of CH radical reactions and could potentially lead to
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the formation of benzene isomers.

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are known to be
molecular precursors to carbon nanoparticles in carbon-rich
environments, such as combustion flames,"* planetary
atmospheres,” and the interstellar medium.*~” In combustion
processes, PAHs aggregate to form soot, which is a known
carcinogen and pollutant."”® Their formation is initiated
during the pyrolysis and oxidation of fuel molecules through
reactions with free radicals such as OH, O atom, C,H, and CH.
These radicals propagate complex chemical schemes leading to
the first aromatic ring and eventually to peri-condensed
aromatic rings. Commonly accepted PAH growth schemes
center on repetitive reactions and include the well-known
HACA (Hydrogen-Abstraction-C,H,-Addition) mecha-
»21% This mechanism proceeds by sequential hydrogen
abstraction from an aromatic molecule followed by acetylene
addition to the subsequent radical site. Similar mechanisms
replacing acetylene with methyl, propargyl, and cyclopenta-
dienyl radicals also lead to the formation of large PAHs.'' ™"
The significance of the various pathways is largely dependent
on the structure of the fuel molecule and the reaction
conditions.'® In addition, the formation of the first ring is
generally regarded as the main rate-limiting step in the overall
molecular growth scheme and has been widely studied.”'”'®
The predictive capability of models focusing on replicating the
complexity of combustion environments is limited by the lack
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of kinetic and thermodynamic data about an extensive number
of reactions under relevant conditions, especially the formation
of benzene and first peri-condensed aromatic rings.
Cyclopentadiene (CPD, CiHg) is an abundant conjugated
combustion intermediate that has been shown to play a central
role during the formation of aromatic molecules'”™>* It has
been detected during the pyrolysis of toluene (CsH;CH;) and
benzyl radical (C4H;CH,).”»** The oxidation of benzene has
also been shown to produce significant amounts of cyclo-
pentadiene over the 300—1000 K temperature range.25 More
recently, CPD has been identified as a major product during
the pyrolysis of the jet fuel JP-10 with branching fractions
greater than 15% reported over the 1300—1600 K temperature
range.”® These product fractions are in good agreement with
prior experimental studies conducted over a wide range of
temperatures and pressures, sug§esting CPD as a major
product."”*"~*° Vandewiele et al."” examined the secondary
reaction products of JP-10 pyrolysis and found that CPD was
the central first ring involved in the formation of PAHs such as
naphthalene and indene. Theoretical models also suggest that
the addition of the cyclopentadienyl radical to the neutral CPD
molecule provides additional routes to naphthalene and
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indene.”" Further reaction of the formed PAHs with CPD
could yield fluorenes, which are larger three- and four-ring
PAH structures with five-membered ring constituents.”’ The
presence of five-membered rings in PAHs has been shown to
facilitate isomerization and dimerization in these molecules
and to effectively contribute to higher sooting tendencies
during combustion processes.’”** Although CPD is an
important combustion intermediate during PAH formation,
its reactions with reactive combustion intermediates has largely
been overlooked.

The importance of small free radical species for the
formation of PAHs in combustion environments has been
long established."®'¥'®** One of the most reactive radical
species in combustion environments is the methylidyne (CH)
radical. This radical is unique in structure due to a singly
occupied and a vacant nonbonding molecular orbital
centralized on the carbon atom, in addition to a filled orbital
that also lends a carbene-like nature.®> The reaction
mechanisms of the CH radical with unsaturated hydrocarbons
involve little to no barrier, leading to reactions proceeding at a
fraction of the collision rate. The initial encounter of the
reactants is followed immediately by the formation of an initial,
short-lived intermediate that isomerizes and decomposes to
give the final products. These initial short-lived intermediates
are typically formed through either CH insertion into a C—H
o-bond or through cycloaddition across the C=C z-system of
the reacting molecule. There is a great deal of evidence to
support these CH radical entrance channels, which can be
summarized in a general chemical scheme described by a CH-
addition/insertion-H-elimination mechanism: CH + C,H,, —
C,.iH,, + H.**7** General CH radical mechanisms suggest
that the reaction is more likely to proceed through a singlet-
carbene-like cycloaddition across the z-system of the molecule
to form a three-membered ring constituent.”> This initial
intermediate may rapidly ring open or isomerize and further
dissociate through hydrogen elimination to form the final
products. In the absence of z-bonds, as in the case of the CH
reaction with CH,,**™** the measured rate coefficients still
remain fast and support a barrierless CH insertion into the
sigma C—H bonds of the molecule. Recent investigations into
the products of the CH + pyrrole (C,H,NH) reaction by
Soorkia et al." strongly support the cycloaddition pathway as
the dominate channel. The authors propose a four-step ring
expansion pathway following the general CH mechanism that
results in the formation of six-membered pyridine (CsHsN) +
H. The occurrence of 7-bonds in the structure of the initial
reactant lends preference to the cycloaddition entrance
channel over the insertion entrance channel mechanism.*>*°

The reaction rate of CH radicals with unsaturated
hydrocarbons have been extensively studied over the past
few decades.*>*®***1* 7% Canosa et al.** studied the
experimental rate coeflicients for CH reactions with ethylene
(C,H,) and butene (C,Hg) over a temperature range of 23 to
295 K using pulsed-laser photolysis (PLP) and laser-induced
fluorescence (LIF) to probe the radical decay. At 295 K, rate
coefficients of ke, = 2.92(+0.22) X 107"° cm™ molecule™
s and ke, = 3.70(£0.25) X 107" cm™ molecule™" s™" were
reported. Fast and pressure-independent rate coefficients were
observed down to 23 K. The rate coefficients displayed a slight
positive temperature dependence from 23 K up to 75 K, where
a maximum was reached, after which a negative temperature
dependence dominated up to 295 K. This negative temper-
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ature dependence is consistent with a rapid, barrierless CH
addition mechanism, as proposed by Butler et al* in their
study of CH + C,H,. Canosa and co-workers*’ also suggested
that the kinetics below room temperature is governed by long-
range electrostatic forces between the reactants.

