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Monoterpene flash pyrolysis reveals weakly
coupled mechanistic domains and fleeting
biradical intermediates
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The monoterpenes a-pinene, B-pinene, and limonene were in-vacuum flash pyrolyzed at 950 °C in a
microreactor and the pyrolysis products were ionized and detected using vacuum ultraviolet
synchrotron radiation and double imaging photoelectron photoion coincidence spectroscopy. Photoion
mass-selected threshold photoelectron spectra identify the major pyrolysis products, including isoprene
and cyclopentadiene (limonene and B-pinene), methylbenzenes (a-pinene), and the propargyl (B-pinene)
and methyl radicals (a-pinene). Based on band intensities and photoionization cross sections, semi-
quantitative product abundances were obtained. Non-negative matrix factorization shows that the
pyrolysis mechanisms of a-pinene and limonene are distinct and that of B-pinene is strongly coupled to
that of limonene at this temperature. This is rationalized by potential energy surface calculations that
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account for the main fragmentation paths. Monoterpene interconversion and limonene fragmentation to
isoprene take place on the closed-shell singlet surface, while ring-opening reactions involve open-shell
DOI: 10.1039/d5cp03144c singlet transition states. Biradicals with quasi-degenerate triplet and singlet states, the assumed central

intermediates in monoterpene decomposition, are high in energy. Although they may drive racemization
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Introduction

Terpenes are abundant, naturally occurring hydrocarbons, built
up by isoprene (CsHg) moieties. Monoterpenes (C;oH;¢) consist
of two isoprene units and exhibit a wide array of isomeric
structures due to the three degrees of unsaturation in isoprene
and the frequent formation of stereocenters during isoprene
coupling, which gives rise to optical isomerism. Representative
examples include the acyclic myrcene, the monocyclic limonene,
and the bicyclic a-pinene, highlighting the monoterpenes’ struc-
tural diversity. They are relatively volatile and readily enter the
gas phase, i.e., the atmosphere, when they are emitted into the
environment, where they are consumed primarily through oxida-
tion reactions with environmental oxidants, such as ozone.' In
addition to the natural abundance and emission of terpenes,
they are relevant in the food,”> fragrance,® and pharmaceutical
industries.* As fossil fuels are phased out, we turn to alternative
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and hydrogen randomization, they are not the crucial nodes previously proposed in the literature.

sources of renewable energy, and monoterpenes have been con-
sidered a viable option.® The increasing intensity of forest fires
worldwide due to climate change’ as well as the prospective use
case for monoterpenes as fuels means that monoterpene emis-
sions, atmospheric oxidation,® and pyrolysis are expected to grow.
This puts their reactivity, and particularly the pyrolysis mechanism
of the most abundant monoterpenes, into research focus.

There have been numerous reports on waste tire pyrolysis, in
which polyisoprene is broken down to obtain limonene,’ to
maximize limonene selectivity for economic purposes.’® How-
ever, fundamental studies concerning limonene pyrolysis remain
few and far between. Pines and Ryer investigated limonene
pyrolysis at atmospheric pressure and 450 °C and observed a
variety of substituted benzenes, and small amounts of isoprene
and volatile gases, namely hydrogen, methane, ethane, ethylene,
and propene. They proposed that biradical intermediates are first
formed by homolytic bond cleavage and go on to yield the final
pyrolysis products."’ More recently, Zheng et al. investigated
limonene pyrolysis along with that of B-pinene and myrcene
and identified limonene isomerization products and minimal
decomposition in the 540-600 °C temperature range, although
the proportion of isoprene and non-identified products increased
with temperature.”” Bierkandt et al. studied limonene combus-
tion and pyrolysis in a flow tube reactor in the 400-1000 °C range
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and observed small quantities of substituted benzenes, and
larger quantities of benzene and isoprene, as well as small
combustion intermediates including acetylene and ethylene as
pyrolysis products.’® They also rationalized the pyrolysis mecha-
nism by invoking the consensus biradical intermediates.

