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ABSTRACT: Biofuels are an appealing alternative to augment conventional fossil fuels, given that traditional fossil fuels are finite
in nature despite being the highest-consumed energy source. Furans have been studied as potential biofuels due to their renewability,
high energy density, and ability to both blend with existing fossil fuels and serve as a stand-alone fuel. Although promising, more
research efforts on the combustion of furan-based biofuels are needed. In this study, the oxidation of 2,3-dimethylfuran (2,3-DMF)
initiated by O(’P) was investigated using vacuum-ultraviolet synchrotron radiation from the Advanced Light Source at Lawrence
Berkeley National Laboratory. The reaction was studied at 550 K and 7 torr. Major reaction products include 3-methyl-3-buten-2-
one, 4,5-dimethyl-3(2H)-furanone, and 3-methyl-4-0x0-2(Z)-pentenal, with 3-methyl-3-buten-2-one being the most abundant.

INTRODUCTION

Fossil fuels have historically been the dominant energy source
globally due to the use of coal, oil, and natural gas for electricity
generation, heating, transportation, and other industrial pro-
cesses.! However, combustion byproducts are a leading source
of air pollutants such as volatile organic compounds (VOCs),
nitrogen oxides (NOy), carbon monoxide (CO), and particulate
matter (PM).2 Biofuel combustion has the possibility to reduce
some of these pollutant emissions, and increasing biofuel use
can be a means for a transition towards cleaner and more sus-
tainable fuel blends as well as adding new energy capacity be-
yond fossil fuels.?

Biofuels are derived from organic materials, and their fuel
blends can be used without requiring significant changes to in-
frastructure. They are characterized into three generations based
on their production methods and sources. First-generation bio-
fuels are sourced from food crops and vegetable oils like sugar-
cane and palm oil.* The production process involves fermenta-
tion or transesterification, converting the sugars from crops or

the oils extracted from them into biofuels, such as ethanol or
biodiesel.’> Second generation biofuels utilize non-food crops
and woody biomass as feedstocks, such as agricultural waste
and silvergrass.’ Its production process involves a more ad-
vanced pre-fermentation process, such as cellulosic production,
to break down complex plant materials.® The production of
third-generation biofuels entails cultivating microorganisms in
controlled environments to optimize the generation of biofuel
precursors, e.g., growing microalgae in a photobioreactor to
produce lipids.’

Furan-based biofuels fall under second-generation biofu-
els, and a promising biofuel candidate includes 2,5-dimethylfu-
ran (2,5-DMF), a structural isomer of 2,3-dimethylfuran. 2,5-
DMF has a high volumetric density (31.5 MJ L") and a high
octane number (119), reducing engine knocking and increasing
fuel efficiency.®® The synthesis of hydroxymethylfurfural
(HMF) from lignocelluosic biomass provides a >95% yield of
2,5-DMF derived from fructose.!®!! Mixtures of 2,5-DMF with
diesel (40% 2,5-DMF by volume) reduces soot emissions dras-
tically compared to basic diesel in a single cylinder diesel



engine.!? However, oxidation reactions of 2,3-DMF have not
been extensively studied, and there is insufficient data available
to compare reactivities to 2,5-DMF. Additionally, further re-
search on radical additions to the double bond in furans and fu-
ran derivatives is required to draw details about elementary re-
actions initiated by radicals.!® This work provides oxidation re-
action data of 2,3-DMF initiated by ground state atomic oxy-
gen, O(’P), a prevalent radical found in combustion engines, to
build upon previous research performed on the oxidation of 2,5-
dimethylfuran with OCP).2

