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ABSTRACT: The photodissociation of jet-cooled cyclohexyl was
studied by exciting the radicals to their 3p Rydberg state by using
248 nm laser light and detecting photoproducts by photofragment
translational spectroscopy. Both H atom loss and dissociation to
heavy fragment pairs are observed. The H atom loss channel
exhibits a two-component translational energy distribution. The
fast photoproduct component is attributed to impulsive cleavage
directly from an excited state, likely the Rydberg 3s state, forming
cyclohexene. The slow component is due to statistical decomposition of hot cyclohexyl radicals that internally convert to the
ground electronic state prior to H atom loss. The fast and slow
components are present in an ∼0.7:1 ratio, similar to ﬁndings in
other alkyl radicals. Internal conversion to the ground state also
leads to ring-opening followed by dissociation to 1-buten-4-yl + ethene in comparable yield to H-loss, with the C4H7 fragment
containing enough internal energy to dissociate further to butadiene via H atom loss. A very minor ground-state C5H8 + CH3
channel is observed, attributed predominantly to 1,3-pentadiene formation. The ground-state branching ratios agree well with
RRKM calculations, which also predict C4H6 + C2H5 and C3H6 + C3H5 channels with similar yield to C5H8 + CH3. If these channels
were active, it was at levels too low to be observed.
dynamics of methyl11−13 and ethyl14−17 radicals, larger alkyl
radicals have only been addressed more recently. Furthermore,
to date the ultraviolet photodissociation dynamics of cycloalkyl
radicals remains virtually uncharacterized.
Previous photodissociation studies from the 3s and 3p
Rydberg states of ethyl by Zhang, Fischer, Bañares, and coworkers detected H atoms ejected with a bimodal kinetic energy
distribution.14−17 The “fast” H atoms result from direct
dissociation from the excited electronic state, while the “slow”
population is attributed to statistical dissociation following
internal conversion to the ground state. The observation of
angular distributions that are anisotropic for the fast H atoms
and isotropic for the slow H atoms supports these mechanisms.
These fast and slow dissociation channels occur in a roughly
0.4:1 ratio depending on the initial and ﬁnal states of ethyl used

I. INTRODUCTION
Alkanes comprise a large fraction of chemical species in
hydrocarbon fuel mixes, including substantial amounts of
cycloalkanes.1,2 Given their abundance, a detailed understanding of hydrocarbon combustion requires knowledge of
possible decomposition pathways available to alkanes, in which
alkyl radicals are crucially important. Alkanes emitted directly
into the atmosphere by industrial activities are oxidized through
an array of homogeneous and heterogeneous chemical transformations involving radicals.3,4 Alkyl radical photochemistry is
also important to consider, both on earth and in other planetary
atmospheres where hydrocarbons are abundant.5,6 In this paper,
we investigate the photodissociation of cyclohexyl radicals at
248 nm to determine its primary photochemistry and
dissociation mechanisms using photofragment translational
spectroscopy.
Alkyl radical photochemistry is of fundamental interest,7−9
and the electronic absorption spectra of alkyl radicals have
previously been characterized.10 The lowest lying electronic
excited states available to alkyl radicals are the 3s and 3pz
(henceforth termed 3p) Rydberg states. While there has been a
great deal of historical interest in the photodissociation
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in the experiment. For ethyl excited to the 3s state, the fast
dissociation channel has a dissociation time constant of ∼300 fs,
while for the slow channel it is ∼6−7 ps.18
Photodissociation of n-propyl, isopropyl, n-butyl, sec-butyl,
tert-butyl, and 1-pentyl radicals have all produced data that are
consistent with the same H-loss mechanisms outlined above for
the ethyl radical.8,19−21 For all of these radicals as for ethyl, the
fast and slow H-loss channels occur in a 0.2−0.7:1 ratio,
assuming H atoms with diﬀerent speeds are detected with equal

Aside from the 1-buten-4-yl + ethene channel, all of the above
reactions require further isomerization to other C6H11 species
before dissociation can occur. Goldsmith et al.34 and Gong et
al.35 in particular provide a detailed picture of many isomerization and dissociation reactions on the C6H11 potential energy
surface. The relative energies of these product channels
compared to cyclohexyl are shown in Table 1.

eﬃciency. Similar experiments on cyclohexyl radical were
performed by Zhang and co-workers.22 Initially, only fast H
atom photofragments were seen, but more recent work suggests
evidence for the slow channel, too.23 In addition, for most
studies on the photodissociation dynamics of alkyl radicals, the
detection scheme is only sensitive to H atoms and cannot yield

Table 1. Asymptotic Energies for Cyclohexyl Dissociation
Channelsa

direct information about potential competing dissociation
pathways. A notable exception is photodissociation of tertbutyl radical excited to the 3p state, which produced CH3 +
dimethylcarbene in roughly equal amounts to H + 2methylpropene (isobutene).24
Numerous studies concerning the thermal decomposition of
cyclohexyl radical have appeared in the context of understanding

product channel

ΔH(0 K)

H + cyclohexene
H + 1,5-hexadiene
C5H8 + CH3
C4H7 + C2H4
C4H6 + C2H5
C3H6 + C3H5

31.3
55.7
34.6
44.1
37.2
27.9

a

All channels except H + cyclohexene require ring-opening to
proceed. Energies are reported in units of kcal/mol and taken from ref
35, except for H + 1,5-hexadiene which was calculated here.

the decomposition pathways of cyclohexane during combustion.25−29 Of particular interest is the competition between
direct H atom loss adjacent to the radical site to form
cyclohexene and C−C β-scission yielding the radical-terminated