Early reports on pinene pyrolysis have shown that the o- and
B-isomers yield different thermal isomerization products at
intermediate temperatures, with o-pinene forming alloocimene
and B-pinene providing predominantly myrcene."* Similar to the
mechanism proposed for limonene, pinene isomers were sug-
gested to rearrange towards the observed product through bir-
adical intermediates."* Crowley and Traynor performed o-pinene
pyrolysis at 420 °C and observed a variety of monoterpene isomers
resulting from rearrangements, as well as the formation of methyl
substituted benzene compounds.'® Gajewski et al. studied the
pyrolysis of deuterium-labeled a-pinene and also followed the
racemization kinetics. The observation primarily relates to
the relative rate of internal rotation vs. ring opening and
closure. They concluded that a Cs biradical intermediate is
the most straightforward explanation for the observations and,
thus, evidence for the formation of biradical intermediates in
the thermal rearrangement of o-pinene in the range of 220-
260 °C."° Stolle, Ondrushcka and Findeisen published a study
that focused on the rearrangement of o-pinene to limonene and
ocimene over the range of 250-500 °C during the course of a
pyrolysis experiment with GC analysis.'” Analogous studies on
B-pinene pyrolysis aimed at rationalizing the formation of
myrcene, a product that is not observed in the pyrolysis of
o-pinene. Kolicheski et al. published a study on producing myr-
cene through the pyrolysis of f-pinene and observed the formation
of predominantly myrcene, but also limonene, and 1[7],8p-
menthadiene as isomerization products, as well as smaller quan-
tities of consecutive smaller fragmentation products over the 350-
550 °C temperature range.'® It has been suggested that the
formation of myrcene from B-pinene is an endothermic but, based
on its observation, necessarily entropically favourable and irrever-
sible process at sufficiently high temperatures.'® The proposed
mechanisms for the rearrangement and the pathway for the
dissociation of myrcene to butadiene and pentadiene, however,
have since been questioned by other researchers in the field."
Coudour et al. identified o-pinene pyrolysis products by GC-MS at
yet higher temperatures, detecting butene, isoprene, benzene, and
other associated aromatic compounds at 800 °C without delving
into mechanistic details.*

A common emphasis in monoterpene pyrolysis studies has
been their rearrangement and interconversion, not so much the
identification of decomposition products. The moderate tem-
perature regimes applied in most studies are conducive to
rearrangement, but not to fragmentation. However, as pyrolysis
temperature rises into the range characteristic of fuel-rich
wildfire conditions with residual woody fuel, the proportion
of monoterpene dissociation products increases.™

In this work, we will carry out high-temperature pyrolysis
experiments with photoelectron photoion coincidence spectro-
scopy detection, supplemented by theoretical calculations, to
identify the dissociation products obtained through the pyrolysis
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of selected representative monoterpenes, namely limonene, o-
pinene, and B-pinene. In the competition between low activation
energy and activation entropy vs. high activation energy and
activation entropy processes, high temperatures, characteristic
of wildfires, will favor the latter. This is expected to complement
previous studies carried out at lower temperatures and higher
reaction times.

Methods

Pyrolysis experiments were carried out on the VUV beamline at
the Swiss Light Source (SLS, Paul Scherrer Institute, Villigen,
Switzerland) using the imaging photoelectron photoion coinci-
dence endstation® ™ and a high-temperature pyrolysis
microreactor.”* Synchrotron radiation was dispersed using a 150
grooves per mm grating; the higher harmonics of the grating being
filtered out using a differentially pumped, 10 cm optical length gas
filter, filled with 9 mbar of a Ne:Ar mixture. The monochromatized
light, with ca. 5 meV energy resolution, entered the ionization
chamber, where it crossed the skimmed molecular beam emanat-
ing from the microreactor. After photoionization, imaging Roent-
Dek delay line detectors were employed to velocity-map photoions
and photoelectrons, which were time- and position-stamped. The
electron event was used as the start of the time-of-flight timer for
the photoions. Photoelectrons having initially zero kinetic energy
(threshold electrons) are detected at the centre of the electron
imaging detector, whereas kinetic energy (“hot”) electrons are
detected off-axis according to their initial lateral momentum.
Hot electrons with an initial trajectory along the extraction axis
also hit the centre spot. These events were subtracted from the
centre mass spectra by subtracting the mass spectrum based on
electrons detected in a ring around the centre spot to obtain
threshold ionization mass spectra, ie., ions in coincidence with
truly threshold electrons.> Plotting the intensity of a mass spectral
peak with a particular m/z ratio from the threshold ionization mass
spectrum as a function of photon energy yields the photoion mass-
selected threshold photoelectron spectrum (ms-TPES).®
Pyrolysis experiments were performed by passing argon, at a
pressure of 1 bar and a flow rate of 1 standard cubic centimeter
per minute (sccm), over a vial containing the terpene at room
temperature. The room temperature vapour pressure of the
three terpenes is ca. 4-6 mbar.”” This mixture was then diluted
with 20 scem of argon to produce a beam with approximately
0.5% terpene, which expanded through a 200 pm pinhole into
the 3 cm long, 1 mm internal diameter, resistively heated SiC
pyrolysis microreactor. Reactor surface temperatures have been
derived based on a previously observed power dependence
measured in the pyrolysis setup by a type C thermocouple (1):

T/°C = PIW x 14.27 + 303 (1)

where T is the reactor temperature and P is the heating power.
The reactor temperature is considered to represent the gas
temperature inside the reactor to within 100 °C.>® The pressure
and residence time in the reactor has been estimated to be 10—
40 mbar and up to 100 s, respectively.”®>? The reactor is
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placed in the source vacuum chamber, where the pressure was
~5 x 10~° mbar during measurements. The molecular beam
exiting the pyrolysis reactor passed through a 2 mm diameter
skimmer into the detection chamber, kept at a pressure of 10 °
mbar during measurements. The reactor can be heated to
temperatures between 200 and 2000 °C to explore the distribu-
tion of pyrolysis products by recording ms-TPES. The terpenes
were studied at 950 °C.