METHODS
Apparatus

The experiment was carried out in the Chemical Dynam-
ics Beamline 9.0.2 at the Advanced Light Source (ALS) of
Lawrence Berkeley National Laboratory using multiplexed
time- and energy-resolved mass spectrometry coupled with
tunable synchrotron radiation, which was used for the pho-
toionization of reaction species.!* The experimental setup is
briefly covered here, and additional information regarding the
experimental design is referenced elsewhere.!*"'7 2,3-dime-
thylfuran (Sigma-Aldrich, purity > 99%) was purified via the
freeze-pump-thaw technique, and its vapors were collected in
a gas cylinder to reach a 0.37% mixture with helium (10.82
Torr 2,3-DMF in 2905 Torr He). The 0.37% mixture along
with NO, was flowed into the reaction cell, then effused
through a 650 pm wide pinhole on the side of the reactor into a
differentially pumped ionization region, and the reaction was
carried out at 550 K and 7 Torr. The concentration of NO, was
calculated to be 7.37 x 10" ¢cm™, and the concentration of 2,3-
DMF was approximately 4.58 x 10'2 ¢cm™. The pressure inside
the reactor was kept constant by gas removal using a closed-
loop feedback throttle valve via a capacitive manometer. The
reactor temperature was adjusted using 18 pm thick resistive
nichrome heating tape wrapped around the reactor tube. The
photolysis of NO; generated O(*P) using a 4 Hz pulsed unfo-
cused XeF excimer laser at a wavelength of 351 nm. Based on
the reported quantum yield of 1.00 for O(P) at 351 nm and the
NO; absorption cross-section of 4.62 x 10" cm*/molecule, the
O(P) concentration was calculated to be 2.02 x 10'2 cm?3.181
The ionized reaction species were then accelerated, collimated,
and detected by a 50 kHz pulsed orthogonal time-of-flight
mass spectrometer. Products were characterized by analyzing
a three-dimensional data block containing mass-to-charge ratio
(m/z), reaction time (ms), photon energy (eV), and relative ion
signal.

To obtain the absolute photoionization cross section of
2,3-DMF, calibrated mass flow controllers were used to intro-
duce known amounts of helium gas, the molecule of interest,
and the calibration gas mixture comprising of ethene, propene,
and 1-butene into the reaction tube. For this measurement the
62-cm quartz slow flow reactor was held at a constant pressure
of 4 Torr, 298 K, and total flow of 100 sccm.

Measurement Procedure

The purified sample was flowed into an evacuated stainless
steel gas cylinder; upon equilibration helium was pumped into
the gas cylinder until the molecule of interest comprised 0.37%
of the total pressure. Pre-photolysis signal was removed with
background-subtraction, and the energy-dependent signal was
normalized against the photocurrent measured by a calibrated

photodiode. Two-dimensional slices of the three-dimensional
data were obtained by fixing one variable (e.g., fixing reaction
time at a specified m/z, observe how signal changes with respect
to photon energy to retrieve the photoionization spectra). Neg-
ative ion signals indicated a depleting species, while positive
signals signified species that were being formed. Primary prod-
ucts formed at a rate equivalent to the depletion of the reactant,
whereas other chemistry products typically formed at a slower
pace by comparison. The signal was integrated within the time
range 0-40 ms to mitigate signal arising from other chemistry.

The absolute photoionization spectrum of 2,3-dimethylfu-
ran was obtained by comparing the ion signal to that of a known
reference compound (SI, Table S1 & Fig. S1). In this study, the
reference compounds used were the calibration gases ethene,
propene, and 1-butene.

The relative ion signal (S) of a molecular species at a spec-
ified photon energy (E) was directly proportional to the instru-
ment constant (k), the mass discrimination factor (§), the con-
centration (C) of the species, and the photoionization cross sec-
tion at the specified photon energy (a(E)), as indicated in Eq
(1). The acquisition of the mass discrimination factor, m%%3*
008 was described in detail by Savee et al.,*® where m is the
molecular mass of the observed species.

S(E) = ka(E)SC 1)

By comparing the signal of the standard compound (in this
case, the calibration gases) to that of the target compound, the
unknown cross section was determined as a ratio of its signal
intensity (S7), photoionization cross section of the standard (ay),
mass discrimination factor of the standard (§s), and concentra-
tion of the standard (Cs), to the signal intensity of the standard
(Ss), mass discrimination factor of the target (6;), and concen-
tration of the target (Cr), as indicated in Eq (2).

