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ABSTRACT: We investigated the simplest alkylperoxy radical, CH;00, formed by reacting
photolytically generated CHj radicals with O,, using the new combustion reactions followed by
photoelectron photoion coincidence (CRF-PEPICO) apparatus at the Swiss Light Source.
Modeling the experimental photoion mass-selected threshold photoelectron spectrum using
Franck—Condon simulations including transitions to triplet and singlet cationic states yielded the
adiabatic ionization energy of 10265 =+ 0.025 eV. Dissociative photoionization of CH,O00
generates the CH;" fragment ion at the appearance energy of 11.164 + 0.010 eV. Combining these
two values with AH§(CH;) yields AHG(CH;00) = 22.06 + 0.97 kJ mol™’, reducing the
uncertainty of the previously determined value by a factor of S. Statistical simulation of the CH;0O

breakdown diagram provides a molecular thermometer of the free radical’s internal temperature,

which we measured to be 330 + 30 K.

he oxidation of organic molecules, particularly of

hydrocarbons, is a crucial process in combustion' and
atmospheric> chemistry. Although decades of research has
provided a solid understanding of many reaction mechanisms,
there is an ever-increasing need for reliable experimental data to
improve the accuracy of predictive models and to extend these
models to more complex molecules and reaction conditions.'
Reactive intermediates, such as alkylperoxy (ROO)® and
hydroperoxyalkyl (QOOH) radicals, carbonyl oxides (QOO),
as well as ketohydroperoxides (OQOOH) play a crucial role in
combustion and atmospheric processes.” The study of such
intermediates is also of fundamental value, providing rich
opportunities to understand biradical versus zwitterion
reactivity,” conformer-resolved chemistry,® and autoxidation
mechanisms.* Contemporary methods to prepare reactive
intermediates include jet-stirred reactors, model flames,
pyrolysis, discharge, catalytic reactors, laser photolysis, and
photolytically initiated chemical reactions."”* With the last
method, used in the present study, reactive precursors can be
selectively formed and collisionally thermalized prior to
initiating a chemical reaction (or reactions) at a well-defined
time that generates the desired reactive intermediate.

Tunable vacuum ultraviolet synchrotron radiation combined
with multiplexed photoionization mass spectrometry (PI-MS)
is now a well-proven universal detection tool of such elusive
molecules such as Criegee intermediates and QOOH
radicals.>*~!" In this method, after a mixture of molecules is
separated by mass-to-charge (m/z) ratio, the remaining isobaric
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species (that is, isomers) can often be distinguished by
measuring the photoionization spectrum (ion intensity vs
photon energy). Photoelectron photoion coincidence spectros-
copy (PEPICO) offers superior selectivity by also recording the
photoelectron spectrum (e.g, threshold photoelectron intensity
vs photon energy).'> Detecting photoions and photoelectrons
in coincidence allows the assignment of each electron to its
corresponding photoion and, consequently, to the neutral
species that created it. Thus, PEPICO allows us to record
photoelectron spectra for each m/z ratio from a complex gas
mixture, effectively combining the m/z mass selection and
sensitivity of mass spectrometry with the isomer selectivity of
photoelectron spectroscopy (PES), making PEPICO a
promising quantitative time-, space-, and isomer-resolved
analysis tool.'>™"* Therefore, after demonstrating its utility in
proof-of-concept experiments,'> we have recently designed and
built a new experimental apparatus, which we named
combustion reactions followed by photoelectron photoion
coincidence (CRF-PEPICO)."*"

Beyond its advantages for isomer identification, PEPICO
enables measurement of thermochemical data (such as bond
energies) with high accuracy’>™” by inducing unimolecular
dissociation of the photoion. Recent improvements to light
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sources, PEPICO electron and ion optics, and statistical
thermodynamics modeling have generated new interest in
using PEPICO for high-accuracy thermochemical measure-
18723 and extended its applicability to free radicals.”***
However, the difficulty of generating high densities of free
radicals has made it challenging to obtain high-quality fractional
photoion abundance (breakdown) curves of these molecules,
inhibiting accurate thermochemical studies of reactive inter-
mediates. Therefore, dissociative ionization thresholds were
obtained only from incomplete and low-resolution PEPICO
data for the ethyl, propargyl,”® and allyl®® radicals. Recently,
some of us have investigated the cyclopropenylidene ¢-CyH,
carbene and were able to collect a full breakdown diagram,
albeit with low signal-to-noise ratio and significant thermal
broadening,31 both of which reduce the accuracy of the
determined dissociation energetics.