Rovibrational cooling in the expansion from such micro-
reactors has been found to be limited,*® because of the low
preexpansion pressure at the reactor nozzle.”® The total ionization
signal is therefore due in part to the barely cooled molecular beam
and in part to room-temperature species that underwent collisional
cooling with wall surfaces in the ionization chamber. These frac-
tions are typically commensurate, which leads to an intermediate
“effective temperature” as far as the internal energy distribution of
the sample is concerned. Furthermore, previous studies with these
types of reactors have concluded that the role of unimolecular vs.
bimolecular reactions is molecule-dependent, with bimolecular
reactions increasing with sample pressure for obvious reasons.
Reactions involving 0.2% propionic acid in argon and 0.3% furfural
in helium gave results consistent with primarily unimolecular
chemistry,®"** while benzaldehyde pyrolysis at similar concentra-
tions evidenced bimolecular chemistry,™ and so did analogous
acetone pyrolysis experiments.*® Our previous work on the pyrolysis
of methyl-, ethyl- and methylchloroformate did not show evidence
for a meaningful amount of bimolecular reactions.***

Closed-shell singlet structures were optimized using density
functional theory (DFT) with B3LYP/6-311+G(d,p) level of theory
using the Gaussian 16 software suite.*® Minimum-energy reaction
paths and transition states were located using relaxed internal
coordinate scans and the synchronous transit-guided quasi-
Newton (STQN) method.*” Single-point energy calculations with
the CBS-QB3 composite method®**® were carried out for
improved energetics, and are reported in the potential energy
figures. There were noticeable discrepancies between, for exam-
ple, the B3LYP and CBS-QB3 energies for f-pinene and myrcene.
Myrcene is less stable by ca. 40 k] mol " according to CBS-QB3
but only by 7 k] mol™" according to B3LYP/6-311+G(d,p). G4,
MO06-2X/6-311++G(d,p) and ©B97-XD/def2-TZVPP calculations
confirmed the CBS-QB3 results. As B3LYP geometries feature in
CBS-QB3 and G4 calculations, as well, we conclude that B3LYP
geometries are acceptable, but B3LYP energetics are likely
untrustworthy for these monoterpenes. Franck-Condon (FC)
simulations of the ground-state ms-TPES bands of pyrolysis
product candidates were also carried out using B3LYP geometries
in Gaussian 16. Optimized structures shown in Fig. 2 and 3 have
been uploaded to the ioChem BD database.f

Biradicals were previously proposed to play a crucial role in
the conversion of monoterpenes and are characterized by two,
barely coupled radical centers. The biradical energies were
obtained for the triplet state using CBS-QB3. As the singlet
and triplet states are quasi-degenerate, the reaction path from

1 https://iochem-bd.bsc.es/browse/review-collection/100/478924/ed8df8b822789
fefoca2906e.
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the singlet monoterpene to the biradical minimum may proceed
on the closed-shell singlet, the open-shell singlet, or triplet
surface. Therefore, we also carried out broken-symmetry open-
shell singlet and triplet path calculations to determine if the
open-shell potential energy surface influences unimolecular
monoterpene reactivity both towards the biradicals and along
the other reaction steps. Open-shell singlets (OSS) were addressed
in unrestricted DFT calculations with o/B symmetry breaking by
mixing f HOMO and LUMO orbitals in the initial guess, which
relaxed into the closed-shell DFT result when the OSS configu-
ration was higher in energy than the closed-shell one and yielded
an open-shell solution otherwise. When symmetry-breaking led
to a meaningful change in energy, OSS geometry optimizations
were carried out to re-optimize the transition state geometries on
the OSS surface. As B3LYP energies were found unsatisfactory
and composite method calculations are not trivially applicable to
these states, we evaluated the transition state energetics at the
®B97-XD/def2-TZVPP level of theory, referencing it to the related
monoterpene on the potential energy surface. The broken-
symmetry solution is contaminated by the triplet wave function,
as seen by typical (S?) values of 0.7-1.0 instead of the expected 0
for a singlet. To obtain the pure singlet energy, we computed the
triplet energy at the symmetry-broken optimized geometries
using restricted open-shell Kohn-Sham (ROKS) ®B97-XD/def2-
TZVPP calculations, and used the Yamaguchi spin decontamina-

tion correction:*°*?