Cyclohexyl radicals adopt the chair conformer equilibrium
geometry with Cs symmetry and a 5.6 kcal/mol isomerization
barrier separating the two chair conformers.38 The most stable
conformation has a nearly planar geometry about the radical site,
with the α-hydrogen in the equatorial position. Electron impact
has determined the ionization potential to be 7.66 eV.39 The
absorption spectrum of cyclohexyl radicals shows a broad
feature around 250 nm corresponding to the 3p Rydberg excited
state.10,40
Given that most photodissociation studies on alkyl radicals
rely heavily on H atom-speciﬁc detection schemes, and the lack
of studies concerning the photodissociation of cycloalkyl
radicals altogether, this work seeks to characterize the
photochemistry of cyclohexyl radicals excited at 248 nm to the
3p Rydberg state. The universal detection scheme utilized herein
for photofragment translational spectroscopy is capable of
detecting all possible photoproducts. In addition to H atom loss,
we ﬁnd evidence for C5H8 + CH3, and C4H7 + C2H4 dissociation
channels and no evidence of the C4H6 + C2H5 or C3H6 + C3H5
channels. Comparison to previous work on the ethyl radical
suggests that the initially prepared 3p state converts to the 3s
Rydberg state, followed by passage through a conical
intersection with the ground state.17 Traversing the conical
intersection either liberates H atoms directly or results in hot
ground state cyclohexyl that dissociates according to statistical
energy partitioning. The C4H7 fragment is formed with enough
internal energy to further decompose, proceeding almost
exclusively to 1,3-butadiene + H.

linear alkene 1-hexen-6-yl:

Shock tube and ﬂame studies on cyclohexane ﬁnd data
consistent with a preponderance for ring-opening, with the
direct H-loss to ring-opening branching ratio ∼0.3−0.9:1
depending upon experimental conditions.25,26 Low-pressure
(30 Torr) pyrolysis of cyclohexane in a ﬂow reactor, probed with
VUV photoionization mass spectrometry, found a similar 0.25:1
ratio for these reactions.27 Comparably low-pressure chemical
activation studies also yielded cyclopentylmethyl radical, formed
either by ring contraction of cyclohexyl through a tight transition
state or stepwise by the recyclization of 1-hexen-6-yl.28,29
However, pyrolysis of cyclohexyl radicals under unimolecular
conditions produced no evidence for cyclopentylmethyl in
photoionization spectra.30
While all the C6H11 isomers described above can decompose
by H atom loss, ring-opening to 1-hexen-6-yl facilitates many
additional dissociation channels. Various experimental and
theoretical studies on decomposition of both cyclohexane and 1hexene have implicated 1-hexen-6-yl in the following:25−27,30−37
B
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II. EXPERIMENTAL SECTION
Precursor Synthesis and Characterization. Flash vacuum pyrolysis of alkyl nitrites yields alkyl radicals via sequential
loss of NO and CH2O (Scheme 1). Cyclohexylmethyl nitrite
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multichannel scaler interfaced to the ion detector can collect and
bin ion signal as a function of time. Insertion of a slotted
spinning disk into the molecular beam path thus enables
determination of the molecular beam velocity proﬁle. Cyclohexyl radical beams typically had a velocity of 1600 m/s and
speed ratios, deﬁned as the beam ﬂow velocity divided by the
velocity spread, of ∼5.
During photodissociation experiments, the focused 248 nm
output of an LPX 220i excimer laser crossed the molecular beam
at 90° with a ﬂuence of 375 mJ/cm2. The laser was operated at
half of the 400 Hz repetition rate of the pulsed valve to enable
shot-to-shot background subtraction of signal not attributable to
the laser pulse. Photoproduct TOF spectra were collected as a
function of detector laboratory angle θLAB relative to the
molecular beam by rotating the detector within the plane
deﬁned by the laser and molecular beams. Typical TOF spectra
were collected by using a few 105−106 laser shots and simulated
by using a forward convolution program to determine center-ofmass translational energy distributions for photoproducts.49

Scheme 1. Generation of Cyclohexyl Radicals by Pyrolysis of
Cyclohexylmethyl Nitritea

a

This two-step reaction proceeds via NO loss followed by liberation
of formaldehyde to aﬀord cyclohexyl.

was synthesized from cyclohexanemethanol by reaction of the
alcohol with HONO and collected as a viscous, pale yellow
liquid.41 The production and purity of cyclohexylmethyl nitrite
were veriﬁed using NMR spectroscopy (400 MHz, C6D6,
(CH3)4Si). 1H NMR: δ (ppm) 0.68 (2H, q, o-CH axial), 0.97
(3H, m, m,p-CH axial), 1.33 (1H, m, α-CH), 1.47 (5H, m, o,m,pCH equatorial), 4.12 (2H, s, −CH2ONO). 13C NMR: δ (ppm)
25.5 (m-CH2), 26.1 (p-CH2), 29.3 (o-CH2), 37.2 (α-CH), 73.2
(−CH2ONO). The chemical shifts, splitting patterns, and
integrated peak intensities were consistent with expectations for
cyclohexylmethyl nitrite, and the 1H NMR peak at 1.58 ppm due
to the alcohol group is absent from the product spectrum.
Cyclohexylmethyl nitrite was stored at ≤5 °C and away from
light to minimize decomposition.
Photodissociation Experiments. Photodissociation of
cyclohexyl was studied by using a modiﬁed crossed molecular
beam instrument with a ﬁxed source and a rotatable
detector.42,43 Cyclohexylmethyl nitrite was entrained in ∼900
Torr of a carrier gas mix consisting of 10% N2 in He bubbled
through an ice−water cooled reservoir of the nitrite, resulting in
an ∼0.5% nitrite beam. Supersonic expansion through a
piezoelectric pulsed valve introduced the molecular beam
directly into a resistively heated SiC tubular reactor44 set to
dissipate a ﬁxed amount of power by using a current-regulated
power supply. During operation of the molecular beam the
source chamber was kept at a ﬁxed pressure of 6.0 × 10−5 Torr.
Two skimmers separated the source chamber and main
scattering chamber and collimated the molecular beam.
In the main chamber, the beam passed through an aperture in
a copper cold head held at 10 K by a He compressor. This
surface further collimates the beam and lowers background
signal in the detector, maintaining a main chamber pressure of
∼5 × 10−7 Torr. The detector lies within a triply diﬀerentially
pumped chamber. A tunable electron impact ring-ﬁlament
ionizer typically operated at 80 eV creates cations.45 These ions
are extracted and focused into a quadrupole mass ﬁlter which
selectively transmits ions according to their m/z value. Massselected ions are detected by using a Daly style ion detector.46
The molecular beam can be characterized by directing it into
the detector, where dissociative ionization following electron
impact will produce a mass spectrum characteristic of molecules
within the beam. The ionizer can be operated as low as ∼4 eV,
and measuring ion signal response to changes in electron impact
energy with a ﬁxed emission current generates an ionization
eﬃciency curve (IEC).47,48 The energy intercept of this curve
yields an appearance potential that is expected to match the
ionization potential of the species in the beam. Finally, a