_ (ST(E)GS(E)6365> 2
! Ss(E)87Cr
It is worth noting that the ion signal (S) and photoionization
cross section (o) are energy dependent and must be taken at the
same energy for calculation consistency. For products lacking
literature absolute photoionization cross sections, an estimation
was made based on the semi-empirical additivity model devel-
oped by Bobeldijk et al.! Molar yields were used to quantify
the percentage of product formed with respect to the initial re-
actant, 2,3-DMF. Mathematically, this is the ratio between the
concentration of the product (Cp) and concentration of the reac-
tant (Cy), as indicated in Eq (3). The resulting values were car-
bon-normalized by multiplying the ratio of carbons in product
and reactant to achieve a 100% product yield.

& _ Sp(E)og(E)SrCr
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Considering the uncertainties for concentration (1%), ion
signal measurements (1%), mass discrimination factor (15%),
with the uncertainties for the photoionization cross section of
the standard gases (10%), the uncertainties of the photoioniza-
tion cross sections obtained using this mass spectrometer
ranged from £15-20%. The uncertainty of observed product
ion-signal measurements varied across m/z values. Lower-
abundance products generally exhibited poorer signal-to-noise



ratios, with uncertainties exceeding 20%. As a result, the uncer-
tainties in experimental yields averaged approximately 35%.

Computational

The CBS-QB3 composite method was used to optimize the
geometries of reactants, products, and transition states and to
obtain accurate energies. CBS-QB3 provides a good trade-off
between accuracy and computational cost, yielding heats of for-
mation and barrier heights typically within 1-2 kcal mol™! of
high-level methods and experimental values.?>?* While more
recent composite schemes (e.g., G4, W1BD) and explicitly cor-
related coupled-cluster methods can in principle offer slightly
higher accuracy, their substantially greater computational cost
limits their application to systematic studies of reaction mecha-
nisms involving numerous intermediates and transition
states.?**> CBS-QB3 therefore remains a widely adopted choice
in kinetics, combustion, and atmospheric modeling studies.

All ab initio quantum chemical calculations were per-
formed using the Gaussian 09 software?® and visualized with
GaussView.?" The uncertainty of each value obtained through
the CBS-QB3 composite method was reported as £0.05 eV (4-
5 kJ/mol).?® Triplet surface geometries were first optimized at
the UB3LYP/CBSB?7 level of theory, providing reliable starting
structures for open-shell species at moderate computational
cost. The unrestricted formulation (UB3LYP) allows a and B
spin densities to differ, which is essential for correctly describ-
ing triplet electronic structures. In contrast, the restricted
B3LYP formalism constrains both spin components to share the
same spatial orbitals, which can lead to artificial spin pairing
and inaccurate treatment of open-shell character.?-

The B3LYP functional level with the 6-311G(2d,d,p) basis
set was used to optimize and calculate harmonic vibrational fre-
quencies of molecular structures.! Reaction pathways were
confirmed using potential energy surface (PES) scans at the
B3LYP/CBS7 level of theory, and optimized structures of prod-
ucts and transition states were calculated using CBS-QB3.% In-
trinsic reaction coordinate (IRC) calculations were performed
on optimized transition states to confirm the forward and re-
verse reaction pathways.> To confirm the possibility of inter-
system crossing (ISC) between the singlet and triplet potential
energy surfaces, minimum energy crossing point (MECP) cal-
culations were carried out using the ORCA 6.1 quantum chem-
istry package.*® Calculations employed the PBEO-D3BJ/def2-
TZVP level of theory with TightSCF convergence and the Surf-
CrossOpt optimization protocol. The PBEO functional and def2-
TZVP basis set provide balanced spin-state energetics suitable
for open-shell systems.?>3%3 At the optimized MECP geome-
try, the residual energy splitting between the singlet and triplet
surfaces is < 0.05 eV, indicating a near-degenerate crossing of
the two surfaces and confirming that intersystem crossing is en-
ergetically feasible at this geometry. The energetic cost to reach
the MECP from the relaxed triplet minimum was found to be
within 0.5 eV, consistent with an accessible ISC pathway. Spin-
orbit coupling matrix elements (SOCMEs) between the inter-
secting singlet and triplet states were computed at the MECP
using ORCA’s state-interaction spin-orbit (SI-SO) method to
assess the relative efficiency of ISC at the crossing point.*

Following Eq (4), the adiabatic ionization energy (AIE)
was obtained as the difference between the zero-point—cor-
rected electronic energies of the molecule’s ground-state neu-
tral and cationic forms.