<S2>BS

m(ET — Egs), 2)

Eoss = Eps —

where Eqgs is the derived open-shell singlet energy, Er is the
ROKS triplet energy, Egs is the broken-symmetry singlet energy
and (S%)gs is the expectation value of the spin-squared operator in
the broken-symmetry calculation. As discussed by David et al.,*?
this approach is expected to yield reliable results as long as the
spin polarization of the supposedly closed-shell orbitals is minor,
ie, up to ($*) ~ 1, as was the case here. Nonetheless, the
activation energies thus computed are expected to be markedly
less accurate than the closed-shell and triplet biradical CBS-QB3
energies.

Results and discussion
Experimental ms-TPES and pyrolysis product identification

All recorded photoion mass-selected TPES can be found in the
SL In Fig. 1, we show the ms-TPES for m/z 68 from each of the
three precursors as an example, together with a Franck-Con-
don simulation, in this case for isoprene.

It is evident that limonene, a- and B-pinene all produced
isoprene upon pyrolysis, but the intensity of the second peak in
the ms-TPES and the more gradual drop in signal intensity
suggest that an additional species contributes to the m/z 68
peak in the case of a- and B-pinene. In our earlier work on
isoprene pyrolysis, we observed evidence for the formation of
cyclopentene, which ionizes at 9 eV and contributes the stron-
ger band at that energy in the TPES, which may therefore be a
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Fig. 1 Ms-TPES (markers) for m/z 68 obtained from the pyrolysis of (A) limonene, (B) a-pinene, (C) B-pinene. The FC simulations of isoprene (black line)
and cyclopentadiene (blue line) have been overlaid on top of each ms-TPES. The product observed at m/z 68 has, thus, been identified as predominantly

isoprene.

monoterpene pyrolysis product to account for the enhance-
ment of the 9 eV peak.*

Table 1 summarizes the products observed and confirmed
by FC-simulation in the pyrolysis of each terpene precursor.
Aside from these peaks, up to half of the overall mass spectral
signal intensity was spread over an abundance of minor peaks that
could not be individually assigned. However, the major peaks can
be expected to deliver a valid overall picture of the unimolecular
pyrolysis chemistry of the samples to understand commonalities
and differences. The fractional abundance of the confirmed
products, listed in Table 1, was approximated as the intensity of
the origin band in the ms-TPES, divided by the known photo-
ionization cross sections,” and normalized to the sum of their
total renormalized signal. Based on cursory inspection of the
major products, limonene primarily dissociates into isoprene,

Table 1 Fractional abundances (in %) of the identified flash pyrolysis
products of a-pinene, B-pinene, and limonene at 950 °C, assigned by
ms-TPES. Abundances are based on cross-section corrected mass spec-
tral signals of the ground-state TPES band (see text). The basis vectors (w;,
renormalized to 100% in sum) from the non-negative matrix factorization,
representing the mechanistic domains with their coefficients in the mono-
terpene pyrolysis (h) giving each domain’'s contribution to pyrolysis.
Coefficients for a two-component factorization are also given (';)

o- B

Pinene Pinene Limonene w; W, W;

Compound Identity

CoH1» Trimethylbenzene 11.4 0.9 1.6 0.4 11.8 1.2
CgHo Xylene 39.6 2.4 7.7 3.8 412 0.7
C,Hg Toluene 20.1 2.4 6.3 4.6 209 0.2
CeHg Cyclohexadiene 1.8 0.2 0.2 0.0 1.9 0.4
CeHg Benzene 0.5 0.7 0.5 0.5 0.5 0.9
CsHg Isoprene/ 7.3 25.6 48.6 53.5 6.7 0.0
(cyclopentene)
CsH, Cyclopentadiene 1.4 15.0 11.0 12.2 0.8 17.8
C4Hg 1,3-Butadiene 1.3 4.6 2.3 24 11 6.7
C,H, 1-Buten-3-yne 0.3 2.2 2.7 3.0 0.2 1.5
C3Hg Propene 2.5 1.2 1.7 1.6 2.6 0.8
C;3H5* Propenyl radical 0.3 0.7 0.4 04 03 1.0
C3;Hy Propyne 0.7 1.3 0.6 0.6 0.7 2.0
C3H;* Propargyl radical 1.4  30.1 7.3 8.1 0.0 50.9
C,H, Ethene 1.9 5.8 1.8 1.8 1.7 9.6
C,H, Ethyne 0.5 2.0 1.3 1.4 04 2.6
CH,* Methyl radical 9.1 4.8 6.1 5.7 93 3.9
NMF coefficients for
precursor products W, W, h,; h, hs
a-Pinene 0.00 0.98 0.02 0.96 0.02
B-Pinene 0.82 0.00 0.48 0.01 0.52
Limonene 0.97 0.18 0.90 0.11 0.00