Methylperoxy (CH;00), the simplest alkylgeroxy radical,
has been studied extensively both experimentally”*>** and with
quantum-chemical methods.>**® The neutral radical has a
staggered conformation,® and its cation is one of the very few
bound alkylperoxy cations.” The photoionization spectram
(also called photoionization efficiency curve, PIE) of CH;00
was measured by Meloni et al.’ using time-resolved multiplexed
photoionization mass spectrometry. From this experiment, the
adiabatic ionization energy of CH;OO was determined to be
10.33 £ 0.05 eV, and the threshold to dissociative ionization to
CH;" was reported as 11.16 + 0.05 eV.

In this work, we present the photoion mass-selected
threshold photoelectron spectrum (ms-TPES) of the methyl-
peroxy radical, recorded on the new CRF-PEPICO spectrom-
eter,"" along with a detailed Franck—Condon (FC) analysis to
refine its experimental adiabatic ionization energy. We have also
studied the fragmentation of energy-selected methylperoxy
cations and were able to record a room-temperature breakdown
diagram with high signal-to-noise ratio for a transient species.

The CRE-PEPICO spectrometer'® combines a room-
temperature reactive intermediate source, a 57.4 cm long,
1.0S cm LD. side-sampled quartz flow tube reactor, with a high-
resolution double-imaging PEPICO spectrometer, coupled to
the VUV beamline of the Swiss Light Source. The
methylperoxy radicals were produced according to the
following scheme:

3585 nm
Cl, — 2C1 @)
Cl + CH, = CH; + HCl 2)
CH; + 0, + M - CH,00 + M (3)

During the experiment, metered flows of methane, CI, gas
(2% mixture in Ar), and excess reactant O, were mixed in situ
at the entrance of the reactor flow tube at a total pressure of 1.1
mbar. The concentrations of chlorine and oxygen were
optimized to maximize the CH;OO" ion abundance. A pulsed
Nd:YAG laser (355 nm, 80 m]/pulse, 20 Hz repetition rate)
propagated down the reactor tube, and the reaction products
were sampled into the ionization region through a 400 um
pinhole at the halfway point of the flow tube. Tunable VUV
synchrotron radiation intersected the effusive beam of the
neutral gas sample, and the resulting photoelectrons and
photoions were extracted in opposite directions with a constant
electric field of 125 Vem™. Both electrons and ions were
imaged onto position-sensitive delay-line detectors, fulfilling
velocity map imaging and, for the ions, also Wiley—McLaren
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space-focusing conditions. The setup offers better than 1 meV
kinetic energy resolution at threshold"" to record mass-selected
threshold photoelectron spectra as well as breakdown curves
for energy-selected precursor ions. The raw data of electron and
ion detection times and positions as well as the laser trigger
times can be analyzed in a number of ways. After the
contribution of high kinetic energy electrons is subtacted,® the
multidimensional data set yields (a) threshold ionization mass
spectra, (b) photoion mass-selected threshold photoelectron
spectra, and (c) reaction kinetics traces by plotting the
coincidence intensity of a particular m/z ratio against kinetic
time. The kinetic time profiles of CH; and CH;00 radicals are
shown in Figure 1. The methyl radical signal starts to decay 2
ms after the laser pulse, as methyl peroxy radicals are formed
and subsequently decay.
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Figure 1. CH;" and CH;OO" kinetic traces in the presence of oxygen,
integrated over the 10.24—11.31 eV photon energy range.