AIE = Eocat = Eoneu “)

Where available, reference photoionization spectra were
compared with experimental data to confirm product formation.
In cases lacking reference spectra, simulated photoelectron
spectra (PE) were generated using Franck-Condon (FC) and
Franck-Condon-Herzberg-Teller methods.>> FC overlap inte-
grals were computed using a recursive formula by Ruhoff.*® In-
tegration of the PE spectrum yielded a simulated photoioniza-
tion spectrum for comparison with experimental data. Agree-
ment of both the calculated adiabatic ionization energy and sim-
ulated PI spectrum with experimental results provided strong
evidence for the identification of a reaction species.

RESULTS AND DISCUSSION

The reaction of OCP) with 2,3-DMF initiates on the triplet po-
tential energy surface (PES) through oxygen addition to the
C=C bond of the furan ring. Calculations reveal that this initial
addition forms a triplet diradical complex stabilized by partial
delocalization of unpaired electrons over the n-system. To pro-
vide mechanistic context for the experimental observations that
follow, Scheme 1 summarizes the triplet diradical adducts
(radO-2 to radO-5) and their corresponding epoxide-forming.
Epoxides A and B originate primarily from direct closure across
the native double bond, whereas epoxides C and D are gener-
ated after intramolecular electron-density rearrangement places
spin density on the ring oxygen, enabling heteroatom-assisted
ring closure following ISC. The computed MECP exhibit low
energetic barriers relative to the relaxed triplet minima (< 0.5
eV), confirming that intersystem crossing is energetically feasi-
ble and enabling formation of all four epoxide intermediates (A-
D), whose subsequent dissociations yield some of the observed
products. In parallel with these epoxide-forming pathways, the
same triplet diradicals (radO-2 to radO-5) can also undergo uni-
molecular dissociation directly on the triplet surface, yielding
the open-chain radical intermediates that initiate the dominant
product channels observed experimentally.
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Scheme 1. Possible reaction pathways following O(°*P) addition to
2,3-dimethylfuran. Energies presented are relative to that of the re-
actants, 2,3-DMF and O(’P).

Figure 1 depicts the mass spectrum of the reaction at 550
K, with the negative m/z 46 signal representing NO; and the
positive m/z 30 signal representing the generation of NO and
subsequently O(*P) upon successful photolysis of NO,. Prod-
ucts were identified by comparing their photoionization spectra
to reference or simulated spectra (see Experimental Product
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Figure 1. Mass spectrum of reactants (negative signal) and products (positive signal) at 550 K from 7.9-11 eV.

Identification section). The dominant product peak at m/z 84 is
assigned to 3-methyl-3-buten-2-one, formed via loss of CO af-
ter oxygen addition.

To distinguish primary from secondary chemistry, the ki-
netic time traces were analyzed and compared with the inverse
reactant signal (Fig. 2). This comparison is presented prior to
the mass spectrum to illustrate the general kinetic behavior of
detected ions The traces exhibit fluctuations of ~10-20% in the
instantaneous signal intensity. At frequencies corresponding to
the kinetic timescales the noise is substantially less, and because
these data are used to illustrate qualitative trends and not for
quantitative kinetics, this level of noise does not affect the
mechanistic interpretation. Primary products generally form
concurrently with the reactant decay, thus the time trace overlay
with the inverse reactant signal should appear nearly identical
(Fig. 2). Products coming from other chemistry generally form
more slowly than primary products, so the time trace should in-
crease at a slower rate in comparison. In contrast, the slower
rise of the m/z 100 signal (dotted blue line) exemplifies second-
ary chemistry and is shown here solely for comparison. The sig-
nal observed at m/z 100 (dotted blue line, Fig. 1) likely origi-
nates from the reaction of O(*P) with the primary product 3-
methyl-3-buten-2-one (m/z 84), forming 4-hydroxy-3-methyl-
3-buten-2-one. This assignment is supported by its calculated
adiabatic ionization of 8.77 eV and is included to demonstrate
a typical time trace for secondary product formation reactions.
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Figure 2. Time traces of a primary product (red) and other chem-
istry product (dashed-blue) overlayed by the inverse of the reactant
time trace (time trace signal multiplied by -1), scaled for visual clar-
ity. The reaction commences at 0 ms, when the XeF photolysis laser
generates the oxidant O(*P) from NOx.