This journal is © the Owner Societies 2025

while o- and B-pinene exhibit distinct chemistries. f-Pinene forms
primarily CsHg (isoprene and cyclopentene), C,H, (1-buten-3-yne),
and a large amount of C;H;* (propargyl radical), while o-pinene is
the “busiest” of the three terpenes, exhibiting a variety of pyrolysis
products, with methyl radicals being the predominant one.

Product matrix factorization

If monoterpenes were to promptly interconvert before decom-
posing at the high pyrolysis temperature of 950 °C, we would
see the same products emanating from the reactor, indepen-
dent of the precursor monoterpene. Although this is not the
case, there are similarities between the experimental a-pinene,
B-pinene, and limonene product vectors in Table 1. A simple
measure of the similarity between the product distributions is
the angle between the product vectors, computed using cosine
similarity after normalizing each distribution. At 0°, the dis-
tributions are identical and at 90°, they are orthogonal to each
other. The angles are 77° (a-pinene vs. B-pinene), 69° (a-pinene
vs. limonene), and 40° (B-pinene vs. limonene). This suggests
that parts of the mechanism are shared, especially between -
pinene and limonene.

Non-negative matrix factorization (NMF, as implemented in
scikit-learn)*® is motivated by the idea that complex observa-
tions can be explained as an additive, strictly non-negative
combination of parts. These are obtained as basis vectors and
coefficients that reconstruct the measured data, i.e., the pro-
duct abundances, best.*” Because the factors cannot take
negative values, each column (w;) naturally represents a che-
mically plausible mechanistic domain, and the coefficient
vectors (h;) quantify said domain’s contribution to pyrolysis.
Evidence for mechanistic coupling appears when a precursor’s
weights are spread over more than one domain rather than
concentrated in a single one. This parts-based decomposition
has previously been used to interpret chemistry: positive matrix
factorization work by Paatero and Tapper contributed to source
apportionment in environmental chemistry,”® and Puliyanda
et al. recently used joint NMF to unravel coupled versus
uncoupled reaction pathways in heavy-oil upgrading.*®

If each sample is trivially assigned its own domain, we
obtain a mathematically valid and exact but chemically uninfor-
mative decomposition with an identity matrix for the coefficients.
Starting from a random or perturbed initial guess, the NMF
algorithm will converge to a chemically interpretable local mini-
mum. To avoid over-interpreting a single random initialization, we

Phys. Chem. Chem. Phys., 2025, 27, 23400-23409 | 23403
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ran NMF many times with different random seeds and chose the
most representative decomposition within 1-2% of the best
error, i.e., one with basis profiles most similar to the other
solutions. The solutions were easily reproducible and largely
insensitive to initialization.

However, the first question is whether a two-component
factorization reproduces the experiment well enough. The coeffi-
cients in the rank-2 factorization (h'; in Table 1) suggest strong
coupling between B-pinene and limonene products, and the rest
of the limonene chemistry is approximated by a-pinene contribu-
tions. This, however, is a poor fit with a Euclidean reconstruction
error (normalized by the Euclidean norm of the data matrix) of
27%, which shows that a third domain is necessary for a suitable
reproduction of the product matrix. The three-factor basis vectors
and their coefficients are also given in Table 1. Limonene and
a-pinene have their own mechanistic domains (w; and w,) in this
factorization, while B-pinene chemistry is half unique (w;) and
half coupled to limonene’s domain. This provides a preliminary
estimate on where the reactive flux branches out. Apparently,
B-pinene will in part isomerize to limonene, but the decomposi-
tion of the other monoterpenes takes place mostly before inter-
conversion, at least at 950 °C. If the isomerization barriers are
lower in energy but associated with a lower activation entropy
than the decomposition transition states, isomerization may
compete more effectively at lower temperatures. Computational
chemistry can be used to map the reaction paths and provide
further, more tangible insights into the different mechanistic
domains.