Berman et al.* measured rate coefficients using pump—
probe laser techniques at room temperature for the reactions
with ethylene (kcp, = 4.2(£0.3) X 107'° cm™ molecule™

s7'), benzene (kcy, = 4.3(x0.2) x 107'° cm™ molecule™
s™'), and toluene (kcyi.cu, = 5.0(£0.4) x 107 cm™

molecule™ s7'). In the case of ethylene, the rate coefficients
displayed a negative temperature dependence over a temper-
ature range of 160 to 652 K. For the CH + benzene reaction,
the rate coefficient was found to be independent of
temperature over the 297 to 674 K range,” although the
authors were unable to conclude with certainty on this result
due to systematic error from photodissociation of benzene in
the reaction cell. Goulay et al.’® studied the reaction of CH
with anthracene (C,4H;o) and reported similar collision-limit
rate coefficients with a slight positive temperature dependence
over the 58—470 K temperature range. On the mechanistic
evidence discussed above and the rapid reactions with
unsaturated molecules, the CH radical is likely to be capable
of facilitating molecular growth and possibly ring expansion in
cyclic unsaturated hydrocarbons in the gas phase. Its reaction
with conjugated cyclic molecules, such as CPD, could play a
major role during the PAH-growth rate-limiting first ring
formation step. The accurate measurement of the rate
coefficients for such reactions contributes to improving the
accuracy of combustion models.

The present study provides experimentally determined rate
coefficients for the reaction of the CH(XII) radical with
cyclopentadiene over the 298—450 K temperature range. Part
of the C4H; potential energy surface is calculated using B3LYP
and CBS-QB3 levels of theory and discussed in conjunction
with the experimental kinetics in order to better understand
the reaction mechanism. A portion of the C4H, surface has
been previously discussed for the study of fulvene to benzene
H-assisted isomerization,”">” although no previous studies
reveal direct information on the entrance channel for the title
reaction. Here, the potential energy surface of the two most
likely CH radical reaction entrance pathways are predom-
inantly investigated: CH cycloaddition across a C=C bond
and CH insertion into one of the C—H bonds of
cyclopentadiene. Barrier calculations for both reaction entrance
channels are attempted but none are located on the surface
within the employed level of theory. The experimental data
support the fact that if any barriers to the formation of the
initial intermediates exist, they are likely small and submerged,
and thus can be considered negligible.""”48 Additionally, the
products for H abstraction pathways and the potential
formation of several C¢Hy species are explored and discussed.

I

2. EXPERIMENTAL PROCEDURE

2.1. Experimental Setup. A detailed description of the
experimental setup for the kinetic measurements has been
given elsewhere®” and only a brief overview is presented here.
The kinetic measurements are conducted in a pressure-
regulated, heatable, six-way cross stainless-steel reaction cell.
The pressure is regulated from approximately 2—10 Torr using
a manual butterfly valve while the temperature is varied from
298 to 450 K through the use of heating tape. A retractable
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Type K thermocouple placed close to the laser-overlap region
of the reaction cell is used to monitor and regulate the gas
temperature. The four horizontal Brewster-angle ports of the
reaction cell are used for laser access while a vertical port
supports the photomultiplier tube (PMT). All gases are
introduced using calibrated mass flow controllers into a
preheated SO cm® mixing volume before introduction in the
reaction cell. The deposition of bromoform and cyclo-
pentadiene onto the entrance laser window is mitigated by
flowing of a small quantity (~3% of the total flow) of nitrogen
gas adjacent to the window’s surface.

Bromoform (Sigma-Aldrich, 99%) is photolyzed at 266 nm
using the fourth harmonic of a Nd:YAG laser, generating CH
radicals in their ground (X’I1) and first excited (A’A)
electronic states. A small flow of nitrogen (<5% of the total
flow) is introduced to quench the vibrationally excited
CH(XIIL, v = 1) state formed during the photolysis of the
precursor.”* The excited electronic CH(A?A), formed by
successive three photon photolysis, is identifiable by a strong
emission signal immediately after photolysis and rapidly
decaying within 3 ps.>>*° The formed ground state radicals
of interest are excited on the A’A(v = 0) « XII(v = 0)
vibronic band at 430.8 nm using a 355 nm pumped dye laser
with Stilbene 420 dye (Exciton). The LIF signal of the CH
radical from the A’A(v = 0) — X*TI(v = 1) vibronic band is
collected by the PMT through a 490 nm (fwhm +10 nm)
band-pass filter. The collected fluorescence is integrated over a
1.1 pus gate, SO0 ns after the probe laser pulse and averaged
(SRS 250 Boxcar Integrator). Relative radical number density
temporal profiles are obtained by changing the delay time
between the pump/probe lasers using a delay generator (SRS
DGS3S) with 1 ps delay steps and averaging 10 laser shots per
point. The temporal profiles are fit using an exponential decay
from 30 to 100 us after the pump laser pulse. Earlier times are
not included in the fit in order to avoid any effect from the N,-
collisional relaxation of the CH (XI, v = 1) radicals. The
experiments are repeated for various concentrations of
cyclopentadiene to obtain the second-order rate coefficient at
a given pressure and temperature.