Thermodynamic Reaction Pathways

Figure 3 depicts the singlet potential energy surface (PES) for
the reaction of O(*P) with 2,3-dimethylfuran (2,3-DMF), show-
ing the products that arise from dissociation of the four epoxide
intermediates (A—D).

The brown pathway originates from epoxide B and in-
volves C3—C4 bond cleavage through transition state T1, pro-
ducing glyoxal (m/z 58) and 2-butyne (m/z 54). This reaction
proceeds on the singlet surface and represents a direct fragmen-
tation channel following epoxide opening.
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Figure 3. Computed thermodynamic pathways of products derived from epoxide intermediates A-D on the singlet potential energy surface
at 0 K. Transition states are labeled as T1-T8, with energies given in kJ/mol relative to adjacent species. Atom numbering in the furan ring
follows the convention O1 (oxygen) to C5 (carbon) in a clockwise direction.

The most thermodynamically favorable route from epoxide
B is the orange pathway, forming 4,5-dimethyl-3(2H)-furanone
(m/z 112) through an intramolecular hydrogen transfer from C4
to C5 via T2. At elevated temperatures (around 700 K), the
furanone can further decompose through cleavage of the O1-C2
bond, yielding formaldehyde, carbon monoxide, and 1,2-buta-
diene. However, because the unimolecular dissociation barrier
for this step is relatively high, the furanone is expected to re-
main thermally stabilized at 550 K, consistent with the absence
of the m/z 54 (1,2-butadiene) signal in the experimental spec-
trum. Under non-thermalized conditions, species possessing ex-
cess internal energy may overcome the barrier, explaining the
appearance of 1,2-butadiene in the 700 K experiment (see Fig-
ure S1 in the Supporting Information).

The kinetically preferred pathway from epoxides A and B
proceeds via T3 and T4 (pink/purple pathways), with respective
activation energies of 65 kJ mol-1 and 62 kJ mol-1, leading to
formation of 3-methyl-4-0x0-2(Z)-pentenal (m/z 112). Both
epoxides undergo an initial ring-opening step, breaking the
bond between the furanic oxygen and the sp* carbon. The re-
sulting unsaturated carbonyl species can then undergo C3-C4
bond rotation and cleavage, accompanied by hydrogen transfer,
to yield 2-butenal (m/z 70) and ketene (m/z 42). Although ac-
cessible, this channel is non-dominant, as 3-methyl-4-oxo0-2(Z)-

pentenal is likely to thermalize under experimental conditions,
favoring stabilization rather than further decomposition.

The blue pathways originate from epoxides C and D, which
undergo cleavage of the furanic oxygen and adjacent sp? carbon
through transition states TS5 and T6, respectively. These reac-
tions yield propyne and methylglyoxal, representing direct
bond-scission channels following epoxide opening.

From epoxide D, an alternative red pathway proceeds
through T7, involving cleavage between the sp® carbon and
neighboring oxygen, to form 2Z-2,3-dimethyl-2-butenedial.
This dialdehyde, structurally analogous to glutaraldehyde, is
expected to be unstable in the gas phase and may require deri-
vatization or complementary analytical techniques such as GC-
MS for detection.’” Attempts to optimize the corresponding cat-
ion using DFT (B3LYP/6-31+G(d)) in Gaussian failed to con-
verge, suggesting that the structure is unbound and short-lived
under experimental conditions.

