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ABSTRACT: The reaction of the OH radical with cyclopentadiene (C5H6) was
investigated at room temperature using multiplexed photoionization mass spectrometry.
OH radicals in their ground electronic state were generated in the gas phase by 248 nm
photolysis of H2O2 or 351 nm photolysis of HONO. Analysis of photoion spectra and
temporal profiles reveal that at room temperature and over the 4−8 Torr pressure range,
the resonance-stabilized 5-hydroxycyclopent-2-en-1-yl (C5H6OH) is the main observed
reaction product. Abstraction products (C5H5) were not detected. The C5H6OH potential
energy surface calculated at the CCSD(T)/cc-pVTZ//M06-2X/6-311++G** level of
theory suggests that the resonance-stabilized radical product is formed through barrierless
addition of the OH radical onto cyclopentadiene’s π system to form a van der Waals complex. This weakly bound adduct isomerizes
through a submerged energy barrier to the resonance-stabilized addition adduct. Master Equation calculations, including two OH-
addition entrance pathways, predict that 5-hydroxycyclopent-2-en-1-yl remains the sole addition product up to 500 K. The detection
of an OH-containing resonance-stabilized radical at room temperature further highlights their importance in carbon- and oxygen-rich
environments such as combustion, planetary atmospheres, and the interstellar medium.

1. INTRODUCTION
Resonance-stabilized radicals (RSRs) containing a hydroxyl
group have been identified as primary products during the OH
radical-initiated oxidation of small unsaturated and aromatic
molecules.1−5 They are characterized by the delocalization of
an unpaired electron in a molecular π-orbital. Participation of
the OH group with the delocalized π electrons may further
stabilize the radical. RSRs play a significant chemical role in
oxygen-rich gas-phase environments (e.g., interstellar medium,
planetary atmospheres, and combustion)1,6−11 due to their
resistance to oxidation by molecular oxygen. Reaction of an
RSR with O2 forms a peroxy radical at the expense of localizing
the previously delocalized electron, leading to a weak C−O2
bond. The newly formed bond in these peroxy radicals is likely
to thermally dissociate at lower temperatures than peroxy
radicals of non-resonance-stabilized radicals, therefore increas-
ing the propensity of RSRs to accumulate.12−14 In combustion,
self-recombination and cross-recombination reactions of RSRs
typically lead to the formation of the first aromatic ring from
which molecular weight growth to polycyclic aromatic
hydrocarbon formation occurs.15−22 At low and intermediate
temperatures, OH-containing radicals are likely to be formed
by addition of the OH radical onto unsaturated hydro-
carbons.23−26

The reaction mechanism for the OH radical reaction with
unsaturated hydrocarbons is well established.1,2,25,27,28 At low
and intermediate temperatures, it proceeds through the
barrierless formation of a van der Waals (VdW) complex
between the OH radical and the molecule’s π system. The OH
radical can then bond to one of the double-bonded carbon

atoms through an energy barrier slightly above that of the VdW
complex. In the case of OH addition onto a conjugated double
bond, the resulting reaction adduct may be stabilized by
resonance. As conjugation length in the hydrocarbon species
increases, it is more likely that OH radical addition will lead to
the formation of an RSR adduct. Resonance-stabilized addition
adducts have lower energy barriers for OH addition than non-
resonance-stabilized adducts.27 The adduct may then isomerize
and dissociate by H-loss to form substitution products,
although at su!ciently high pressures collisional quenching
by the bu"er gas will prevent further isomerization. At higher
temperatures, the weakly bonded VdW complex rapidly
dissociates back to the reactants, making OH addition a
minor entrance channel, while abstraction of a H-atom to form
a hydrocarbon radical (which may itself be resonance-
stabilized) and a water molecule becomes the dominant
channel. The absence of energy barriers for formation of the
initial VdW complex leads to a negative temperature
dependence at low temperatures and room temperature,
whereas the abstraction process displays an Arrhenius
behavior. Competition between the addition and abstraction
mechanisms leads to a rate coe!cient that decreases from low

Received: September 29, 2022
Revised: November 8, 2022
Published: November 23, 2022

Articlepubs.acs.org/JPCA

© 2022 American Chemical Society
9031

https://doi.org/10.1021/acs.jpca.2c06934
J. Phys. Chem. A 2022, 126, 9031−9041

D
ow

nl
oa

de
d 

vi
a 

W
ES

T 
V

IR
G

IN
IA

 U
N

IV
 o

n 
D

ec
em

be
r 2

9,
 2

02
2 

at
 1

7:
32

:2
0 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.2c06934&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06934?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06934?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06934?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06934?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06934?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/48?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.2c06934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


to intermediate temperatures to a minimum value before
increasing at high temperatures. The temperature correspond-
ing to the minimum value of the rate coe!cient typically
ranges between 500 and 1000 K.29,30 Stabilization of the
addition adduct and formation of an OH-containing radical is
therefore a likely reaction pathway in gas-phase environments
such as the interstellar medium (ISM) and planetary
atmospheres.
Several experimental and theoretical studies have inves-