Because the CH;00" parent ion begins to dissociate by O,
loss into the methyl cation at 10.98 eV (4% daughter ion
intensity, according to the model fitted to the breakdown curve,
vide infra), the threshold photoelectron spectrum of the
CH,O00 radical is obtained by summing the m/z = 47 and m/z
= 15 threshold coincidence signals (see Figure 2). One needs to
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Figure 2. Experimental threshold photoelectron spectrum (red open
circles) and the Franck—Condon simulation (blue line) that provided
the best overall fit to the experimental data. [Other simulations are
described in detail in the Supporting Information, leading to the final
AIE(CH;00) = 10.265 + 0.025 eV.] The triplet and singlet states are

shown with dashed green and orange lines, respectively.

be careful, however, as this latter signal could also arise from
threshold photoionization of the methyl radical. In that case,
because the methyl and methylperoxy radicals’ kinetic traces are
very different, the two contributions to m/z = 15 signal could
be separated by integrating over the appropriate kinetic time
intervals, utilizing the third dimension of the PEPICO data.
However, this approach was not needed because, serendip-
itously, the threshold photoionization cross section of the
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methyl radical is negligible above 10.98 eV,** and the m/z = 15
signal is solely due to dissociative photoionization of CH;O00
above this energy. Therefore, the entire kinetic time interval up
to the next laser pulse could be used to plot the TPES of
CH,;00, which is shown in Figure 2, together with results of
the Franck—Condon simulations.

Starting in the neutral CH;00 X(*A”) state, our highest-
level electronic structure calculations at the CCSD(T)/ aug-cc-
pVQZ//CCSD/aug-cc-pVTZ level of theory predict that
removal of an in-plane (a’) electron from a doubly occupied
orbital creates the ground-state cation CH;00" X*(?A"), with
a zero-point corrected ionization energy of 10.21 eV. Removal
of the electron from the singly occupied out-of-plane (a”)
orbital generates the excited-state singlet CH;00" a*(*A’),
with an ionization energy of 1037 eV (Table S1). Both
ionization energies are in good agreement with previous
calculations.” Franck—Condon calculations® elucidate the
vibrational transitions underpinning the photoelectron spec-
trum and are described in detail in the Supporting Information.
In brief, the harmonic oscillator approximation is used for all
vibrational modes except the CH;—OO torsional mode, which
is treated as a hindered rotor in the neutral and the cationic
states. Geometries and harmonic frequencies at the CCSD/aug-
cc-pVTZ level were used for all normal modes other than the
torsional mode. Relaxed torsional potential energy scans at the
B3LYP/aug-cc-pVTZ level were scaled to barrier heights at the
CCSD(T)/aug-cc-pVQZ//CCSD/aug-cc-pVTZ level then fit
to a cosine power series. Energy levels and wave functions were
obtained by numerically solving the one-dimensional hindered
rotor Schrédinger equation within a free-rotor basis set.

Considering first the totally symmetric vibrational modes,
there is substantial geometry change between the neutral and
CH,00" X*(PA”) in four of the totally symmetric normal
modes, most importantly in the CH;—OO stretch and the
COO bending mode.” Transitions to the excited-state singlet
involve removal of an electron in the singly occupied a” orbital
on the terminal oxygen atom and hence cause less geometry
change in the C—O bond length and the ZCCO compared to
forming the ground-state triplet from the neutral. However, the
nontotally symmetric CH;—OO torsional mode behaves quite
differently when comparing the two cationic states.

In the torsional coordinate, both neutral CH;0O0 and the
ground-state CH;00" X*(*A”) have a staggered equilibrium
geometry, whereas the CH;00" d"(*A’) excited state is at a
potential maximum in the staggered configuration. These
geometries imply good FC overlap in the torsional coordinate
for transitions to the ground-state cation but poor FC overlap
to the excited-state cation along the torsional coordinate until
energy in the torsional coordinate is near the 459 cm™! barrier
to singlet-state internal rotation. This geometry change shifts
the beginning of the FC envelope approximately 459 cm™ (57
meV) higher than the adiabatic ionization energy of CH;00"
ir(ta).