III. THEORETICAL METHODS
The large photon energy in this study motivated consideration
of isomerization and dissociation pathways which were not
included by Goldsmith et al.34 and Gong et al.35 in previous
work. Energies and vibrational frequencies for the additional
minima and transition states were calculated by using the
ωB97X-D functional50 with the aug-cc-PVTZ basis set51,52
implemented in Gaussian 16.53 Excited electronic states of
cyclohexyl were found by using the EOM-CCSD/aug-cc-PVDZ
level of theory.54
Unimolecular reaction rates for ground-state isomerization
and dissociation of cyclohexyl radicals were calculated by using
microcanonical Rice−Ramsperger−Kassel−Marcus (RRKM)
theory,55 where elementary rate constants k(E) are given by
k(E) = σ

W ‡(E − E0)
hρ(E)

(1)

where σ is the reaction path degeneracy,56 W‡(E − E0) is the
sum of rovibrational states accessible to the transition state, ρ(E)
is the reactant rovibrational density of states, and h is Planck’s
constant. It is important to treat internal rotors appropriately in
the density of states evaluation given their plentitude in many
C6H11 isomers. To determine ρ(E), the rotational density of
states for a collection of u 1-D and p 2-D internal rotors was ﬁrst
calculated according to
u
π u /2
1 ij 1 yz
Ep + u /2 − 1 ∏ jjj zzz
Γ(p + u/2)
σ jB z
i=1 i k i {

1/2

ρR (E) =

p

∏
j=1

1
σjBj
(2)

where σi is the symmetry number of the internal rotor and Bi is
the rotational constant.57,58 With the prepared ρR(E) as a
starting point, the Beyer−Swinehart direct-count algorithm was
then used to fold in the vibrational density of states to evaluate
the full ρ(E) and W‡(E − E0) required in eq 1.59 Tunneling
eﬀects on reaction rates were neglected. Relative product yields
were determined by numerically solving the full system of
diﬀerential equations describing isomerization and dissociation
of cyclohexyl.
C
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least two features. The ﬁrst has an appearance potential ∼7.8 eV
and is attributed to cyclohexyl radicals, while the second has an
appearance potential ∼9 eV and is likely caused by isomerization
of cyclohexyl to other C6H11 species via ring-opening. The
pyrolysis source was therefore operated close to 30W at all times
to ensure no other isomers contaminated the molecular beam.
Photofragment Translational Spectroscopy. Photofragment product TOF spectra were collected at several angles for
many diﬀerent m/z values. Figure 2 shows representative
examples for m/z = 82 (C6H10+), m/z = 81 (C6H9+), m/z = 68
(C5H8+), m/z = 67 (C5H7+), m/z = 55 (C4H7+), m/z = 54
(C4H6+), m/z = 41 (C3H5+), m/z = 39 (C3H3+), m/z = 27
(C2H3+), and m/z = 15 (CH3+). The ionizer was operated at 80
eV during collection of these spectra.
The heaviest possible photofragments from cyclohexyl radical
are C6H10 isomers produced by H atom loss and having m/z =
82 parent ions. The ion signal at m/z = 82 (C6H10+) and m/z =
81 (C6H9+) was detected out to ΘLAB = 12°. Both ions give
essentially identical TOF spectra, suggesting that C 6H9+
originates from dissociative ionization of C6H10+ ions and not
from an H2-loss pathway. Higher quality TOF spectra were
collected at m/z = 81 given lower background counts for this
ion, possibly as a consequence of undissociated cyclohexyl
radical preferentially forming m/z = 82 in the ionizer (see Figure
1). Collecting TOF data for the H atom counterfragment is not
feasible on this apparatus under these experimental conditions.
For photofragments lighter than C6H10, the TOF spectra
collected at ΘLAB < 8° are in general dominated by a feature with
a similar arrival time as the m/z = 82 and 81 spectra. For 8° ≤
ΘLAB ≤ 12°, a faster feature is observed in many of the TOF
spectra, and for ΘLAB > 12° only the faster feature remains.
These faster TOF features extend across a large range of
scattering angles (typically up to our maximum accessible θLAB ≈
45°) and are indicative of photoproducts caused by dissociation
channels other than H atom loss. No TOF signal was observable
for m/z = 42 (C3H6+) or m/z = 29 (C2H5+) despite considerable
eﬀort.
All TOF features measured in this experiment are attributed
to single-photon excitations based on a linear signal response to
changes in laser ﬂuence. The determination of which reaction
pathways contribute to TOF signal at diﬀerent m/z values and at
diﬀerent scattering angles is covered in section V.
Calculations. The ground-state geometry of cyclohexyl
radical is shown in Figure 3a, demonstrating the roughly trigonal
planar geometry of the α-carbon site. Also shown in Figure 3b is
a transition state on the ground-state surface with an H atom
forming a bridge between two adjacent carbon atoms. The
relevance of this structure to cyclohexyl photochemistry is
discussed later. The Supporting Information includes isomerization and dissociation pathways previously neglected by Gong
et al. and Goldsmith et al.34,35 and calculated for the groundstate surface herein. Many additional H-loss channels were
identiﬁed as well as two additional CH3-loss channels. It is
important to include these to ensure that statistical calculations
produce realistic predictions for diﬀerent product yields.
The EOM-CCSD calculations provided excited-state properties for the cyclohexyl radical. The ﬁrst excited state is located at
4.54 eV excitation energy, with an oscillator strength of 0.0033
and A′ symmetry. The second excited state lies 5.08 eV above
the ground state, with oscillator strength of 0.0357 and also A′
symmetry. Isosurfaces of the orbitals carrying the greatest
amplitude for these excitations are shown in Figure 3c and 3d,
respectively, both of which are extremely large and diﬀuse. The