tigated the reaction of the OH radical with conjugated
hydrocarbons.3,31−33 For OH addition onto isoprene (H2C
C(CH3)−HCCH2), the resonance-stabilized OH addition
adduct has been shown to play a central role in the isoprene
atmospheric oxidation mechanism.3,23,24,32 In the case of
acrolein (H2CCH−HCO), the simplest conjugated
carbonyl-containing molecule, addition of the OH radical
onto one of the carbons of the vinyl group followed by O2
addition leads to the formation of two di"erent peroxy
radicals.34 The location of the radical site after OH addition
governs the O2 addition mechanism and the structure of the
final oxidation products. When OH adds to the terminal
carbon of acrolein, the vinoxy-like radical is stabilized through
resonance. Reaction of this adduct with molecular oxygen is
expected to be much slower than that with the non-resonance-
stabilized radical formed by OH addition to the other carbon
atom of the CC bond.12−14 Investigating the formation of
RSRs by OH reactions with conjugated molecules is therefore
paramount for improving hydrocarbon oxidation chemical
schemes.
Cyclopentadiene (C5H6, Scheme 1) is an abundant

conjugated cyclic hydrocarbon which has been detected during

the pyrolysis of toluene (C6H5CH3), benzyl radical
(C6H5CH2),35 and the jet fuel JP-10.36 In the ISM,
cyclopentadiene has recently been detected in the molecular
cloud TMC-1.37 The reaction of the CN radical with
cyclopentadiene is also believed to be one of the main sources
of the recently detected cyano-cyclopentadiene (C5H5-
CN).38,39 RSRs formed by reaction of cyclopentadiene with
OH radicals in the ISM have the propensity to propagate the
radical chemical scheme and accelerate molecular weight
growth. The kinetics of the OH + cyclopentadiene reaction
have been estimated at room temperature40 and investigated
experimentally at high temperatures.30,41 The reaction rate
coe!cient ranges from 0.1 to 10 × 10−11 cm3 s−1 from 300 to
1390 K with a maximum value at room temperature and a
minimum value at ∼450 K. Due to the C2v symmetry of
cyclopentadiene, carbons 2 and 5 are equivalent, positioned α
to the sp3 hybridized carbon 1. Carbons 3 and 4 in the β
position to carbon 1 are also equivalent. Overall, there are
three carbon sites on cyclopentadiene for OH radical reactions
to occur. Mai et al.42 recently performed an exhaustive
computational investigation of the OH + cyclopentadiene
reaction. Computed branching ratios show that at room
temperature, the sole reaction product is expected to be the
RSR 5-hydroxycyclopent-2-en-1-yl formed by addition of the
OH radical on carbon 2 (see Scheme 1) of cyclopentadiene.
OH addition is the main reaction mechanism below 450 K,

whereas abstraction of a hydrogen atom to form cyclo-
pentadienyl (C5H5) and a water molecule dominates at higher
temperatures.41
Direct detection of OH addition adducts is experimentally

challenging due to their reactivity and low number density.
Several studies have reported the formation and detection of
OH-containing radicals in complex plasma discharges1,5 or
through photolysis of a radical precursor,32,43 but evidence of
radical adduct formation by OH reactions is scarce. Loison et
al.25 reported the direct ionization of the OH-propene and
OH-butene adducts (non-resonance-stabilized) using single
photon ionization. At room temperature, the H-loss channel is
found to be only a minor channel. The authors used 10.54 eV
photons to ionize the radical adducts, and although this is
considered soft ionization, most hydrocarbon radicals have
adiabatic ionization energies below 9.0 eV25,44 and start to
dissociate upon ionization even at energies as low as 10.54 eV.
Identifying the isomeric structures of the stabilized OH-
hydrocarbon adducts therefore requires a careful analysis of the
fragmentation patterns.
In the present study, tunable vacuum ultraviolet (VUV)

radiation is used to ionize OH + cyclopentadiene reaction
products close to their ionization threshold. Time traces of the
detected masses are used to discriminate between OH +
cyclopentadiene products and products from side reactions.
The isomeric structures of the reaction products are
determined by fitting the photoion spectra with calculated
integrated Franck−Condon factors. At room temperature, it is
found that the OH-containing RSR 5-hydroxycyclopent-2-en-
1-yl is the sole addition product with no evidence of hydrogen
abstraction pathways. Master Equation (ME) calculations are
compared to the experimental data and used to predict the
product branching fractions at higher temperatures. The results
are also compared to recent computational results on the same
system.42