Calculated minimum energy reaction pathways

Mechanistic suggestions in the literature invoke biradicals as
central early intermediates in the interconversion and decom-
position of these three species. Computationally, homolytic
bond breaking in a closed-shell molecule yields a biradical
system, but unimolecular rearrangements may take place on
the closed-shell singlet surface, as well. As the second is easier
to address computationally, we first tackled the pathways on
the closed-shell singlet surface. Inspired by the singlet paths,
we then followed the reaction paths on the triplet surface and
evaluated open-shell singlet energies for the transition states
and intermediates. While we aimed to locate the lowest-lying
channels using constrained bond length and angle scans as
well as synchronous transit-guided quasi-Newton optimiza-
tions, per the dimensionality of the system, only a small part
of the potential energy surface could be explored. However, due
to the lack of a fast and robust level of theory to yield reliable
energies across the potential energy surface, it is unlikely that a
more aggressive PES exploration strategy using a less expensive
level of theory would have yielded better results. Therefore, this
balanced approach likely provides a reasonable first guess
for the unimolecular thermal decomposition mechanism of
monoterpenes.

The minimum energy reaction pathway for limonene frag-
mentation is shown in Fig. 2. The reaction towards the left is
straightforward, beginning from limonene (1) and going over a
2.55 eV barrier (TS1-C;Hg), where the cyclohexene ring is

23404 | Phys. Chem. Chem. Phys., 2025, 27, 23400-23409

View Article Online

Paper

Relative Energy (ev)
- @

076

“d o

}f .
027 . ‘..§ <.
R

2

< o *
.
000
© 2% <« % 018 ¢
« © Q e
05 © © @ ¢ g °
L Y © . <
[ P . 2 e 4
1 e

‘e
t T

Fig. 2 Minimum energy reaction pathway calculated at the CBS-QB3//
B3LYP/6-311+Gl(d,p) level of theory, involving limonene (1) and a-pinene
(2). The pathway from 1 towards the left yields two isoprene molecules
(CsHg). Towards the right, it connects limonene to 2, followed by sequen-
tial losses of methyl radical to yield aromatics. Energies indicated are
relative to that of 1. A schematic representation of this mechanism can
be found in Fig. S1 of the SI.

broken near the propenyl group in a retro-Diels-Alder reaction,
leading to the release of two isoprene molecules (CsHg). This is
a closed-shell fragmentation pathway with no open-shell or
biradical character. Limonene can, however, also undergo
isomerization by H-transfer to form a biradical. The energy of
this closed-shell transition state is only 2.50 eV but the biradical
is not stabilized significantly after the H atom is transferred
and exhibits an energy of 1.85 eV (see potential energy surface
in Fig. S3 in SI). Thus, while biradical formation is energetically
allowed prior to isoprene formation in limonene, it represents a
dead end in the mechanism. Limonene’s facile dissociation to
isoprene also explains the dominant abundance of isoprene
observed experimentally in limonene pyrolysis.

Moving towards the right, limonene is connected to o-
pinene by an isomerization transition state TS1-2, where the
methyl group on the propyl moiety undergoes a 1,5-H shift and
forms the C-C bridge in o-pinene. This closed-shell transition
state lies at 2.33 eV, slightly lower than the 2.55 eV transition
state to isoprene formation. Based on the experimental obser-
vation and the product matrix factorization, limonene barely
couples to the a-pinene reactions. The limonene fragmentation
(TS1-CsHg) and the TS1-2 isomerization transition states are
broadly comparable in energy, but TS1-2 is associated with a
lower activation entropy (—20 vs. +25J K~ mol " for TS1-C5Hg),
which allows the retro-Diels-Alder fragmentation to outcom-
pete limonene isomerization to a-pinene at high temperatures.

Moving from structure 2, o-pinene, towards the right, an open-
chain intermediate 2a is produced via elongation of one of the C-
C bonds in the bicyclic bridge feature. The associated transition
state, TS(2-2a), is rather high in energy at 3.02 eV. Indeed, a
single-point triplet-singlet gap calculation at this geometry
yielded a splitting of only 0.17 eV. Only the open-shell singlet
transition state, at ca. 2.36 eV (see SI), makes the formation of
the per se closed-shell intermediate 2a competitive. 2a may then