IV. RESULTS
Cyclohexyl Radical Production. The mass spectrum of
cyclohexylmethyl nitrite without pyrolysis is shown in Figure 1.

Figure 1. Mass spectra (top) and ionization eﬃciency curves (IEC,
bottom) demonstrating cyclohexyl production. Data for the pyrolysis
source oﬀ are shown in black, while data for 30 W power dissipation are
shown in red. Lines are extrapolations of the linear portion of the curves
to yield appearance potentials. An IEC is included for 35 W dissipation
power (brown triangles) showing beam contamination under these
conditions (extrapolated lines omitted for clarity).

As is typical for electron impact ionization of alkyl nitrites, the
parent ion of this species at m/z = 147 is not observed.60 The
peak at m/z = 97 is due to C7H13+ formed when cyclohexylmethyl nitrite cracks in the ionizer. When pyrolysis is
turned on, this peak is depleted, leaving m/z = 83 as the heaviest
ion in line with expectations for cyclohexyl radical. It is
important to fully deplete the parent nitrite, since photodissociation of alkyl nitrites can interfere with the ability to
determine radical photodissociation channels.61 Full nitrite
depletion requires dissipating ∼28−30 W in the pyrolysis
source. The resulting mass spectrum agrees well with a
previously reported partial mass spectrum for cyclohexyl radical
produced by H-abstraction from cyclohexane.62
Further conﬁrmation of cyclohexyl production is obtained by
measuring the IEC with and without pyrolysis (Figure 1).
Cracking of cyclohexylmethyl nitrite in the ionizer produces m/z
= 83 with an appearance potential of 11.2 eV based on
extrapolation of the linear portion of the IEC. When pyrolysis is
used to deplete the precursor nitrite, the appearance potential
for m/z = 83 shifts to 7.4 eV, close to the known ionization
potential of 7.66 eV for cyclohexyl radical.39 Increasing the
pyrolysis source power from 30 to 35 W produces an IEC with at
D
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Figure 2. Select TOF spectra for cyclohexyl radical photodissociation. The individual ion m/z values and laboratory-frame scattering angles are
indicated on each spectrum. Simulations are forward convolutions from the P(ET) distributions in Figure 4 (purple and orange), Figure 5 (green and
magenta), and Figure 6 (blue and gold). For TOF simulations containing multiple components, the total simulation is shown in black.

Figure 3. (a) Ground-state equilibrium geometry of cyclohexyl, (b) ground-state local maximum with an H atom bridging two carbons (highlighted
pink for viewing clarity), (c) Rydberg 3s orbital isosurface, and (d) Rydberg 3pz orbital isosurface. The Rydberg orbitals are shown with a side-on view
of the cyclohexyl ring, with the radical carbon situated in the upper-left (isovalue = 0.01 au).

lower excitation is to a Rydberg 3s orbital (Ã 2A′), while the
higher is to a Rydberg 3pz orbital (B̃ 2A′). The latter carries a
large oscillator strength and lies very close to the excitation laser
energy of 5.0 eV used in this experiment.

ings.63−65 During dissociation, the available energy Eavail is
partitioned into either product internal energy Eint or relative
product translational energy ET. Conservation of momentum in
each dissociation event requires that photofragment pairs
acquire equal and opposite momenta. These conservation
requirements impose kinematic constraints on the laboratoryframe scattering angles accessible for each dissociation channel.
For H atom loss to produce cyclohexene, the maximum
laboratory angle for the C6H10 photofragment is θLAB = 12°, with
no constraint on the H atom fragment. The possible production
of H atoms from other reasonable C6H11 isomers does not
change this angular constraint signiﬁcantly. A similar analysis for

V. ANALYSIS
Conservation of energy during photodissociation requires
Eavail = hν + Ei − D0 = Eint + E T

(3)

for photon energy hv, reactant initial energy Ei, and dissociation
energy D0. We assume Ei ≈ 0 kcal/mol for the radical beam
following supersonic expansion, in line with previous ﬁndE
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methyl loss indicates a maximum θLAB = 52°−61° for diﬀerent
C5H8 fragments, with no constraint on CH3. Other dissociation
channels have no kinematic constraints on accessible scattering
angles.
Product TOF spectra for each dissociation channel are
governed by the joint center-of-mass translational energy and
angular distribution, P(ET,θ). Decoupling this distribution into
separate center-of-mass translational energy and angular
distributions yields
P(E T , θ ) = P(E T)I(θ )

where I(θ) has the functional form
1
I (θ ) =
[1 + βP2(cos θ )]
4π

(4)
66

(5)

with anisotropy parameter β and second Legendre polynomial
P2(a) = 1/2(3a2 − 1).
The P(ET) distribution used to simulate C6H11 → C6H10 + H
is shown in Figure 4, which provides the best simulation to the