The experimental spectrum is less structured than either the
triplet- or singlet-state simulation, partly because the 15 meV
spacing of the experimental data is too sparse to resolve narrow
peaks. However, the lack of resolved structure and the
calculated small triplet—singlet energy spacing of 0.15 eV
(calculated at the CCSD(T)/aug-cc-pVQZ//CCSD/aug-cc-
pVTZ level of theory; other high-level calculations place this
spacing between 0.12 and 0.16 eV, see Table S1) imply that the
two states overlap to create a congested profile. Therefore, no
definitive assignment of the origin based on resolved vibrational
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transitions could be made. Instead, the combined simulated
triplet and singlet bands were fitted to the overall envelope,
using the sample temperature determined from the breakdown
curve (vide infra). Keeping the vibrational frequencies,
geometry displacements, and torsional parameters as fixed
parameters and varying the ionization energy, triplet—singlet
energy splitting, and the relative transition intensities of the two
states (as described in the Supporting Information, see Figures
$4—S6), gives an adiabatic ionization energy of AIE = 10.265 +
0.025 eV and a triplet—singlet spacing of 0.15 eV.

As mentioned earlier, because the methyl radical has no
Franck—Condon transitions in the photon energy range of the
CH,00 to CH," dissociative photoionization, we could obtain
a remarkably clean breakdown diagram, plotted in Figure 3.
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Figure 3. Breakdown diagram for CH;00". Open symbols are
experimentally measured ion abundances and lines are the statistical
rate theory modeling of the data.

Because the last discernible methyl radical TPES transition®" is
just below 10.98 eV, only the data points above this photon
energy were used in the modeling of the breakdown curve to
determine the 0 K appearance energy of the methyl cation from
CH;00" dissociation.

As evidenced by the symmetric and sharp m/z = 15 fragment
ion peak in the PEPICO TOF mass spectrum (Figure S1), O,
loss from CH;00" is fast on the time scale of the experiment.
Therefore, the breakdown diagram depends only on the 0 K
appearance energy, E,, and the thermal energy distribution of
the sample, calculated using harmonic vibrational frequencies
from the quantum-chemical calculations (vide infra). When the
cationic potential energy well is deep enough to support the
thermal energy distribution of the neutral, the breakdown
diagram can be used effectively as a molecular thermometer.™®
We treated the model temperature as a fitting parameter; it
optimized to 330 + 30 K (see Figure S7). This best-fit
temperature was also used in the Franck—Condon simulations
of the TPES.

Because hydrogen abstraction from methane by a chlorine
atom (reaction 2) is close to thermoneutral, methyl radicals will
be thermally equilibrated before participating in reaction 3.
However, the reaction enthalpy of oxygen addition to methyl is
—133.8 + 0.5 kJ mol™},* orders of magnitude more than the
internal energy of equilibrated methyl peroxy at room
temperature. Because the pressure drop between the reactor
tube and the ionization point is relatively small, we expect the
resulting Joule—Thompson cooling to be negligible, so that the
temperature obtained from the breakdown curve may be used
to quantify the temperature of the CH;0O radical in the
reactor. The 330 + 30 K temperature supports our conclusion
that CH;00 is almost completely relaxed to room temperature
by collisions in the reactor. Although in this experiment we
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have insufficient signal-to-noise to determine CH;OO temper-
ature as a function of time after the photolysis pulse, in
principle this is also possible, enabling us to explicitly monitor
collisional cooling by fitting the breakdown diagram as a
function of kinetic time. We anticipate that this approach will
be valuable both for confirming thermal equilibrium of radicals
and also, in other cases, to identify nonequilibrated energy
distributions in investigations of nonthermal reactions, which
are of increasin§ interest in the atmospheric and combustion
communities. "