The green pathway originates from epoxide C, in which
cleavage between the furanic oxygen and the neighboring sp?
carbon occurs via T8, producing 1,2-diacetylene. Both the prod-
ucts and the mechanistic features derived from epoxide C
closely mirror those reported for the oxidation of 2,5-dimethyl-
furan with OCP), providing additional validation for the pro-
posed reaction scheme.?
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Figure 4. Triplet potential energy surface (PES) for the O(*P) + 2,3-dimethylfuran reaction at 0 K showing oxygen addition to the furan ring
at four distinct sites, producing diradical adducts radO-2 to radO-5 (numbering denotes the oxygen addition position). E1-E4 denote open-
chain diradical intermediates formed following initial O(*P) addition. Energies are given in kJ mol™! relative to the adjacent species.

Figure 4 presents the triplet PES for the reaction of O(’P)
with 2,3-dimethylfuran, showing the initial oxygen-addition
channels that form four diradical adducts (radO-2 to radO-5).
The numbering corresponds to the position of oxygen addition
on the furan ring. Each pathway proceeds through a distinct
transition state to generate open-chain diradical intermediates
(E1-E4), which undergo intersystem crossing to form the exper-
imentally observed singlet products.

The green pathway, originating from radO-4, proceeds via
T9 through cleavage of the C2-O(furan) bond to form the open-
chain diradical E1, which undergoes intersystem crossing (ISC)
to yield butyne (m/z 54) and glyoxal (m/z 58). This route exhib-
its a substantially lower transition-state barrier (141 kJ mol™)
than the analogous singlet epoxide pathway (Fig.3 T1, 237 kJ
mol ™), indicating that the triplet surface offers a more accessi-
ble channel for C-O bond fission.

The purple pathway, originating from radO-5, corresponds
to the lowest-energy barrier on the triplet surface and yields the
products observed with the highest abundance. It involves an
internal 1,2-hydrogen shift (C5 — C4) followed by ISC via T10
(AE* = 60 kJ mol™) yielding 3-methyl-3-buten-2-one (m/z 84)
and CO (m/z 28). At the optimized MECP, the residual singlet-
triplet energy separation is only ~3 cm™, while the spin-orbit

coupling matrix element (SOCME) is 6.1 cml. Because the

SOCME exceeds the S-T energy spacing, the two surfaces are
strongly mixed at this geometry, indicating that intersystem
crossing is energetically and electronically feasible on fast time-
scales.?®3° Compared to epoxide B, where the residual singlet—
triplet splitting at the MECP substantially exceeds the SOC
magnitude (AEst= 63 cm™, SOCME = 12 cm™!), the open-chain
diradical intermediates exhibit more favorable conditions for
intersystem crossing due to stronger spin-orbit-induced state
mixing. A parallel channel from radO-2 (pink pathway) pro-
ceeds through formation of the open-chain diradical E2 via T11,
followed by a hydrogen transfer (T12, AE* = 99 kJ mol™) to
produce the same species. Both routes are among the most ther-
modynamically favorable on the triplet potential-energy sur-
face, featuring comparatively low activation barriers (60-99 kJ
mol™). The intense m/z 84 signal observed experimentally sup-
ports this assignment, whereas CO was not detected since its
ionization threshold (13.1 eV) lies above the photon-energy
range used in this study.*
The orange pathway, initiated from radO-3, proceeds via
T13 through cleavage of the O-C4 bond of furan to form the
open-chain diradical E3, which undergoes ISC to produce di-
methylglyoxal and acetylene. The adiabatic ionization energy
of acetylene (11.4 eV) exceeds the photon-energy range used in
this experiment, hence its absence in the final mass spectrum.*’



Finally, the blue pathway, also originating from radO-2,
proceeds through C3-C4 bond cleavage (T14, 50 kJ mol™) to
form the open-chain diradical E4, followed by a hydrogen trans-
fer (T15, 44 kJ mol™) that yields ketene (m/z 42) and 2-butenal
(m/z 70). This sequence represents one of the lowest-barrier tri-
plet channels, consistent with the high relative intensity of the
m/z 70 product.

Overall, the triplet potential-energy surface (PES) reveals
that oxygen addition to 2,3-DMF preferentially generates open-
chain diradical intermediates (E1-E4) that undergo efficient
ISC and dissociate through low-barrier, exothermic channels.
These features establish the triplet surface as the more favorable
reaction surface and the source of the experimentally dominant
product, 3-methyl-3-buten-2-one (m/z 84).