Figure 5. P(ET) for C6H11 → C5H8 + CH3, with β = 0. This P(ET)
produces the green and magenta TOF simulations in Figure 2,
corresponding to the C5H8 and CH3 fragments, respectively.

kcal/mol, well below Eavail = 71−89 kcal/mol for methyl loss
depending on the C5H8 isomer formed.
The P(ET) distribution for C6H11 → C4H7 + C2H4 is shown in
Figure 6, with β = 0 assumed. This distribution gave the best

Figure 4. P(ET) for C6H11 → C6H10 + H. The black distribution
provides the best simulation of the experimental data. This overall
distribution is separated into a slow and a fast feature. This P(ET)
produces the orange and purple TOF simulations in Figure 2 for “slow”
and “fast” C6H10, respectively. The gray distribution is the H atom
P(ET) reported previously.22 The available energy for cyclohexene
formation is indicated by the black arrow.

Figure 6. P(ET) for C6H11 → C4H7 + C2H4, with β = 0. This P(ET)
produces the blue and gold TOF simulations in Figure 2, corresponding
to the C4H7 and C2H4 fragments, respectively.

data collected at m/z = 82 (C6H10+) and m/z = 81 (C6H9+).
Measuring TOF spectra at m/z = 1 for the H atom
counterfragment is infeasible due to the short residence time
of H atoms in the ionizer, their small ionization cross section,
and high detector background at this m/z as well as detection of
H atoms being kinematically disfavored. The bimodal
distribution in Figure 4 extends up to the available energy of
84 kcal/mol for H atom loss and is deconvoluted into a “fast”
and “slow” feature. For the slow feature we take β = 0 for the
anisotropy parameter, while for the fast we take β = 0.5 in accord
with previous ﬁndings of other alkyl radicals and with previous
work on cyclohexyl H atom loss at the same laser wavelength.19−22 The P(ET) distribution reported previously by
measuring H atoms is also shown for comparison.22
The P(ET) used to simulate C6H11 → C5H8 + CH3 is shown in
Figure 5, determined by using the TOF spectra collected at m/z
= 68 (C5H8+), m/z = 67 (C5H7+), and m/z = 15 (CH3+). We
take β = 0 for this distribution. The distribution extends up to 33

simulation for TOF spectra at m/z = 55 (C4H7+), m/z = 54
(C4H6+), and m/z = 27 (C2H3+). The parent ion of C2H4 cannot
be observed at m/z = 28 due to high N2+ background in the
detector, so the daughter ion m/z = 27 (C2H3+) is used instead.
The distribution extends up to 47 kcal/mol, with Eavail = 72 kcal/
mol for ethene loss. The very weak signal at m/z = 55 (C4H7+)
relative to 54 in Figure 2 (see results at ΘLAB = 10°) is discussed
later in this section.
All other TOF spectra could be simulated by using a
combination of these three P(ET) distributions. The distributions are compared in Table 2 across several key characteristics:
the peak of the distribution, the average translational energy
⟨ET⟩, the maximum translational energy Emax
T , and the fraction of
available energy partitioned into relative product translation
⟨f T⟩. The values of Emax
T and ⟨f T⟩ presuppose all photoproducts
are formed in their ground electronic states.
F
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Table 2. Characteristics of the P(ET) Distributions for
Cyclohexyl Dissociationa
channel
C6H10 + H
slow
fast
C5H8 + CH3
C4H7 + C2H4

peak

⟨ET⟩

Emax
T

⟨f T⟩

7
41
5
8

13
40
8
12

65
84
33
47

0.15
0.48
0.10
0.17

isomerization also usually required. Diﬀerentiating between
isomer yields, these calculations indicate that cyclohexene
accounts for 92% of all ground-state H-loss reactions. All other
H-loss channels contribute well below 1% except for 1,5hexadiene and 4-methyl-1,3-pentadiene, which each account for
3.6% of C6H10. Within the CH3-loss channels considered, the
predicted yields of 1,3-pentadiene, cyclopentene, and 1,4pentadiene were 76%, 14%, and 10%, respectively. If cyclohexyl
radicals were to undergo ring-opening in the pyrolysis source,
the RRKM product branching changes dramatically (see the
Supporting Information).
Distinguishing between the C4H7 + C2H4 and C4H6 + C2H5
channels is challenging in this experiment. These channels
should give parent ions with m/z = 55 and 28 and m/z = 54 and
29, respectively. As described above, while signal levels were
favorable for m/z = 54 (C4H6+) and m/z = 27 (C2H3+), they
were very weak for m/z = 55 (C4H7+) and undetectable for m/z
= 29 (C2H5+). The greatest relative ion abundance in the mass
spectrum of C2H5 is for m/z = 29 (C2H5+),69 and the absence of
this signal is a strong indicator that the C4H6 + C2H5 channel
cannot explain the observed data. Hence, we propose that nearly
all the signal at these three m/z values is from the C4H7 + C2H4
channel and that C4H7 is produced with suﬃcient internal
energy to dissociate to C4H6 in transit to the detector.
Arguments in support of this mechanism are as follows.
Unlike other photoproducts in this experiment, the reaction
barriers for 1-buten-4-yl are quite low compared to the available
energy for the C4H7 + C2H4 channel. H-loss to form butadiene
requires 28 kcal/mol whereas dissociation to C2H4 + C2H3
requires 34 kcal/mol, with exit barriers of approximately 6 and 5
kcal/mol, respectively.35,71 The RRKM branching between
these two channels is shown as a function of 1-buten-4-yl
internal energy in Figure 7. The relative yields of these two
channels varies greatly over the available energy range. The
questions then are how much of the available energy is
partitioned into 1-buten-4-yl internal degrees of freedom during
dissociation of cyclohexyl radicals, and what is the corresponding dissociation rate?
Ring-opening of photoexcited cyclohexyl radical produces 1hexen-6-yl with E(1)
avail = 94.1 kcal/mol of available energy. These
1-hexen-6-yl radicals may then dissociate over a 31.1 kcal/mol
barrier to form 1-buten-4-yl + ethene with E(2)
avail = 71.2 kcal/mol
of energy available for partitioning between the product
fragments. Figure 7 includes a schematic energy diagram of
the 1-hexen-6-yl → C4H7 + C2H4 reaction coordinate. To assess
the likelihood of 1-buten-4-yl spontaneous secondary dissociation, we use a model to estimate energy partitioning in the
dissociation fragments. The available energy E(2)
avail is ﬁrst split
into statistical (ESTAT) and nonstatistical (EIMP) reservoirs (see
Figure 7). The statistical reservoir of 63.0 kcal/mol corresponds
to the energy diﬀerence between the full available energy and the
energy of the transition state located atop the exit barrier
(including zero-point correction). The average values for energy
partitioning into various product degrees of freedom are
determined by applying a simple statistical model relating
microcanonical to canonical energy partitioning.72 In this
model, the available energy is partitioned into relative
translation, total rotation of both fragments, and vibrations of
individual fragments according to