Cyclopentadiene reactant is prepared through thermal
cracking of its dimer dicyclopentadiene and collection of the
distillate in a liquid nitrogen cold trap.”” A detailed description
of the synthesis is provided in the Supporting Information. The
sample is degassed and vacuum transferred to a collection
cylinder and stored in a total of 1000 Torr of argon buffer gas.
The molar fraction of cyclopentadiene in the gas mixture is
inferred from the pressure of cyclopentadiene collected in the
cylinder, leading to typical values ranging between 4.1 and
5.8%. Characterization of the final gas mixture is performed
using a 25 cm® double-pass gas cell (Mettler Toledo) coupled
to a FTIR spectrometer (Mettler Toledo, ReactIR ic 15).
Figure 1 shows a typical FTIR spectrum of the cyclo-
pentadiene—argon gas mixture.

The presence of impurities in the gas mixture is dispelled
through inspection of the resulting IR spectra, specifically the
absence of peaks around 2300—2400 cm™' corresponding to
the presence of CO, that would indicate a leak in the collection
lines. Analysis of the vibrational assignments (see the
Supporting Information) for the observed gas phase absorption
bands are in good agreement with measurements by Gallinella
et al.”>® The number density of cyclopentadiene in the reaction
cell is inferred from the final molar fractions in the sample
cylinder multiplied by the fraction of the cyclopentadiene/Ar
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Figure 1. Baseline-subtracted infrared spectrum of the synthesized
cyclopentadiene reactant in argon buffer gas. The vibrational bands
are assigned according to analysis by Gallinella et al.>®

mixture mass flow rate of the total mass flow rate. At 5.3 Torr
and 298 K, the cell total number density is 1.7 X 10'7 cm™
with the cyclopentadiene number density ranging between
(0.2—1.2) X 10" cm™ under typical experimental conditions.

2.2. Computational Methodology. The CH(XI) +
CsHg(X'A,) potential energy surface (PES) is calculated using
the Gaussian 09 suite of programs.59 Geometry optimizations
and frequency calculations of all stationary points on the PES
are first performed using hybrid DFT methods at the B3LYP/
CBSB7 level.”” Analysis of the resulting vibrational frequencies
ensures that all stationary points are characterized as local
minima or first-order saddle points. Single-point energy
calculations are performed using the composite CBS-QB3
method to obtain more accurate energy values for all stationary
points.’ 7% The transition states are located by scanning the
bond lengths between intermediates using B3LYP/6-31G(d)
and confirmed as first-order saddle points by the presence of
an imaginary frequency. After single-point energy calculations
on the transition state using the CBS-QB3 method, intrinsic
reaction coordinate (IRC) calculations are then performed
using B3LYP/6-31G(d) to verify the connectivity of the
optimized transition state structures to the corresponding
minima along the reaction coordinates. The described method
was used to locate transition states for the entrance channels of
the reaction; however, none were found.

3. EXPERIMENTAL RESULTS

3.1. Pseudo-First-Order Kinetics. The cyclopentadiene is
introduced in excess relative to the CH radical. Under pseudo-
first-order conditions, the CH LIF decay signal due to its
reaction with cyclopentadiene is given by the following
equations:

[CH], = [CH] e k=2 (1)

2)

where k,,4 is the overall second-order rate constant of the
CH(v = 0) + cyclopentadiene reaction, At is the delay time
between the photolysis and probe lasers, [CH], and [CH],
refer to the CH radical concentrations initially in the cell and at
a delay time (At), [C;Hg] is the number density of the
cyclopentadiene introduced, k is the pseudo-first-order rate
constant for the CH radical decay, and ki is the first-order rate

klst = k2nd[C5H6] + kllst
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constant for loss of CH by reaction with its precursor (CHBr;)
and other possible photoproducts such as CHBr, Br,, Br, and
CBr. For a constant bromoform flow rate, the concentrations
of the precursor photolysis products remain constant within a
given data set.

The integrated CH LIF signal is plotted against laser delay
time for various cyclopentadiene number densities. The
temporal profiles of the CH signal are fit using an exponential
function in order to determine a value for k;y using eq I.
Figure S4 displays temporal profiles of the LIF CH decay at
298 and 400 K for several number densities of cyclo-
pentadiene. The k;, values are then plotted against the
cyclopentadiene number density to extract the overall second-
order rate constant for the reaction as shown in eq 2. Figure 2
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Figure 2. Typical plot of k), versus the number density of
cyclopentadiene recorded at 298 K and 5.3 Torr. The k,,4 value is
obtained using a linear fit to the data and reported with 2-standard
deviation uncertainty.

shows a typical k,,q plot recorded at 298 K and 5.3 Torr. The
large pseudo-first-order rate measured in the absence of
reactant is consistent with previously reported values under
similar experimental conditions.*"*>**®* The fast CH decay is
likely due to reaction with its precursor, molecular nitrogen,
and any impurity in the buffer gas. The good linearity of the fit
supports the pseudo-first-order approximation. The slope of
the fit in Figure 2 is used to determine the second-order rate
coefficient. The experimental procedure was preliminarily
validated through determination of the second-order rate
coefficient of the CH radical reaction with ethylene (C,H,).
The weighted k,,q value for the CH radical reaction with
ethylene was measured to be 2.57(+0.14) X 107 cm® s7%, in
good agreement with previous measurements.**>* Validation
of the high temperature setup over the 298 to 450 K range has
been achieved from previous experiments.*>*® Table 1 displays
the experimental conditions and measured rate coefficients for
the CH + cyclopentadiene reaction.