2. EXPERIMENTAL PROCEDURE
The experiments are performed at the Advanced Light Source
synchrotron at the Lawrence Berkeley National Laboratory in a
low-pressure flow tube (4−8 Torr) at room temperature
coupled to time-of-flight mass spectrometry. The experimental
apparatus has been described in detail elsewhere45,46 and only
an abbreviated description is presented here. The cyclo-
pentadiene reactant and OH precursor molecules (hydrogen
peroxide (H2O2) or nitrous acid (HONO)) are injected in an
excess of helium bu"er gas flowing into a 62 cm slow-flow
quartz reaction tube with a 1.05-cm inner diameter. Conditions
in the flow tube are held at pressures between 4 and 8 Torr
and at 298 K with a total gas flow rate ranging between 100
and 250 sccm. Multiple data sets using a 248 nm photolysis
laser with cyclopentadiene and without OH radical precursors
were collected at 373 K in a previous study.47 Argon or
krypton (for hν < 7.9 eV) are used in a gas filter to absorb
harmonics of the undulator radiation. For data recorded below
8.0 eV with argon in the gas filter, a MgF2 window is placed in
the path of the ionizing radiation to suppress harmonics of the
undulator fundamental photon energy.
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 mechanical
pump that evacuates the flow tube. A uniform concentration of
OH radicals is generated down the flow tube by irradiating the
gas mixture with an unfocused 248 nm (for the H2O2

Scheme 1. Cyclopentadiene Carbon Labeling
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precursor) or 351 nm (for the HONO precursor) excimer laser
at 10 Hz (for the H2O2 precursor) or 4 Hz (for the HONO
precursor) repetition rate. The laser fluence inside the flow
tube is ∼20 to 40 mJ cm−2. The flow velocity is set such that
the gas mixture is replenished between each laser pulse. The
gas mixture is sampled about halfway down the length of the
flow tube through a 650-micron 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.
Hydrogen peroxide vapors are introduced into the reaction

flow by passing 40% of the total helium bu"er gas through a
solid H2O2−urea complex mixed with sand and heated to 45
°C in a water bath. To avoid decomposition of H2O2 on metal
surfaces, the gas line between the H2O2−urea complex
reservoir and the flow tube is made of polytetrafluoroethylene
and the valves are made of glass. Assuming H2O2 at its
saturation vapor pressure,48 the maximum possible number
density of hydrogen peroxide in the reaction flow is ∼3 × 1015
molecules cm−3. Using known absorption cross sections for
H2O2 photolysis49 and a conservative value for a H2O2 number
density of 3 × 1014 molecules cm−3,50 the OH number density
is estimated to be ∼1 × 1012 molecules cm−3. HONO is
synthetized by flowing 20 sccm of helium gas first through a
room-temperature bubbler containing a 6 M HCl solution and
then through a flask containing solid NaNO2. The solid sample
is continuously stirred to avoid surface passivation of the
sample. The pressure is maintained at ∼165 Torr in the HCl
bubbler and ∼15 Torr in the NaNO2 flask. The resulting
gaseous mixture is directly introduced into the reaction flow
tube and mixed with the reactants. HONO production is
optimized by monitoring the HONO signal at m/z 47 and the
NO signal at m/z 30 while adjusting the bubbler pressures.
Comparison of the OH + CPD product signals between the
two precursors suggests an OH number density about 10 times
lower at 351 nm than at 248 nm.
Cyclopentadiene is prepared through thermal cracking of

dicyclopentadiene (C10H12), and vacuum transferred into a
3.79 L stainless-steel cylinder. A detailed description of the
cyclopentadiene synthesis and purification procedure has been
given previously.47 The gaseous sample at ∼90 Torr is
pressurized with helium bu"er gas to approximately 2000
Torr for a final mixture containing 4.0−4.5% cyclopentadiene.
The resulting number density of cyclopentadiene in the
reaction flow tube was approximately 5.7 × 1013 molecules
cm−3.

3. COMPUTATIONAL METHODS
3.1. Electronic Structure Calculations. Electronic

structure calculations were performed using the Gaussian 16
(G16) suite of programs.51 For all neutral and cationic species,
a relaxed scan of the dihedral angle containing the OH group
was performed at the M06-2X/6-311++G** level to determine
the global minimum energy configuration.52,53 The energy of
the considered species is then calculated by reoptimizing the
global minimum of each internal rotor potential at the B3LYP/
CBSB751,54 level, and the electronic energy is calculated using
the CBS-QB3 method.55 In the case that the cation structure
cannot be optimized (such as that of the 2-hydroxycyclopent-
3-en-1-yl radical, INT2), the vertical ionization energy is

calculated by using the neutral geometry for the cation energy
calculation.
Simulated Franck−Condon factors (FCFs) were calculated

at room temperature with the G16 package within the Franck−
Condon approximation.56 The calculated FCFs were con-
volved with a Gaussian response function (FWHM = 0.025
eV). The geometries were those optimized at the M06-2X/6-
311++G** level. Because photoionization is a vertical process,
in the FCF calculations, the dihedral angle of the OH internal
rotor for the cation was set to that of the neutral species in the
harmonic oscillator approximation. In most cases, this
configuration of the cation corresponds to a local minimum
on the internal rotor potential. The internal rotor potentials for
the 5-hydroxycyclopent-2-en-1-yl (INT1) neutral and cationic
species are displayed in Figure S1. The di"erence in energy
between the electronic states was set to the di"erence in
energy between the global minima of each internal rotor
potential to account for any nonvertical transitions. Photo-
ionization spectra were simulated by integrating the calculated
FCF spectra. A more rigorous approach for FCF calculation
has been proposed by Voronova et al.57 and involves solving
the 1D Schrodinger equation using the internal rotor potential
and calculating the wavefunction overlap. Within the
experimental energy resolution, the harmonic approximation
used here still allows identification of the isomer products by
the shape of the simulated photoion spectrum.
Stationary points on the C5H6 + OH potential energy