All Values are in kcal/mol except for ⟨f T⟩, which is a dimensionless
quantity ranging from 0 to 1.

a

The branching ratio between pairs of diﬀerent product
channels may be extracted from TOF spectra containing
contributions from both channels according to
iAy W σ f
BRjjj zzz = A B B
WB σA fA
kB{

(6)

in which Wi is the weighting of the P(ET) for channel i, σi is the
ionization cross-section for product i, and f i is the fraction of
product i that dissociatively ionizes to the measured m/z. In this
work, the relative ionization cross sections of diﬀerent products
are estimated according to an empirical scheme,67 and f i values
are taken from published mass spectra.68−70 Figure 2 shows
many examples of TOF spectra simulated by using components
from multiple dissociation channels which can be used to
calculate product branching ratios. These calculations produce
the relative product yields shown in Table 3, normalized with
Table 3. Experimental and RRKM Branching Ratios and
Approximate Experimental Yields for Cyclohexyl
Photodissociationa
branching ratio
channel

experimental

C6H10 + H
total
slow
fast
C5H8 + CH3
C4H7 + C2H4
C4H6 + C2H5
C3H6 + C3H5

1.7+1.6
−0.4
1
0.7+1.6
−0.4
0.015+0.005
−0.005
0.86+0.10
−0.07
not observed
not observed

RRKM

1
0.0037
0.80
0.019
0.0071

Article

yield (%)
66
39
27
1
33
0
0

a

All ratios are expressed relative to the yield of the slow H-loss
channel.

respect to the slow H-loss channel. The uncertainty in these
ratios is determined by varying Wi for each component until
agreement between simulation and data becomes unsatisfactory
based on simulations falling outside the envelope of
experimental data points across the global data set (e.g., see
the Supporting Information for discussion of the bimodal H-loss
distribution).
Calculated RRKM branching ratios for ground-state statistical
dissociation of cyclohexyl radicals are also included in Table 3,
expressed relative to the amount of H atom loss. Because the
RRKM analysis is applied only to the ground-state dissociation
pathways, the fast H-loss channel is not included. The only
dissociation channel directly accessible to cyclohexyl is H-loss to
form cyclohexene, and this is the dominant channel identiﬁed in
the RRKM analysis. To form any other products, the ﬁrst step
must always be ring-opening to 1-hexen-6-yl, with additional
G
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fragment rotations. The value of ⟨ET⟩ from this model is not
expected to correspond to the experimental value given in Table
2 for two reasons. First, the inﬂuence of the exit barrier is not
included here, and this barrier is expected to yield faster relative
motion of the two fragments. Additionally, a two-step
dissociation process leading to the observed photofragment
signal would lead to an experimental translational energy
distribution which is a convolution of the distributions for the
individual reaction steps. This broadens the experimental
translational energy distribution and skews ⟨ET⟩ to higher
values.
The model predicts 62% of the statistical reservoir is
partitioned into C4H7 vibrational modes. The partitioning of
the remaining 8.2 kcal/mol in the non-statistical reservoir is
subject to the inﬂuence of the exit barrier in a non-trivial way. On
the basis of the very nonrigid structure of 1-hexen-6-yl and the
geometry of the transition state, it is expected that an additional
few kcal/mol are partitioned into C4H7 vibrations. We take the
average internal energy of nascent C4H7 to be ∼40 kcal/mol
(∼14,000 cm−1). The RRKM analysis for 14,000 cm−1 of
available energy suggests that, on average, 1-buten-4-yl
dissociates to C4H6 + H and C2H4 + C2H3 in a 98:2 ratio and
that these reactions only take ∼1 μs to occur completely. Thus,
all the C4H7 dissociates in transit to the detector, and since
nearly all of this dissociation proceeds via statistical H atom loss,
the time-of-ﬂight spectrum measured for C4H6 will be very
similar to that for undissociated C4H7. The C2H3 from this
channel will be formed in amounts likely too small to be
distinguished from dissociative ionization of other, more
numerous photoproducts.
The m/z = 54 ion signal in this experiment is thus associated
with 1,3-butadiene from dissociated C4H7 that will be formed in
essentially equal amounts to C2H4. A branching ratio was
extracted from the m/z = 27 (C2H3+) TOF spectra, which
contain simulations from both components of the C4H7 + C2H4
channel. In light of the above, the calculation uses σi and f i values
for 1,3-butadiene and ethene. The C4H6:C2H4 branching ratio
of 0.98+0.22
−0.35 is consistent with the same dissociation event
ultimately giving rise to both of these fragments.
A similar analysis was done for the C4H6 + C2H5 channel since
secondary H-loss from ethyl could explain the lack of signal at
m/z = 29. Considering the available energy for this channel, the
model predicts that ethyl radicals will have insuﬃcient energy to
lose H atoms, even in the unphysical scenario in which the
entirety of the exit barrier is partitioned into product internal
energy. In fact, C4H7 is the only photofragment expected to be
formed with suﬃcient internal energy to undergo secondary
dissociation.