The absorption cross section for cyclopentadiene has been
measured to be 4.8 X 107° cm® at 266 nm,*’ and its
dissociation at 248 nm is known to produce various reactive
products, including the cyclopentadienyl (CsH;) and propargyl
(C3H;) radicals. The photodissociation process may decrease
the number density of reactants in the flow (within 5.5% to
7.0% of the initial reactant number density) and the
photoproducts may react with the CH radical and interfere
with the kinetic measurements. In order to investigate the
effect of photolysis on the reaction rate coeflicient, k,,4 values
were measured as a function of laser fluence (total energy per
unit surface). Figure SS (Supporting Information) displays the
measured rate coefficients as a function of laser fluence within
the 88—112 mJ cm™” range. The values for the laser fluence
associated with the data set can be found in Table 1. The
reaction rate coefficient displays no identifiable laser-fluence

Table 1. Experimental Conditions and Reported Overall CH + CPD Rate Coefficients for Independent Data Sets”

T (K) o (10" molecules cm™)

298 1.74 2.11
298 1.72 223
298 1.74 228
298 1.74 2.14
298 1.72 2.25
298 1.72 221
298 1.72 2.17
298 173 2.17
298 1.72 2.37
298 1.71 2.16
298 1.74 2.35
298 1.74 2.36
298 3.13 3.80
298 0.90 128
350 1.49 2.30
350 1.51 221
350 155 2.50
400 1.32 2.15
400 135 2.29
400 141 2.55
450 1.29 2.80
450 1.31 2.69

[CHBr;]” (10" molecules cm™) [CPD] range® (10" molecules cm™) laser fluence (mJ cm™) kyq (107" cm® s7")

27.8—116.1% 104 3.81 + 025
23.6—98.6% 111 2.97 £ 0.15
23.9-99.9¢ 110 2.82 + 0.36
23.9-99.9¢ 111 2.31 + 0.20
23.5-98.4¢ 108 2.46 + 0.20
23.9-99.8% 111 2.52 + 0.18
24.1-100.7 110 3.69 + 027
23.6-98.5° 92 2.88 + 023
27.3-114.2° 92 3.37 £ 0.14
27.1-113.4° 88 3.61 + 0.18
24.1-100.9% 99 243 + 024
24.1-100.9% 94 1.68 + 0.15
50.3-210.3* 104 2.85 + 0.32
12.5—52.1% 108 3.17 £ 038
20.3-84.7° 92 3.42 + 026
20.5—85.8° 92 2.83 + 0.30
24.6—102.7° 88 2.54 + 027
18.0-75.2° 92 1.99 + 0.21
18.3-76.6° 92 3.10 + 021
17.6—74.4° 88 2.57 + 0.15
20.6—86.0° 92 1.98 + 0.89
16.5—69.3° 88 2.19 + 0.14

“Reported error is 20 obtained from the linear fit of the k,,4 plots. b[CHBr3] fluctuations are within 5% of the reported average. “The marks

indicate data sets recorded with the same CPD mixture cylinder.
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dependence within the investigated fluence range. Any
dependence on the laser fluence is within two standard
deviation of the overall rate coefficient; however, the effect of
CPD photoproducts and their subsequent side reactions on the
measure rate coeflicients cannot be entirely dismissed. These
reactions, in conjunction with differences in the precursor
concentrations listed in Table 1, are likely to contribute to the
overall large spread of the k,,q values. In Table 1, the marks
indicate data sets recorded with the same CPD mixture
cylinder. The large spread in the measured k,,4 is unlikely to be
due to uncertainties on the reactant concentrations but more
likely to the effect of CPD photolysis.

3.2. Pressure and Temperature Dependence. The
pressure dependence of the overall CH + cyclopentadiene rate
coefficient is studied over the 2.7—9.7 Torr range. Figure 3
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Figure 3. Second-order rate coefficient (k,,4) as a function of total
cell pressure at 298 K. Each data point is from the average of multiple
runs with error bars reported to 2¢ precision.

shows the second-order rate coeflicients reported with vertical
error bars representing 2¢ error over the specified pressure
range. The standard deviation is obtained by weighting the k
values by the 20 error obtained from the individual linear fits
versus cyclopentadiene number density plots. The k,,q values
for each corresponding point are averaged from at least three
independent data sets obtained from different cyclopentadiene
samples. The individual rate constants over the specified range
of pressure are in good agreement within 26 error of each
other. This suggests that the second-order rate constant is
pressure independent over the specified experimental range.
The temperature dependence of the overall rate constant of
the CH + cyclopentadiene reaction is studied over the 298—
450 K range. Figure 4 shows the second-order rate constants
over the full experimental range and a pressure range of 5.3—
6.1 Torr. The data up to 400 K are reported as the weighted
average of the independent data sets with vertical error bars
representing 20 error. The weighted average k, 4 values shown
in Figure 4 are reported as 2.70(%1.34) X 107 cm?
molecule™ s7! for 298 K, 2.94(+0.90) X 107'° cm® molecule™
s™! for 350 K, and 2.56(+1.19) X 107'° cm® molecule™ s™* for
400 K. At 450 K only two independent data sets were obtained
due to difficulties arising from optimization of the CH LIF
signal at higher temperatures. For the 450 K data, the
unweighted average is recorded, and the uncertainty reported
as the minimum and maximum values of the two data sets. The
individual rate constants over the specified range of temper-
ature are in good agreement within 26 error of each other,
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Figure 4. Second-order rate coeflicient as a function of the cell
temperature over the 5.3—6.1 Torr cell pressure range. Each data
point is a weighted average from at least three independent data sets
with error bars reported to 20 precision. The 450 K point (red circle)
is the average of two data sets reported with the minimum and
maximum values.

suggesting no observable temperature dependence over the
specified experimental temperature range.