surface (PES) were calculated using the G16 suite of programs.
The lowest energy conformer geometries were optimized at
the M06-2X/6-311++G** level using an ultrafine grid. First-
order saddle points were found by scanning bond lengths or
angles between intermediates. The transition-state structures
were confirmed by the presence of a single imaginary
frequency and by performing intrinsic reaction coordinate
calculations at the same level of theory. Final single-point
energy calculations were performed using the CCSD(T)/cc-
pVTZ level of theory. All energies were corrected for zero-
point energy from the M06-2X/6-311++G** calculations. T1
diagnostic calculations were performed to assess the multi-
reference character of all stationary points. T1 diagnostic
values for C5H6OH and C5H5OH are displayed in Table S1.
Values are less than 0.02 for closed-shell species and less than
0.045 for open-shell species, indicating that multireference
e"ects may be ignored for all electronic structures.58,59 The
atomic coordinates of the optimized structures, rotational
constants, and vibrational frequencies for all stationary points
are reported in Table S2.

3.2. Master Equation. Temporal profiles and branching
fractions for the products of the OH + CPD reaction were
calculated using the open-source Master Equation solver
MESMER (Master Equation Solver for Multi Energy well
Reactions).60,61 MESMER solves coupled di"erential equa-
tions describing the reaction and energy transfer kinetics given
stationary points of the PES. The methodology has been
described in detail by Glowacki et al.61 and has been employed
to investigate OH radical reactions with unsaturated hydro-
carbons60 as well as CH radical reaction with ammonia62 and
cyclopentadiene.47
Isomerization and decomposition unimolecular rates of the

reaction intermediates along the PES were calculated using
Rice−Ramsperger−Kassel−Marcus (RRKM) theory. Energy
transfer processes were modeled using a constant average
energy transferred, ΔEdown. The classical rotor approximation

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c06934
J. Phys. Chem. A 2022, 126, 9031−9041

9033

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c06934/suppl_file/jp2c06934_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c06934/suppl_file/jp2c06934_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c06934/suppl_file/jp2c06934_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c06934?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was used for the reactants, whereas products were treated as
quantum rotors using the 1D internal rotor potential from the
M06-2X/6-311++G** scans. The energy grain size typically
used for the modeling was 50 cm−1, whereas a larger grain size
of 100 cm−1 was used for the sensitivity analysis.47 The energy
grain was set to span a region possessing 20kBT of energy in
excess of the highest stationary point energy, where kB is the
Boltzmann constant and T is the temperature. The energy
transfer and Lennard-Jones parameters (ε and σ) were taken
from previous work on CH and OH reactions with unsaturated
hydrocarbons. Values of σ = 4.3 Å and ε = 380 cm−1 were used
for all the C5H6OH intermediates and σ = 2.55 Å and ε = 10.2
cm−1 for the He bath gas.60,63,64 The collisional energy transfer
parameter ΔEdown was kept independent of temperature at
ΔEdown = 250 cm−1. Calculations were also performed with
ΔEdown = 300 cm−1 as suggested by Shannon et al.60 in the
reaction of OH with acetone and dimethyl ether. The final
product branching fractions were found to be independent of
the energy transfer parameters and grain size within the 300−
1000 K and 4−1000 Torr temperature and pressure ranges.
The initial cyclopentadiene number density was set to the
experimental value.

4. EXPERIMENTAL RESULTS
Time- and energy-resolved mass spectra were recorded by
averaging 300−800 laser shots at each VUV photon energy
and scanned over the 7.3−9.0 eV energy range with 25 meV
steps. The data were baseline subtracted for prephotolysis
signals using the time range before each laser pulse and
normalized for the VUV photon flux. Integrating the data over
a given time range or energy range provides mass spectra that
are either energy- or time-resolved. Positive ion signals in the
mass spectra indicate species formed during and after the laser
pulse. Photoion spectra were obtained by integrating the
energy-resolved mass spectra over the mass species of interest.
Isomeric species were identified based on their ionization
energy (see Table 1) and through fitting the experimental
photoion spectrum with simulated photoion spectra (inte-
grated FCFs).
4.1. Vertical Ionization Energy. The reaction of OH with

cyclopentadiene proceeds with a rate coe!cient of 9.2 × 10−11

cm−3 s−1 at room temperature.30,40 Assuming pseudo-first-
order approximation and a cyclopentadiene number density of
5.7 × 1013 cm−3, the characteristic time for the decay of the
OH radical and rise of the primary products is of an order of
190 μs (rate of 5200 s−1). Reactions of primary products with
remaining radicals or other photoproducts in the flow may lead
to the formation of secondary products over the experimental
reaction time with a slower formation.47,65 It is therefore
possible to discriminate between primary and secondary
reactions by integrating mass spectra and photoion spectra
over the first few milliseconds of reaction time. Products
showing a slow initial formation will have a smaller
contribution to the spectra.
Data were recorded using both hydrogen peroxide and