Figure 7. Top panel: RRKM product yield of C4H7 → C4H6 + H (red)
and C4H7 → C2H4 + C2H3 (black) as a function of 1-buten-4-yl internal
energy (cm−1). Bottom panel: schematic diagram of the 1-hexen-6-yl →
C4H7 + C2H4 reaction coordinate (energies given in units of kcal/mol).

Eavail = ⟨E T⟩ + ⟨E R ⟩tot + ⟨E V ⟩1 + ⟨E V ⟩2
r−1
kBT * +
= kBT * +
2
s2

+

∑
i=1

s1

∑
i=1

hνi
exp[hνi /kBT *] − 1

Article

hνi
exp[hνi /kBT *] − 1
(7)

In this expression, r is the total number of rotational degrees of
freedom for both products, s1 and s2 are the number of
vibrational modes available to C4H7 and C2H4 and νi their
frequencies, kB is the Boltzmann constant, and T* is the eﬀective
product temperature. Evaluating eq 7 as a function of T* enables
a correlation between T* and Eavail. This model assumes
equilibrium between the translational, rotational, and vibrational
degrees of freedom, subject to constraints ensuring conservation
of angular momentum. The translational and rotational degrees
of freedom thus take on values 1/2kBT* less than their classical
equipartition expressions. The vibrational modes are treated
quantum mechanically since their energy spacing is signiﬁcant
compared to the available energy. This model has shown
excellent agreement for the dissociation of other neutral species,
such as styrene → benzene + acetylene, with very similar
available energy and internal degrees of freedom as 1-hexen-6-yl
considered here.73,74
The 63.0 kcal/mol of available energy in the statistical
reservoir is satisﬁed for T* = 1476 K in eq 7. The model then
predicts ⟨ET⟩ = 3.0 kcal/mol of relative fragment motion and a
combined value of ⟨ER⟩tot = 7.4 kcal/mol of total external

VI. DISCUSSION
This experiment investigates the photochemistry of cyclohexyl
radicals at 248 nm to determine the yield of diﬀerent possible
photoproducts and the dissociation mechanisms that produce
them. This wavelength corresponds to excitation to the 3p
Rydberg state of cyclohexyl and results predominantly in
liberation of an H atom. As with ethyl radical, photoexcitation is
localized on a diﬀerent C atom from which H atom loss occurs.
Dissociation formally occurs from a C atom adjacent to the
radical site to produce cyclohexene, but this process involves a
bridged structure with H equidistant from two C atoms. In
addition to H-loss, we observe C5H8 + CH3 and C4H7 + C2H4
channels, with C4H7 further decomposing to C4H6 + H.
H
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diagrams show nine H atom loss pathways accessible through
isomerization, RRKM calculations suggest cyclohexene is the
only non-negligible C6H10 isomer, accounting for 92% of C6H10
photoproduct formed following internal conversion.
The presence of ground-state statistical H atom loss suggests
that several other pathways known on the ground state should
also be operative, and this is consistent with our observation of
channels other than H atom loss. We ﬁnd production of C4H7 +
C2H4 and C5H8 + CH3 with generally slow translational energy
distributions consistent with statistical dissociation over exit
barriers. Assigning these channels to ground-state dissociation is
further supported by experimental product branching ratios in
good agreement with statistical RRKM predictions. Both of
these channels begin with ring-opening of cyclohexyl to 1-hexen6-yl, which can dissociate over a barrier to 1-buten-4-yl + ethene.
Successive internal H abstractions by 1-hexen-6-yl lead ﬁrst to 1hexen-3-yl and then to 2-hexen-4-yl, which dissociates over a
barrier to 1,3-pentadiene + CH3. Isomers of C5H8 other than
1,3-pentadiene contribute individually to the yield in this
channel only modestly as they require recyclization of 1-hexen6-yl to the cyclopentylmethyl radical followed by multiple
isomerization reactions. The 1-buten-4-yl (C4H7) fragment
further undergoes spontaneous secondary dissociation via H
atom loss to form 1,3-butadiene, as discussed in section V.
The relevant photodissociation reactions of the cyclohexyl
radical excited to the 3p Rydberg state are summarized
pictorially in Figure 8 as a simpliﬁed potential energy diagram.
Despite the large size and cyclic structure of cyclohexyl, this
radical appears to follow essentially the same mechanisms
described for ethyl photodissociation and observed for the other