Although the methyl peroxy breakdown curve could be
modeled equally well with or without including the hindered
methyl rotation, the inclusion of the hindered rotor was found
to reproduce the experimental breakdown curve much better in
an earlier study on methanol.*" Therefore, we included a Pitzer
hindered rotor in the energy distribution model for neutral
CH,00, with a rotational barrier height of 336 cm™ [average
of values shown in Table S1, except B3LYP/6-311++G-
(2df2p)]. Fitting the model to the experimental breakdown
curve yields a 0 K appearance energy of E, = 11.164 + 0.010
eV. This value agrees with the 11.16 + 0.05 eV determination
of Meloni et al. but improves its uncertainty by a factor of 5.°

Through a thermochemical cycle (Figure 4), our 0 K
appearance energy connects the heat of formation of CH;00

AHoy = 1012.5 + 2.6 kJ mol-"

CH,00" ———> CH,*+0
: Dy(CH,—00%) B2
IE (CH,00) = E, (CH5") = 11.164 E
10.265 + 0.025 eV £0.010eV (CHy)
Dy(CH,-00)
CH,00 —— > CH3+0,

AHO, = 22.06 + 0.97 kJ mol!

Figure 4. Positive ion thermochemical cycle of the methylperoxy
system. The ionization energy of CH;OO and the appearance energy
of the CH;" daughter ion, highlighted in blue, are experimentally

measured in this work.

with that of CH;". The latter is listed as AHg, (CH;") =
1099.243 + 0.078 kJ mol ™ in the newest release of the Active
Thermochemical Tables (ATcT),* from which we derive
AH (CH;00) = 22.06 + 0.97 k] mol™. This value is in
agreement with both the 22.4 + 5 kJ mol™ of Meloni et al.’
and 22.29 + 0.49 kJ mol™ as reported in version 1.122 of the
ATCT.* Using our methylperoxy ionization energy of 10.265 +
0.025 eV (990.44 + 2.41 kJ mol™"), the heat of formation of the
cation can now be calculated to be AHG(CH;00") = 1012.5
+ 2.6 kJ mol™". This value is again in excellent agreement with
10122 + 2.0 kJ mol ™, as listed in ATCT, and overlaps with the
un3certainty limits of 1019 + 7 k] mol™?, as derived by Meloni et
al.

The thermochemical cycle in Figure 4 also yields neutral and
ionic bond energies. The ionization energy of the methyl
radical, IE(CH;) = 9.83891 + 0.00019 eV (949.311 + 0.018 kJ
mol™,)* and the appearance energy of CH;00 — CH;" + O,
+ ¢ yields Dy(CH,—00) = 127.85 + 097 kJ mol™.
Subtracting the hereby determined IE of CH;00 from the
PEPICO appearance energy yields the CH;*—OO bond energy
in the cation as 86.7 + 2.6 kJ mol %

To conclude, the new double-imaging CRF-PEPICO
apparatus'® has been used to record the first threshold
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photoelectron spectrum of the methyl peroxy radical. This
prototypical free radical was formed by hydrogen atom
abstraction from methane with photolytically generated
chlorine atoms and the subsequent reaction with oxygen
molecules. Together with Franck—Condon simulations includ-
ing a hindered rotor treatment, the TPES allowed us to extract
the adiabatic ionization energy of the methyl peroxy radical.
Oxygen molecule loss by dissociative ionization from the
internal energy selected methyl peroxy cations was also
investigated. Statistical energy distribution modeling of the
experimental breakdown curve yielded the first 0 K appearance
energy measured with sub-kilojoule per mole accuracy for a
reactive intermediate. Combining these experimental data
allowed us to determine accurate neutral and ionic methyl—
peroxy bond energies, showing how the well-proven technique
of PEPICO combined with new inlet systems to generate
radicals opens up the field of positive ion cycles to such
important reactive intermediates, contributing to the thermo-
chemistry of radicals. The derived heats of formation agree well
with data from the latest version of the Active Thermochemical
Tables. More importantly, including the experimental 0 K
methyl cation appearance energy in ATcT will likely reduce the
uncertainty in the heats of formation of a number of connected
species.”” Finally, we show that modeling a high S/N
breakdown curve can also serve as molecular thermometer of
free radicals, which can be used to monitor whether these
species have reached thermal equilibrium, a contentious issue in
kinetics studies.
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