HONO as precursors at 248 and 351 nm photolysis,
respectively. The absorption cross section of cyclopentadiene
was previously reported as 4.5 × 10−18 cm2 at 248 nm.66 The
energy- and time-resolved mass spectra of cyclopentadiene +
248 nm in He bu"er gas have been previously recorded47 at
373 K and 4 Torr and are used here to discriminate between
OH + cyclopentadiene products and products resulting from
cyclopentadiene photolysis. No cyclopentadiene absorption

cross section values have been reported in the literature at 351
nm; however, at this wavelength, the molecule is not expected
to photodissociate. In the following paragraphs, mass spectra,
temporal traces, and photoion spectra from the 248 nm
irradiation of a cyclopentadiene mixture with hydrogen
peroxide are compared to those obtained from the 351 nm
irradiation of a cyclopentadiene mixture with HONO to
identify the primary product from the OH + cyclopentadiene
reaction. Over the 4−8 Torr range, the pressure is found to
have no observable e"ect on the time- and energy-resolved
mass spectra. The data below are recorded at 4 or 8 Torr to
present the most representative dataset.
Figure 1 displays the mass spectra obtained upon (a) 248

nm irradiation of a mixture containing H2O2 and cyclo-
pentadiene at 4 Torr and 298 K and (b) 351 nm irradiation of
a mixture containing HONO and cyclopentadiene at 8 Torr
and 298 K. Signals at m/z 82, 83, and 84 are observed in both
panels. Signals at m/z 80, 81, and 92 are detected only in the
case of the 248 nm irradiation. The signals at m/z 80 and 92
were previously observed upon 248 nm irradiation of
cyclopentadiene under similar conditions and were attributed
to the reactant photodissociation and products from photo-
product reactions.47 Below 9.0 eV, the signal at m/z 81 from
CPD photodissociation is solely due to 13C contribution from
the m/z 80 signal. In Figure 1a, there is an additional
contribution to the signal at m/z 81, likely from photolysis of
an impurity, as indicated by its fast formation rate (see Table

Table 1. Structure, Name, Label, and CBS-QB3 Adiabatic
Ionization Energies for C5H6OH (m/z 83) and C5H5OH
(m/z 82) Isomers of Interest

aVertical ionization energy.
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S3). Other detected signals outside of the m/z range of Figure
1a are consistent with 248 nm cyclopentadiene photoproducts
(see Figure S2a,c).47 Upon 351 nm irradiation, no significant
laser-dependent signals are detected outside of the mass range
displayed in Figure 1b (see Figure S2b). In particular, there is
no evidence of cyclopentadienyl (C5H5, IE = 8.41 eV)44
formation at m/z 65 (see Figure S3).
Figure 2 displays the temporal traces recorded at m/z 65, 80,

81, 82, and 83 obtained upon (a) 248 nm irradiation of a
mixture containing H2O2 and cyclopentadiene at 4 Torr and
298 K and (b) 351 nm irradiation of a mixture containing
HONO and cyclopentadiene at 8 Torr and 298 K. Temporal
traces for signals observed upon irradiation of cyclopentadiene
at 248 nm47 are displayed in Figure S4. The ion signals are
corrected for 13C contribution. The solid lines are fit to the
data using eq 1 corresponding to a pseudo-first order model of
sequential reactions over the 0−20 ms time range,67 where k1
and k2 are the rates for the rise and decay of the products,
respectively, and S′ is the signal corresponding to the
formation of the products.

= · · · ·ikjjjjj y{zzzzzS t
S k

k k
( ) (e e )k t k t1

2 1

1 2

(1)

In the case of the m/z 65 signal, the fit includes a
contribution from cyclopentadienyl self-reaction. This is
achieved by fitting the signal to a system of two di"erential
equations including a first-order formation (k1) and decay (k2)
of cyclopentadienyl and a recombination contribution set to
the experimental value.68 The rate coe!cients obtained from
the fit are given in Table S3. Photolysis processes are found to
be greater than the estimated instrument response function,
4000 s−1.69 The slower rise of the m/z 80 signal suggests that it
results from secondary reactions of cyclopentadiene photo-
products. Signals at m/z 82 and 83 are found to have faster
rises characteristic of a first-order radical reaction. Measuring