The excited-state mechanism observed here is presumably
similar to that extensively characterized for H atom loss from the
ethyl radical excited to its 3s and 3p Rydberg states to form H +
C2H4.14−17 In both species, H atom loss does not occur from the
radical center, as this would lead to CH3CH + H from ethyl and
a similar high-energy product here (note that there is evidence
for CH3CH from ethyl at higher excitation energies than are
relevant here16,17). Excitation of ethyl to the 3s state leads to an
H-bridged structure with C2v symmetry that is repulsive along
the coordinate for dissociation of the bridged H atom,75 and
passage through a conical intersection en route to dissociation
leads to H + ground-state C2H4.16,17 Branching at this conical
intersection is found by experiment to favor the slow H atom
loss channel. Accessing other curve crossings requires energies
greater than are relevant here.16,17,76,77 The observation of very
similar kinetic energy release into H atoms formed from an array
of alkyl radicals suggests that near the excitation threshold
crossing always occurs through this particular H-bridged conical
intersection with the ground state.78 Excitation to the 3p state of
ethyl leads to internal conversion to the 3s state, followed by the
same dynamical pathway seen following 3s excitation.9,16,17,77
The general features for ethyl have also been observed in the
photodissociation of other alkyl radicals.
For cyclohexyl excited to the 3p Rydberg state, the dominant
dissociation channel is H atom loss, yielding a bimodal
photofragment translational energy distribution very similar to
all other alkyl radicals in the literature, with a branching ratio of
∼0.7:1 for the fast:slow components of the distribution. There is
good agreement between the fast component in the translational
energy distribution measured herein for C6H10 and that reported
previously by using H atom Rydberg tagging, but that H atom
study did not show the slow component of the distribution.22 It
is possible the slow component was obscured by the
considerable noise evident in the H atom data or an artifact of
the high-n Rydberg tagging detection scheme. Follow-up
experiments on cyclohexyl in the Zhang group have produced
some evidence of a bimodal distribution including the slow
component,23 in contrast to their earlier study.
As with the ethyl radical, an H-bridged geometry of cyclohexyl
such as shown in Figure 3b is presumably responsible for the
impulsive cleavage leading to the fast, nonstatistical H-loss
channel. This pathway partitions an average of 48% of available
energy into relative product translation and extends up to the
maximum available energy, accordant with observations of all
other alkyl radicals to date. Simulation of TOF data used an
anisotropy parameter β > 0, consistent with a parallel electronic
transition and a dissociation rate faster than the rotational period
of cyclohexyl. By analogy with the dynamics of 3p photoexcited
ethyl radicals, we propose that the initially prepared 3p state
internally converts to the 3s state, where prompt recoil and
dissociation to ground-state H + C6H10 products occur through
the H-bridged conical intersection. In the case of cyclohexyl this
occurs in ∼27% of the excited radicals, and this mechanism leads
exclusively to cyclohexene as the C6H10 photofragment.
The slow H-loss pathway partitions an average of only 15% of
available energy into relative product translation, peaking at low
translational energy in line with expectations for statistical
dissociation. This channel is thus assigned to statistical
dissociation of cyclohexyl radicals, and it is responsible for the
greatest fraction of total dissociation, ∼39%. It arises by
population of the ground-state well of cyclohexyl during passage
through the conical intersection, followed by intramolecular
vibrational energy redistribution. While the potential energy

Figure 8. Simpliﬁed potential energy diagram highlighting the major
photodissociation reactions undergone by cyclohexyl radicals excited to
their 3p Rydberg state. Points on the ground electronic state are shown
in black while excited states are blue. In yellow is an arbitrarily
positioned representation of the conical intersection connecting the 3s
Rydberg state to the ground state.
I
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alkyl radicals: passage through the conical intersection between
the Rydberg 3s and ground states leads to a signiﬁcant number of
impulsive H-loss dissociation events, with the remaining radicals
dissociating from the hot ground state. The major diﬀerence
here is that ground-state cyclohexyl radicals can ring-open, and
can access a variety of product channels not available to smaller
radicals. Because cyclization does not aﬀect the Rydberg states of
the radical signiﬁcantly and introduces no lower-lying valence
states, the ultraviolet photochemistry in other cycloalkyl radicals
should proceed similarly to cyclohexyl and the alkyl radicals in
general.
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VII. CONCLUSIONS
Photoexcitation of cyclohexyl radical to the 3p Rydberg state at
248 nm leads to both excited-state and ground-state dissociation
dynamics. Approximately 27% of radicals lose H atoms to form
cyclohexene via a prompt, impulsive mechanism, likely following
transfer from the 3p to the 3s Rydberg state and then passing
through a conical intersection. The remaining 73% of radicals
internally convert and dissociate with rates governed by
statistical energy partitioning. The predominant channel
remains H-loss to form cyclohexene (∼36%), with other Hloss channels taken together representing ∼3%. Dissociation to
1-buten-4-yl + ethene is an important ground-state channel at
∼33% of dissociation, and the internally hot C4H7 fragment
loses another H atom forming 1,3-butadiene. The ﬁnal ∼1% of
experimentally observed ground-state dissociation occurs via the
C5H8 + CH3 channel, with 1,3-pentadiene as the predominant
isomer. The branching to these channels is in excellent
agreement with RRKM calculations, which also predict C4H6
+ C2H5 and C3H6 + C3H5 channels of comparable importance to
methyl loss. If these latter two channels are active, their signal
levels were too low to be detected because of a combination of
low yield and unfavorable kinematics. Cyclohexyl is the largest
alkyl radical and ﬁrst cycloalkyl radical studied in this manner to
date yet seems to display essentially the same dissociation
dynamics observed for all other smaller alkyl radicals.
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García-Vela, A.; Bañares, L.; Poullain, S. M. Site-specific hydrogenatom elimination in photoexcited alkyl radicals. Phys. Chem. Chem. Phys.
2021, 23, 2458−2468.
(78) Min, Z. Y.; Quandt, R.; Bersohn, R. Kinetic energies of hydrogen
atoms photodissociated from alkyl radicals. Chem. Phys. Lett. 1998, 296,
372−376.

L

https://doi.org/10.1021/acs.jpca.1c02393
J. Phys. Chem. A XXXX, XXX, XXX−XXX