This journal is © the Owner Societies 2025
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re-cyclize by association of the terminal alkene and the central
CH carbon, leading to tetramethylcyclohexadiene 2b. Sequential
bond dissociation of CH; groups leads to the production of the
trimethylcyclohexadienyl radical and xylene, releasing two methyl
radicals. This path explains the observation of the strong methyl
radical signal as well as aromatic products in o-pinene pyrolysis.
Minimum energy reaction pathways calculated to account
for B-pinene pyrolysis are shown in Fig. 3. Much like a-pinene,
B-pinene (3) can also isomerize to limonene (and thus make
isoprene) through TS1-3, which lies only at 2.22 eV. One of the
CH; hydrogens undergoes a 1,5-H shift towards the exocyclic
CH,, resulting in 1. The low energy of this closed-shell rearran-
gement transition state explains the observation of isoprene
and the strong coupling between the B-pinene and limonene
pyrolysis chemistry indicated by NMF, as well. Starting to the
right from 3, a rearrangement reaction is seen involving the
dissociation of the bond between bicyclic bridging carbons,
TS3-3a, at an energy of 3.02 eV. This -pinene rearrangement is
analogous to the one calculated in a-pinene, but it leads to 3a,
myrcene, due to the position of the double bond. We did not
detect myrcene in B-pinene pyrolysis, and do not have data on
myrcene pyrolysis under comparable conditions, but propargyl
radicals, an abundant product in the p-pinene reaction
domain, represent a likely sequential fragmentation product
of myrcene. Because of the linear chain and the comparable
bond energies in myrcene, its pyrolysis mechanism is expected
to be convoluted, and we did not endeavor to unveil it solely
computationally. While this path over a closed-shell transition
state leads to a major pyrolysis product of f-pinene known in
the literature, its activation energy is prohibitively high.
Although the triplet single-point energy at TS3-3a was found
to be 0.25 eV higher, an open-shell rearrangement transition
state was found at 2.56 eV (SI). In fact, we also located a lower-
lying open-shell path, with a much lower barrier of ca. 1.90 eV,
leading to y-limonene. This activation energy is slightly lower
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Fig. 3 Minimum energy reaction pathway calculated at the CBS-QB3//
B3LYP/6-311+G(d,p) level of theory, involving limonene (1) and B-pinene
(3). Isoprene formation from 1 is the same as in Fig. 2. The transition state
towards the right connects limonene and B-pinene, which can also
rearrange to myrcene (3a). Energy values are relative to that of limonene.
A schematic representation of this mechanism can be found in Fig. S2 of
the SI.
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than the 2.22 eV isomerization activation energy to limonene.
B-Pinene can be thermally converted to 80% myrcene at 450 °C
with 11% limonene as co-product, and {-limonene is not a
major pyrolysis product.>® Therefore, the overall activation
energy to myrcene formation cannot be significantly higher than
ca. 2 eV, the closed-shell transition state TS3-3a to limonene
formation, which is followed dominantly by isoprene release. In
fact, the economically feasible conversion of B-pinene to myr-
cene at lower temperatures, combined with the NMF result of ca.
50:50 B-pinene and limonene mechanistic contributions to the
B-pinene flash pyrolysis products tells us that isomerization to
myrcene is dominant at low energies and outcompeted by the
looser but higher-energy isomerization process to limonene at
our elevated temperatures and short reaction times. Therefore,
the transition state to myrcene formation should be tighter and
at a lower energy than the isomerization transition state to
limonene. Consequently, either the true transition state to
myrcene is lower than the OSS transition state we located at
2.56 €V, or Y-limonene is an intermediate on the way to myrcene
formation. In the absence of pyrolysis data on \-limonene, we
have not explored its thermal decomposition pathways further.
These insights and the open-shell transition states driving some
of the discussed decomposition paths call for a discussion of the
“biradical” intermediates as invoked ubiquitously in the mecha-
nistic discussions of terpene pyrolysis in the literature.

On the role of biradicals

Apart from the open-shell singlet ring-opening transition states
discussed above, triplet and OSS minima and transition states
along the potential energy surfaces in Fig. 2 and 3 were found to
be, in part significantly, higher in energy than the closed-shell
singlets. The central biradical intermediates proposed by, e.g.,
Gajewski et al.'® are distinct from the structures along our PES
and correspond to ring-opening of the bicyclic o- and p-pinene
to a configuration with two hypovalent carbons with remote
radical centers and quasi-degenerate open-shell singlet and
triplet electronic configurations. We have also considered the
biradical isomer of limonene by H-transfer and found that the
biradicals’ energy was in the 1.85-1.90 eV range relative to
limonene. The corresponding isomerization transition states
were found to be on the closed-shell surface at 2.33 eV for a-
pinene and at 2.50 eV for limonene. While the former corre-
sponds to a bond breaking, biradical formation in limonene
requires a H-transfer, therefore a tight transition state. For f-
pinene, an OSS transition state was found at a remarkably low
energy of 1.90 eV, suggesting that biradical formation is kine-
tically allowed at its energetic threshold of 2.26 eV. Thus,
biradical formation is generally energetically allowed in the
energy range of the other isomerization/fragmentation pro-
cesses, although it takes place over a tight transition state in
limonene. Based on the harmonic free energies and activation
free energies, evaluated using thermo.py by Irikura,” we calcu-
lated equilibrium constants and rate constants as a function of
temperature to gain further insights into the biradicals’ role. As
shown in Fig. S4, the equilibrium fractional abundance of the
biradical derived from B-pinene is on the order of 107 ° at
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temperatures where thermal dissociation does not yet convert
the precursor into lighter fragments quantitatively. Statistical
rates for ring opening in a-pinene and isoprene formation in
limonene are also at least an order of magnitude higher than
for biradical formation. The biradical energies are expected to
be accurately reported by CBS-QB3. Consequently, biradicals
are unlikely to be present in detectable amounts, irrespective of
the experimental conditions. Furthermore, because of their
high energies, they are not fragmentation or isomerization
intermediates. However, because of the errors in the harmonic
approximation and the uncertainties in the activation energies,
we cannot exclude that biradical formation rates are higher and
that they may still play a role in racemization in both pinenes.