4. CH(X?II) + CYCLOPENTADIENE POTENTIAL
ENERGY SURFACE

Part of the C4H, potential energy surface has been computed
for the CH cycloaddition and insertion mechanisms using
DFT and CBS-QB3 calculations to complement the kinetic
results. All of the energy values provided are relative to the
reactants: cyclopentadiene and the CH radical. Figure 5 shows

H H
\1/
He,” N\, —H
N\
3—3
/ \

H H

Figure S. Representation of the CH radical reaction sites of
cyclopentadiene for the purposes of discussion of the potential
energy surface entrance channels.

the C,, symmetry in the structure where the sp® hybridized
carbon is labeled Cl and the remaining sp* carbons are
described as C2 and C3, respectively. The PES is split into two
separate pathways by way of the entrance channel mechanism.
The enthalpies for the products of the hydrogen abstraction
pathways as well as several acyclic products are computed and
examined further in the Discussion section but are not
included in the displayed PES.

A comparison of the energetics from previous CsH, PES
theoretical calculations to the present calculations can be
found in the Supporting Information. Calculated values for the
PES are in good agreement with the previous studies; any
discrepancies in the values are due to the differences in the
method and level of theory used for the calculation. It is worth
noting that some H-elimination transition states leading to the
formation of fulvene were not located in this study but were
identified using higher-level methods by Melius et al.”® and
Jasper et al.>> These barriers are within the error of the CBS-
QB3 method and should be considered negligible as they are
significantly small and all of the computed product channels
are highly exothermic relative to the reactants.
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Figure 6. Schematic of the C4H, potential energy surface proceeding through CH cycloaddition onto the C=C bond of the cyclopentadiene

reactant.

4.1. CH Cycloaddition Mechanism. Figure 6 displays
part of the potential energy surface for the CH radical
cycloaddition across C2 and C3 of cyclopentadiene. The CH
cycloaddition mechanism consists of two entrance channels
and three exit channels through H-loss to form benzene (P1),
fulvene (P2), and bicyclo[3.1.0]hexa-1,3-diene (P3). Two
exothermic bicyclic intermediates are formed from the CH
cycloaddition entrance channel: INT1A, for which the CH
substituent is oriented toward the ring structure, and INT1B,
where the CH substituent is oriented away from the ring
structure. The slight structural difference between the two
intermediates leads to an 0.5 kJ mol™ energy difference.
Isomerization from INTIA to INTI1B can occur through a
barrier of 7.3 k] mol™" relative to INT1B. INT1A can also
undergo a ring opening through TS1 with relative energetics of
95.7 kJ mol™ to form the resonance stabilized six-membered
ring intermediate INT2. The formation of INT2 is exothermic
by 527.7 k] mol™" relatively to the reactants. Formation of
INT2 is the most thermodynamically exothermic channel
identified on the PES due to resonance stabilization of the
radical along the 7-electron system of the structure. INT2 can
subsequently eliminate a hydrogen from carbon C1 through
TS2 lying 117.7 kJ mol™! above INT2 to form benzene. The
formation of benzene and a hydrogen atom is the most
thermodynamically accessible pathways with a reported energy
of —432.6 kJ mol™" relative to the reactants. INT1B can also
ring open to form the stable six-membered ring INT2 through
TS4 lying at 44.1 kJ mol™" above INT1B and follow the same
previously mentioned hydrogen elimination pathway to form
benzene. The transition state to INT2 from INT1B is 51.1 kJ
mol™" less than for the corresponding pathway from INTIA
due to the differences in the orientation of the CH substituent.

INT1B can also undergo a 1,3-hydrogen shift from the
neighboring C1 through TSS lying 141.1 kJ mol™' above
INT1B to form the bicyclic intermediate INT3, which has
thermodynamically accessible pathways to all three of the
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major products on the PES. INT3 decomposes through H-loss
from C2 through a barrierless dissociation channel to form the
bicyclic product P3. The products, P3 and a hydrogen atom,
have the highest energetics of the three products at —123.3 kJ
mol™" relative to the reactants. INT3 can also ring expand
through breaking of the bond between C2 and C3 of the five-
membered ring to form the six-membered ring INT2 through
TS6, lying 70.4 kJ mol™" above INT3. This can ultimately lead
to the formation of benzene through TS2 as previously
described. The methylene-substituted cyclopentadiene INT4
can form from breaking of the bond between the bicyclic
substituent and C2 of the larger ring on INT3. TS7 is 55.9 kJ
mol ™" above INT3, and INT4 has a relative energy of 408.6 kJ
mol™ below the reactants. INT4 can further lose the
remaining hydrogen substituent on C1 through TS8 that lies
123.3 kJ mol™! above it to form P2, fulvene. The fulvene and a
hydrogen atom product set, has a relative energy of 295.7 kJ
mol ™! below that of the reactants.