the true formation rate would require deconvolving the signal
rise with the instrument response function.70 Nonetheless, the
fast rise of the m/z 83 signal is consistent with its formation by
reaction of OH with cyclopentadiene. The rise of m/z 82 signal
is found to be very slow in the absence of OH precursors and
remains consistently systematically slower than the expected
instrument response function when OH precursors are added.
This di"erence suggests that these two masses may be formed
by di"erent reactions. It is also unlikely that m/z 82 comes
from decomposition of m/83 as the rise of the m/z 82 signal is
consistently faster than the decay of m/z 83.
Figure 3 displays the photoion spectrum of m/z 83 (black

markers) obtained upon 248 nm irradiation of a mixture

Figure 1. Mass spectra obtained upon (a) 248 nm irradiation of a
mixture containing H2O2 and cyclopentadiene at 4 Torr and 298 K
and (b) 351 nm irradiation of a mixture containing HONO and
cyclopentadiene at 8 Torr and 298 K. In both panels, the ion signal is
integrated over the 0−1 ms time range and 7.9−9.0 eV photon energy
range.

Figure 2. Temporal traces at m/z 65 (blue open triangles), 80 (green
filled triangles), 81 (purple open squares), 82 (black open circles),
and 83 (red filled circles) obtained upon (a) 248 nm irradiation of a
mixture containing H2O2 and cyclopentadiene at 4 Torr and 298 K
and (b) 351 nm irradiation of a mixture containing HONO and
cyclopentadiene at 8 Torr and 298 K. The ion signal is integrated over
the 7.9−9.0 eV photon energy range. The data are corrected for 13C
contribution. The solid lines are fit to the data using single or double
exponential functions for product formation.

Figure 3. Photoion spectrum of m/z 83 (black markers) obtained
upon 248 nm irradiation of a mixture containing H2O2 and
cyclopentadiene at 4 Torr and 298 K over the 7.2−9.0 eV photon
energy range. The ion signal is integrated over the 0−1 ms time range.
The data are corrected for 13C contribution. The red line is the
integrated FCFs of 5-hydroxycyclopent-2-en-1-yl (INT1).
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containing H2O2 and cyclopentadiene at 4 Torr and 298 K.
The data are corrected for 13C contribution. Due to low overall
photon flux below 8.0 eV combined with the low number
density of the HONO precursor in the flow tube, the photoion
spectra recorded upon 351 nm irradiation of a mixture
containing HONO and cyclopentadiene show a very low signal
(see Figure S5). Above 8.0 eV, the spectra recorded at 248 and
351 nm are similar. Given the similar rise and decay rates (see
Table S3), it is assumed that the signals at m/z 83 are due to
the same species in both 248 and 351 nm experiments. The ion
onset in Figure 3 is 7.3 eV which matches the calculated
adiabatic ionization energy of the 5-hydroxycyclopent-2-en-1-
yl radical displayed in Table 1. The simulated photoion
spectrum for INT1 is fitted to the experimental spectra from
7.3 to 7.8 eV to minimize the possible contribution from
INT2. Because no m/z 83 ions are detected at 7.3 eV, the 1-
hydroxycyclopent-2-en-1-yl isomer (INT5) with an adiabatic
ionization energy of 6.17 eV is not detected. Deviation from
the fit above 8.5 eV may be due to either the presence of INT2
or di"erences between the integrated FCF and the photoion
spectrum of INT1. Such di"erences have been previously
observed for unsaturated molecules.71,72 The vertical ionization
of 3-hydroxycyclopent-2-en-1-yl is calculated to be 8.22 eV
which corresponds to the maximum of the photoelectron
spectrum. Because the cation geometry cannot be optimized at
the level of theory used in this study, FCFs for INT2 cannot be
calculated. Nonetheless, the photoion spectrum can be
approximated to that of INT1 with a shift in energy
corresponding to the di"erence in vertical ionization between
both isomers. Within this rough approximation, the m/z 83
spectra can be fit over the whole energy range. The fit is
displayed in Figure S6 and results in a 3:2 branching ratio
between INT1 and INT2. Although this method is likely to
overestimate the fraction of INT2 formed, it suggests that
INT2 may be a non-negligible reaction product.

Due to the slower m/z 82 signal rise, compared to that of m/
z 83, C5H5OH isomers detected upon both 248 and 351 nm
irradiation are unlikely to be formed by the OH +
cyclopentadiene reaction. Signal at m/z 82 is also detected
upon 248 nm irradiation of cyclopentadiene without OH
precursors but with an ionization onset above 9.2 eV (see
Figure S7), which is outside of the energy range used for the
OH + cyclopentadiene study. Therefore, species at m/z 82
observed in Figure 1a,b must contain an oxygen atom from the
OH radical. In addition, inspection of the high-resolution mass
spectra for the present experiments reveals only one peak at m/
z 82. The photoion spectrum integrated over the full time-
range at m/z 82 (Figure S8) displays an ion onset at 7.8 eV for
248 nm irradiation and 8.1 eV for 351 nm irradiation.
Although these values match the ionization onset of 1,3-
cyclopentadien-1-ol (P1) and 1,4-cyclopentadien-1-ol (P2),
the shape of the spectra does not match that of the integrated
FCFs. Upon 248 nm irradiation, integrating the ion signal over
the 0−2 ms time range leads to an ion onset at 7.8 eV, as
reported above, while the ion onset shifts to ∼8.0 eV when
integrating the signal over the 38−40 ms time range (see
Figure S9). The m/z 82 photoion spectrum recorded with 351
nm irradiation is independent of integration time. The change
of photoion spectra with reaction time observed upon 248 nm
irradiation suggests that the m/z 82 signal is due to species
formed by two di"erent reactions. One of these reactions (also
forming C5H5OH isomers at 351 nm) is not related to
cyclopentadiene photodissociation. The second process,
observed only upon 248 nm irradiation, is likely to be due
to OH reaction with cyclopentadiene photoproducts.