Thus, the interconversion of the o-pinene/limonene/
B-pinene system as well as the straightforward fragmentation
of the limonene to isoprene takes place on the closed-shell
singlet surface. Although the assumed biradical mechanisms
are suitable to fit the reaction kinetics'>'”'® and account for the
racemization of the sample as well as deuterium scrambling,®
our results suggest that biradicals may be responsible for
racemization and hydrogen scrambling (as statistical rates
may be off by more than an order of magnitude), but do not
play a role in driving thermal decomposition chemistry (because
of the high biradical energies). Furthermore, even if equilibrium
biradical concentrations are reached, they will remain undetect-
able trace components in the reactive mixture at all tempera-
tures. This insight underlines the importance of computational
confirmation of the viability of assumed reaction intermediates.

At the same time, as mentioned earlier, the ring-opening
transition states of a- as well as B-pinene are open-shell sing-
lets, which brings the calculated surface more in line with the
experimental observations. Open-shell singlet transition states
appear to play a major role in driving monoterpene unimole-
cular thermal decomposition, but not their isomerization.
These transition states, however, are not biradicals and exhibit
substantial singlet-triplet gaps.

Conclusion

The major flash pyrolysis products of limonene, o- and B-pinene
were identified at a pyrolysis temperature of 950 °C based on their
ms-TPES, recorded by imaging photoelectron photoion spectro-
scopy. A semi-quantitative analysis yielded a product matrix,
which showed isoprene as the predominant product in limonene
pyrolysis, strong aromatics as well as methyl radical signals in a-
pinene thermal decomposition, and propargyl radicals and cyclo-
pentadiene as well as isoprene as the most important B-pinene
fragmentation products. Non-negative matrix factorization with
two basis vectors could not reproduce the product matrix faith-
fully, confirming that the three samples fragment according to
three mechanistic domains. NMF also indicated that these may be
thought of as the limonene mechanism (retro-Diels-Alder reac-
tion to isoprene), the o-pinene mechanism to aromatics, and
about half of the B-pinene reactive flux proceeds via the limonene
mechanism while the other half ultimately yields propargyl and
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cyclopentadiene as major products, likely over a myrcene inter-
mediate. While NMF analysis yielded proof-of-principle mecha-
nistic insights that were in line with the computational results, it
was inherently limited by the low dimension of the data sets.
Temperature-dependent product matrices of more monoterpene
isomers would have yielded better-defined insights, but experi-
mental developments, such as quantification approaches based
on measurements at only one or a few photon energies, would be
needed for more expansive data sets to be within reach.

We have explored the closed-shell singlet potential energy
surface to identify the main monoterpene interconversion and
fragmentation mechanisms using density functional theory and
the CBS-QB3 method for single-point energies. This exploration
was guided by the observed pyrolysis products, and only a small
part of the phase space could be covered. Alternative, automatic
reaction kinetics approaches® could account for a larger part of
the mechanism, including the minor products, if coupled with a
methods strategy that addresses closed- and open-shell singlet as
well as triplet states consistently. Still, the isomerization reactions
and the major limonene pathway, the formation of isoprene, are
well-described by this approach. From o- and B-pinene, open-
shell singlet ring-opening transition states lead to fragmentation
at comparable energies, explaining the competition between
interconversion and fragmentation, the latter of which domi-
nates in o-pinene, and a combination is seen in B-pinene.
Biradicals are very high in energy to be intermediates in thermal
decomposition. While their formation is energetically allowed at
1.80-1.95 eV above limonene over moderate or even submerged
transition states, statistical equilibrium constant and rate con-
stant calculations suggest that they are at most fleeting species in
the reactive mixture and not major fragmentation intermediates
they were made out to be. Thus, we show that the flash pyrolysis
of monoterpenes is driven by isomerization and fragmentation
transition states, of which ring-opening transition states often
have open-shell character and, contrary to the longstanding
paradigm, biradical intermediates, while they may account for
racemization, are unlikely to play a major role in thermal
decomposition.
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Data is available from the archives of the Swiss Light Source.
Contact Andras Bodi at the Paul Scherrer Institut.
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