4.2. CH Insertion Mechanism. Figure 7 shows the PES
for the barrierless insertion pathways along the three possible
entrance channels to form three initial methylene-substituted
intermediates: INT4, INTS, and INT7. Due to the C,,
symmetry of cyclopentadiene, there are three sites for the
CH radical to insert into the C—H bonds of the molecule: the
sp® carbon atom (Cl1) or either of the two sp> carbon atoms
along the C=C bond (C2 or C3). Insertion of the CH radical
into the C—H bond of C2 leads to INT7 with a reported
energy of 509.7 k] mol~" below the reactants. Similarly, the CH
radical can insert into the C—H bond of C3 to form INTS that
is 485.9 kJ mol™* below the reactants. Both INTS and INT?7
can isomerize to each other through TS11, which is 121.1 kJ
mol™" above INTS. INTS, INT6, and INT7 can individually
undergo hydrogen elimination from respective sp® carbons to
form fulvene, likely proceeding through small energy barriers
as calculated previously elsewhere.””” Insertion of the CH
radical into C1 produces INT4, which also results from the
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Figure 7. Schematic of the C¢H, potential energy surface proceeding through CH insertion into the C—H bonds of the cyclopentadiene reactant.

ring opening of INT3 along the cycloaddition pathway as
discussed in the previous section (see Figure 6).

INT4 is the connecting intermediate between the CH
cycloaddition and CH insertion mechanisms and can follow
three pathways to form fulvene: two of which involve hydrogen
migration and the third involves the previously described
hydrogen elimination from CI1 through TS8. A 1,2-hydrogen
migration can occur on INT4 to isomerize to the
methylcyclopentadienyl intermediate, INT6, through TS9,
which lies 96.0 k] mol™" above INT4. From INT6, barrierless
hydrogen-loss from the methyl group of the intermediate leads
to the formation of fulvene. A 1,3-hydrogen migration can also
occur on INT4 through a barrier of 65.8 kJ mol™" to form the
C2 methylene-substituted INT7.

5. DISCUSSION

The kinetics of the CH (X*IT) + cyclopentadiene reaction were
determined experimentally between 298 and 450 K and at
2.7-9.7 Torr. The lack of pressure dependence and the
average rate coefficient of 2.70(+1.34) X 107" cm® molecule™
s7! for 298 K, as shown in Figure 3, are in agreement with the
rapid, pressure independent rate coeflicients found in previous
studies of CH radical reactions with unsaturated hydrocarbons.
The pressure independence of the measured rate coeflicients
together with the good exponential fits of the CH decays
suggest that the reaction is already performed at or near the
high-pressure limit with negligible dissociation of the initial
reaction adduct. The temperature independence of the rate
constants over the experimental range in Figure 4 is in
agreement with the absence of an energy barriers, which is
consistent with the widely accepted mechanism of CH radical
reactions with unsaturated hydrocarbons, as first proposed by
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Berman et al.”> The experimental rate coefficients reported
here are fast and already near the collision limit and thus
increasing the number of 7-bonds in the reactant molecule is
not expected to dramatically affect the overall rate coefficient.
Reported experimental rate coefficients ((2.81—4.18) x 107"
cm ™ s7! between 235 and 470 K) for the reaction of CH +
anthracene (C;sH;0)*" do not drastically differ from the CH +
cyclopentadiene values despite 7-bond conjugation among the
three-ringed reactant. Similarly, room temperature rate
coefficients from C(°P) reactions with C,H,, C,H,, and
C¢Hg, reported at 2.4 X 107", 2.1 X 107'% and 2.8 x 107"
cm® 577, respectively, reveal no increase in the rate coefficient
despite an increase in the 7-bonding sites.%’

The non-Arrhenius temperature dependence of the fast rate
coefficient is likely to be due to a strongly attractive potential
driven by long-range electrostatic forces between the reactants
(i.e., adiabatic capture) in agreement with Canosa et al.** and
as discussed in the reviews by Stoecklin et al.”® and Clary.”!
The lack of a potential energy barrier on the PES further
supports a strong interaction potential between the reactants,
as suggested by Clary.”" This strong attractive potential would
likely encourage CH insertion cycloaddition onto the z-bonds
of CPD over CH as the preferred entrance mechanism at
ambient temperatures. It is difficult to comment on the
temperature dependence for this reaction outside of the
temperature range examined here. As discussed in the
Introduction, similar CH radical reactions have shown a
change in temperature dependence at low temperatures when
the reaction is governed by long-range potential between the
reactants. Although further experiments and Master Equation
studies are necessary to expand upon the temperature range, it
is unlikely that the reaction rate for the addition of the CH
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onto the CPD unsaturation changes considerably above 450 K.
Any change in the observed reaction rate coeflicient for the
title reaction is more likely to be due to the abstraction
mechanisms becoming more favorable, as discussed further in
this section.

The experimentally determined rate coeflicients support a
barrierless entrance channel that proceeds either through CH
cycloaddition across the C=C bond or CH insertion into a
C—H bond of the five-membered ring. Although transition
states for these entrance channels could not be located with the
level of theory employed here, previous computational and
experimental studies of CH radical reactions with unsaturated
hydrocarbons have shown that the CH cycloaddition and
insertion are in general barrierless processes.”®”>~"* Ribeiro et
al.*® calculated the minimal energy profiles for the transition
states of the entrance channels for the CH + propane reaction
using B3LYP/6-311G(d,p) level of theory. They concluded
that all three entrance channels were in fact barrierless,
showing a decrease in energy as the bond length of interest
decreased. They later reported similar results for the entrance
channels of CH + propene reaction.”” In this case they
performed calculations of various reactive trajectories between
the molecules to determine the probability of either CH
insertion or CH addition occurring. From these calculations
they were able to conclude that CH cycloaddition across the
C=C bond is likely to dominate with branching ratios of
85:15, which is in good agreement with experimental product
detection studies for this reaction."” Based upon previous
studies®®”>”7* and the experimental evidence from the kinetics
provided here, it is reasonable to assume that the entrance
channels for this reaction are indeed barrierless.