5. DISCUSSION
The detection of m/z 83 with a fast rise time upon irradiation
of a cyclopentadiene mixture with both H2O2 at 248 nm and
HONO at 351 nm suggests that C5H6OH isomers are formed

Figure 4. Part of the C5H6 + OH PES calculated using the CCSD(T)/cc-pVTZ//M06-2X/6-311++G** level of theory. The energies, corrected
for zero-point energy (0 K), are given in kJ mol−1.
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by reaction of the OH radical with cyclopentadiene. Isomers of
C5H5OH at m/z 82 seem to be formed in the reaction flow by
slower side reactions rather than by H-atom loss from the m/z
83 C5H6OH radical. Analysis of the C5H6OH photoion spectra
suggests that 5-hydroxycyclopent-2-en-1-yl (INT1) is the only
isomer contributing to the ion signal. Upon irradiation at 351
nm, no signal is observed at m/z 65, indicating that
cyclopentadienyl is not formed in the reaction flow. These
results strongly suggest that at room temperature and over the
4−8 Torr pressure range, formation of INT1 by OH addition
to cyclopentadiene is the sole reaction pathway.
Figure 4 displays part of the C5H6OH PES calculated using

the CCSD(T)/cc-pVTZ//M06-2X/6-311++G** level of
theory. The energies are similar to those recently calculated
by Mai et al.42 at the M06-2X/aug-cc-pVTZ level of theory.
The reaction is found to proceed through the initial barrierless
formation of a VdW complex. The VdW complex isomerizes to
the resonance stabilized INT1 and to INT2 through TS1 and
TS2, respectively. At this level of theory, the energy of TS2 is
found to be slightly higher than the reactant energies, while
that of TS1 is found to be lower. This di"erence in energy is
likely due to the development of resonance stabilization at the
geometry of TS1. Both INT1 and INT2 energies are well
below those of the reactants, with INT1 being more stable by
50 kJ mol−1 due to resonance stabilization. H-loss from INT1
and INT2 forms OH substitution products P1 and P2 through
TS5 and TS6, respectively. The energies of the products and of
the transition states are all significantly above those of the
reactants. Product P3 (see Table 1) is found to have an energy
42.4 kJ mol−1 above those of the reactants (not displayed in
Figure 4) and is not considered a competitive channel
compared to the other bimolecular product channels.
Alternatively, INT1 can ring open to form the resonance-
stabilized INT3 through TS3, 9.2 kJ mol−1 above the energy of
the reactants. Ring opening from INT2 forms a non-
resonance-stabilized radical through TS4, 65.4 kJ mol−1

above the energy of the reactants. H-losses from the noncyclic
INT3 and INT4 were not investigated as they are unlikely to
be significant under the pressure and temperature conditions
investigated here. INT2 can isomerize to the resonance-
stabilized INT5 by H-atom transfer. Although this radical is
the most stable intermediate on the calculated PES, its
formation involves an energy barrier 60.1 kJ mol−1 above the
energy of the reactants.
The PES displayed in Figure 4 suggests that the resonance-

stabilized INT1 may be formed by addition of the OH radical
to either carbon 2 or 5 of the cyclopentadiene reactant
(Scheme 1) through a submerged energy barrier. All other
pathways have saddle points with energy above those of the
reactants and are unlikely to dominate at room temperature.
To further investigate the formation of the C5H6OH and
C5H5OH isomers in the reaction flow, RRKM-based ME
calculations were run using the open-source software
MESMER.61 All the addition channels displayed in Figure 4
were included in the calculations. Figure 5 displays the
calculated temporal profiles at (a) 298 K and (b) 1000 K for
INT1 (red line), INT2 (green line), P1 (black line), and P2
(blue line) at 4 Torr. The other isomer intermediates are
formed with negligible fractions. At room temperature and 4
Torr, the Master Equation finds that stabilization of the
resonance-stabilized INT1 is the sole reaction product, in
agreement with a recent computational study.42 The probable
detection of INT2 in our experiment may suggest uncertainties

about the energy barrier height for isomerization of the VdW
complex to INT2. Calculations at a higher level of theory are
required to resolve this discrepancy. Nonetheless, the ME
calculations qualitatively agree with the experimental findings.
At higher temperatures, cyclopentadien-2-ol + H (P1) and
cyclopentadien-3-ol + H (P2) become the dominant reaction
products with branching fractions of 0.76 and 0.24,
respectively, at 1000 K. At such high temperatures, however,
H-abstraction to form cyclopentadienyl (C5H5) + H2O is likely
to become the dominant reaction pathway as suggested by the
recent kinetic30 and ME studies.42 The temperature and
pressure dependences of the addition and abstraction
branching ratios have been calculated by Mai et al.42
The detection of the stabilized adduct for the OH +

cyclopentadiene reaction validates the previously proposed
mechanism for addition of the OH onto conjugated hydro-
carbons24,32,42 as displayed in Scheme 2. The addition of the
OH radical onto one of the terminal vinylic carbons (labeled 1
and 4) forms an RSR. This radical is likely to accumulate in
gas-phase environments due to its resistance to reaction with

Figure 5. MESMER-calculated temporal profiles of INT1 (red line),
INT2 (green line), P1 (black line), and P2 (blue line) from reaction
of the OH radical with cyclopentadiene at (a) 298 K and (b) 1000 K
at 4 Torr.

Scheme 2. General Reaction Mechanism for OH Addition to
Conjugated Hydrocarbons
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molecular oxygen, as mentioned in the Introduction. The OH
addition onto the carbons labeled 2 and 3 is expected to be less
favorable than onto the terminal vinylic carbons because the
resulting intermediates are not stabilized by resonance.
Abstraction of a hydrogen atom will compete with the
formation of the addition adduct, although the temperature
at which this channel becomes dominant depends on the
overall structure of the molecule. The hydrogen atoms on the
carbon labeled 5 are doubly allylic, and their abstraction will
lead to an RSR. The substituent groups R1 and R2 may also
participate in the conjugation, making the formed radical very
stable. The increased resonance stabilization could lower the
energy of the transition state, making abstraction a competitive
channel at lower temperatures. In the case of cyclopentadiene,
the sp3 hybridized carbon (carbon 1 in Scheme 1) has two
doubly allylic C−H bonds that will lead to the RSR
cyclopentadienyl upon H-atom abstraction.

6. CONCLUSIONS
The present study provides the first experimental evidence for
formation of the resonance-stabilized 5-hydroxycyclopent-2-
en-1-yl (C5H6OH) by reaction of the OH radical with
cyclopentadiene. Its direct detection validates recent computa-
tional studies on the OH + cyclopentadiene reaction.42 The
detection of such elusive species under multiple collision
conditions is facilitated by its long reaction lifetime, the use of
a soft ionization technique, and its deep energetic well on the
PES from resonance stabilization. The calculated PES shows
that OH addition to form the RSR proceeds through a
submerged energy barrier, making this mechanism favorable at
low temperatures. All other addition pathways are found to
have energy barriers above the energy of the reactants and may
open at temperatures higher than 500 K.42
In combustion environments, abstraction is likely to be the

dominant reaction mechanism.30,42 In addition, at high
temperatures, the addition pathway primarily leads to the
formation of the H-substitution products, 1,3-cyclopentadien-
1-ol and 1,4-cyclopentadien-1-ol, through subsequent H-loss.
The OH + cyclopentadiene reaction is therefore unlikely to be
a significant source of the RSR 5-hydroxycyclopent-2-en-1-yl in
combustion flames. Nonetheless, OH-containing RSRs are
likely to be formed by other pathways1,5 and the present study
highlights the stability of such species. At and below room
temperature, the abstraction mechanism is slow and addition
products dominate. With the recent detection of cyclo-
pentadiene and cyano-cyclopentadiene in the ISM,38,39 cyclo-
pentadiene chemistry is likely to contribute to the low-
temperature chemical scheme in ISM environments. The OH
+ cyclopentadiene reaction at low temperatures will lead to the
formation of the resonance-stabilized 5-hydroxycyclopent-2-
en-1-yl. Under the experimental conditions, collisional
quenching is very e!cient, and the detected molecules are
all fully thermalized to the flow conditions. In the ISM, once
formed under low-pressure conditions, the 5-hydroxycyclo-
pent-2-en-1-yl radical is unlikely to undergo any further
unimolecular isomerization or dissociation. Depending on the
lifetime of the RSR, it could either decompose back to the
reactants or be stabilized by vibrational relaxation. The radical
could then further react by reaction with other abundant
species in the gas phase or on surfaces. Such OH-containing
RSRs will contribute to molecular weight growth as well as to
the incorporation of oxygen into large hydrocarbon species and
particles.

The proposed mechanism for addition of the OH radical to
cyclopentadiene may be extended to other unsaturated
conjugated hydrocarbons to form RSRs. This mechanism is
likely to be a significant source of RSRs in the atmosphere by
reaction of the OH radical with molecules such as isoprene,
acrolein, and conjugated cyclic ketones. Further experimental
and theoretical investigations are therefore necessary to fully
understand the role of OH-containing RSRs in gas-phase
chemistry.
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