Since no experimental information about the products can
be inferred from the kinetic data presented here, a PES is
proposed on the basis of similar CH radical reaction
mechanisms. In this paragraph the discussion of the reaction
products is purely based on enthalpic considerations and are
intended only for supporting the kinetic measurements. These
results will be complemented in an upcoming publication by
statistical calculations including entropic factors. The ener-
getics for the intermediates and transitions states in Figures 6
and 7 are in good agreement with earlier C;H, PES involving
the formation of benzene and/or fulvene.'>>°¥5%75=78 Ag
described in Figure 6, the initial intermediates INT1A and
INTI1B are formed through fast, barrierless cycloaddition and
can immediately ring-open to INT?2, from which H-elimination
can occur to give C4Hg products. The resonantly stabilized
INT2 is highly exothermic relative to the reactants and
products. Under the present experimental conditions, it is
unlikely that any intermediates are stabilized in the reaction
cell. Adducts formed from CH addition to unsaturated
hydrocarbon systems have very short lifetimes and have a
propensity to isomerize and dissociate with rates much greater
than the collisional quenching rate with the buffer gas.”” Once
formed, INT2 is therefore likely to isomerize or directly
dissociate. As shown by Dubnikova and Lifshitz’® in their
theoretical investigation of ring expansion mechanisms of
methylcyclopentadiene radicals, the increase in the bond
length of the CH, site in INT2 indicates a weakening of the
C—H and a greatly facilitated H-loss channel. Dissociation is
therefore likely to dominate over isomerization back to either
of the initial intermediates or INT3. These ring contraction
channels are expected be entropically less favorable than
dissociation.
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The portion of the PES for the CH insertion entrance
channel shown in Figure 7 only includes the product channels
for fulvene + H, despite accessible pathways to the other two
products. INT4, where CH insertion occurs on the sp’
hybridized carbon, serves as the connecting intermediate
between the two PES and is also capable of ring-expansion.
Direct ring-expansion routes to the formation of benzene + H
from INTS and INT7, where CH insertion occurs on either of
the sp* hybridized carbons, are also possible and have been
calculated by Dubnikova and Lifshitz.”® Both pathways involve
an additional intermediate and transition state compared to the
ring-opening pathway from INT4 to INT2 in Figure 6.
However, the authors conclude that the benzene formation
pathways from INTS and INT7 have much higher barriers
than that for isomerization to INT4 and subsequent rate
constant calculations favor the isomerization of INTS and
INT7 to INT4 versus direct ring-expansion pathways. A
favored isomerization of INT § and INT7 into INT4 opens up
pathways to the formation of the bicyclic product P3. For these
reasons, the product channels for benzene and P3 remain
competitive regardless of the dominant entrance channel
Although formation of benzene is the thermodynamically
minimum energy pathway, an appreciable amount of fulvene
and bicyclic product can also be expected to form considering
that all of the product channels are well below the energy of
the reactants and thermodynamically accessible. RRKM and
Master Equations calculations are required to fully conclude on
the probability of benzene formation and will be the subject of
future publications.

In order to discuss the possibility of H-abstraction pathways,
the enthalpies of reaction for the CH, coproducts were
calculated. Table 2 displays the computed enthalpies of

Table 2. Enthalpies of Reaction for the H-Elimination and
Abstraction Pathways for the CH + Cyclopentadiene
Reaction

H-Elimination Products  AH (298K) (kJ - mol")| H-Abstraction Products A .H (298K) (kJ - mol")

H H

H " H H
oM 1233 ¢-CsHs + CH, + CH, -39.3
W

H H H

Bicyclo[3.1.0]hexa-
1,3-diene +H

CH, H H

Fulvene + H Hﬁ/r« +H -295.7 2-CsH; + CH, Hﬁ R +99.5
+ CHp

H H H H
H
H

H H H ¢
o 4326 | 3-CHs+CH, w H
H H + CH,

" H

Benzene + H +97.2

reaction for the H-abstraction products together with H-
elimination products for comparison. The abstraction of a H
atom from the three sites on the cyclopentadiene molecule
leads to the formation of three isomers of cyclopentadienyl.
Two of these channels, abstraction from the C2 and C3 sites,
are thermodynamically unfavorable relative to the reactants.
Abstraction from the C1 site results in the formation of a
cyclopentadienyl moiety and a CH, carbene, 39.3 kJ mol™!
below the reactants. H-abstraction from the C2 or C3 site also
results in a cyclopentadienyl moiety but with respective relative
energetics of 99.5 and 97.2 kJ mol™" above the reactants. The
disparity in these relative enthalpies compared to those for the
C1 abstraction can be attributed to the hybridization of the site
and difference in the C—H bond lengths. Additionally,
abstraction from the C1 site results in electron delocalization
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on the five-membered ring that lends to the overall stability of
the molecule. The calculated C—H bond lengths on the sp*
hybridized C1 site were approximately 1.099 A, compared to
1.082 A reported for the C—H bonds on the sp> hybridized
C2 and C3 sites, indicating a longer bond that helps to
facilitate the H-abstraction on the C1 site. In general, for CH
radical reactions, H-abstraction pathways are unfavorable due
to higher barriers and have not be observed experimentally for
other CH radical reactions with small linear hydrocar-
bons. "% In the case of the CH radical reaction with
propane, Ribeiro et al."® searched for the transition states for
H-abstraction pathways but could not locate saddle points on
the corresponding PES. Any attempt to locate the transition
state led toward the energetically favorable CH insertion
channel, leading the authors to conclude that CH is more likely
to insert into a C—C or C—H bond rather than abstract a
hydrogen despite the fact that the H-abstraction products were
energetically accessible. A similar fate was found for the CH
radical approach to the propene molecule in another study by
the same authors.”” The CH cycloaddition and insertion
pathways are considered much more energetically favorable
and thus more competitive pathways than the H-abstraction
pathway, which is not included in the C¢H, PES for these
reasons.

Pathways to formation of acyclic C¢Hy products are not
explored in depth for purposes of the C4H, PES presented
here. Several of the linear products were calculated using the
aforementioned DFT and CBS-QB3 methods and found to be
thermodynamically accessible. The acyclic products considered
are typical of C¢H, formation reactions (e.g., propargyl radical
self-recombination®”®*) and are shown in Table 3. The
formation of linear products would involve the inclusion of
extra ring-opening and hydrogen migration steps that are not
consistent with previously accepted CH radical mechanisms.
Additional ring-openings would likely involve scissions of
INT2, after the initial ring-opening step from the bicyclic
intermediates, or any of the CH insertion intermediates

Table 3. Relative Enthalpies of Formation for Several of the
Acyclic Isomers of C¢Hg: 1,2-Hexadiene-5-yne (1,2-HDSY);
1,5-Hexadiyne (1,2-HDSY); 2-Ethynyl-1,3- butadiene (2E-
1,3-BD); 1,3-Hexadiene-5-yne (1,3-HDSY); 1,2,4,5-
Hexatetraene (1,2,4,5-HT)

Acyclic C¢Hg Isomers AH (298K) (kJ * mol™)

12-HDSY + H o +H 915
NN

1,5-HDY + H \/\+ H o -89.9
N

2E-1,3-BD + H H\ +H o -1612
&7

1,3-HDSY + H -151.8

/\/,ﬁ‘ + H

L2ASHT + H  Se_~ *+H 1130

N
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(INT4, INTS, and INT7). The additional intermediates and
transition states from this ring-opening could still be
thermodynamically accessible, as the pathways described are
already highly exothermic relative to the reactants. It is
arguable that these additional pathways would likely involve
higher barriers relative to the ones discussed here due to loss of
resonance-stabilization in the intermediate ring structures,
making the formation of acyclic products less favorable in
comparison to their ringed counterparts.

6. CONCLUSION AND IMPLICATIONS FOR
COMBUSTION CHEMISTRY

The experimental reaction rate for the CH radical reaction
with cyclopentadiene is fast, near the collision limit, and could
potentially reveal a pathway to the formation of the “building
block” aromatic benzene in the combustion fuels. The
presence of both the CH radicals and cyclopentadiene
molecule in these various combustion systems lends particular
significance to the potential for inclusion in models. The need
for the expansion of sophisticated models continues to grow,
especially as energy dependences shift outside fossil fuel
sources. In biomass combustion, the fragmentation of lignin
monomers produces significant amounts of cyclopentadiene,
where subsequent reactions are believed to be competitive
routes alongside the HACA mechanism to PAH formation.*’
Composition studies of the exhaust emissions from the
combustion of attractive biofuel candidate, dimethylfuran,
reveal first-ring intermediates, cyclopentadiene and benzene, as
key products.” Likewise, the combustion of many synthetically
produced high-energy-density hydrocarbon fuels (HEDHFs),
appealing for their efficiency in energy output and decrease in
required volume, yield similar products. The thermal
decomposition investigations of one such synthetic fuel,
tetrahydrotricyclopentadiene (C,gH;s), generates cyclopenta-
diene and benzene as major products.®*>*® Despite the
advancements in studying alternative fuel sources, the roles
of first hydrocarbon rings like cyclopentadiene and benzene
remains persistent.

Ring-expansion mechanisms, in particular from five to six-
membered rings, could offer valuable insight into the rate
limiting step of these gas phase molecular growth schemes.
Portions of the C¢H, potential energy surface presented here
overlap with other combustion-relevant ring-expansion reac-
tions like CH; radical reactions with cyclopentadienyl'*”**”%*
as well as the H-assisted isomerization of fulvene to
benzene,’'>* where computational models support the
formation of benzene as the major product at higher
temperatures (>1000 K). The fast, pressure-independent rate
coefficients support the formation of C4,Hg isomers, proceeding
through thermodynamically accessible pathways. The forma-
tion of benzene and a hydrogen is the most thermodynamically
favored product with reported energetics relative to the
reactants of 432.6 kJ mol™’. In addition, the formation of
fulvene and a hydrogen is expected to be non-negligible and
can further react through H-assisted isomerization or other
molecular growth schemes. At higher temperatures other
pathways may become more favorable, such as the H
abstraction to produce cyclopentadienyl, which is a key
reactive intermediate in PAH formation mechanisms of
combustion reactions.

The abundance of these reactant species in high-pressure,
high-temperature systems supports a need for inclusion of the
reaction rate into combustion models. CH radicals are highly
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reactive and their reactions with unsaturated hydrocarbons
allow for ring expansion in molecules. The fast pressure-
independent rate coefficients from the CH + cyclopentadiene
reaction presented here advocate the formation of CgHy
isomers that play a crucial role in combustion. The lack of
temperature dependence in the rate coefficients further
suggests that CH cycloaddition, driven by a strong attractive
potential between the reactants, is likely to dominate over
insertion or abstraction mechanisms at room temperature.
Fulvene and benzene are likely to form as major products for
this reaction, supported by thermodynamically accessible
pathways. At combustion relevant temperatures (>800 K),
H-abstraction pathways could become more significant,
becoming a larger source of cyclopentadienyl radicals. Further
kinetic studies at higher temperatures are necessary to confirm
these mechanisms. Ongoing experiments and theoretical
studies are being performed in order to further confirm and
quantify the identities of the products for the title reaction.
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