Experimental Product Identification

Figures 5 to 9 depict experimental photoionization (PI) spectra
of products along with their literature or simulated PI spectra.
The photolysis of nitrogen dioxide to form the reactant O(°P)
generated nitrogen oxide at m/z = 30 (Fig. 5a).*' Figure 5b
depicts the PI of the product propyne at m/z = 40, matching well
with the reference PI spectrum.** The experimental onset of
10.35 eV is a match with the literature ionization energy of
10.349 £ 0.015 eV collected from previous photoionization
experiments by Cool et al.*” and Omura et al.*?
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Figure 5. (a) Top: PI spectra of nitrogen oxide at m/z = 30.%°

(b) Bottom: PI spectra of propyne at m/z = 40.4

Ketene was formed at m/z = 42, matching reasonably well
with the literature PI curve provided by Yang et al.’s
experiments (Fig. 6a).** The experimental AIE of m/z 42 is
approximately 9.55 eV, which is a good match with the
reference PI curve’s experimental value of 9.58 eV.* Figure 6b
shows the experimental PI spectrum at m/z = 54, with the
reference P1 of 2-butyne superimposed.** The experimental AIE
of 2-butyne is 9.6 eV, very close to the literature ionization
energy of 9.59 + 0.02 eV determined by Bieri et al.’s
photoelectron experiments.*

10
T 08 =
c
=)
1) -o- m/z=42
c 98  —— Reference PIE of
Lo Ketene (Yang et al.)
)
= 04
©
i)
o 0.2
0.0 |BemomfEBAREE o 7
]
8.0 85 9.0 9.5 10.0 10.5 1.0
Photon Energy (eV)
10
08}
© -~ m/z=54
g.’ —— Reference PIE of
o 06 2-butyne (Wang et al.)
c
k=]
o 04 [
Z
©
&’ 02
0.0
1 1

8.0 85 9.0 95 100 105 1.0
Photon Energy (eV)

Figure 6. (a) Top: PI spectra of ketene at m/z = 42.4* (b) Bottom:

PI spectra of 2-butyne.*

Figure 7a shows the experimental PI spectrum collected for
the minor product at m/z = 58, and the reference PI spectrum of
glyoxal.*® The spectra do not match well; the current
experimental onset is noticeably earlier than the AIE of glyoxal
at 10.2 eV, suggesting perhaps a contribution from ethenediol
or the presence of a secondary product or a fragment from a
product at a higher mass. Furthermore, the experimental
spectrum does not match those of acetone or propenol,
indicating that these compounds are unlikely to be significant
contributors to the observed signal. A mechanism for formation
of glyoxal is supported by thermodynamic data detailed in the
following section. The signal is analyzed assuming that glyoxal
is a major contributor to the observed signal; considering the
poor agreement with the reference signal this is can be regarded
as an upper bound. In Figure 7b, the experimental PI curve at
m/z = 70 is a very good match with the reference PIE for 2-
butenal.®* Its formation is a result of the dissociation of an



intermediate on the triplet surface, also yielding ketene at m/z =
42. These products were observed in a similar oxidation
experiment of 2,5-dimethylfuran with OCP), where the
formation of 2-butenal and ketene was unable to be proved.®
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Figure 7. (a) Top: PI spectra of glyoxal at m/z = 58.46 The
experimental onset of m/z = 58 product is lower than the measured
onset of glyoxal at 10.2 eV, suggesting the presence of the enol or
an additional secondary product or fragment coming from a larger
molecule. (b) Bottom: PI spectra of 2-butenal at m/z = 70.43

Mass 72 is the primary product methylglyoxal, shown in
Figure 8a.*’ The reference PI spectrum obtained from
photoionization experiments by Scheer et al. is a good match
with the experimental curve.”” Methylglyoxal’s observed AIE
is 9.55 eV, which is very close to the literature threshold value
0f 9.60 + 0.06 eV obtained from electron impact experiments
by Reed and Brand.*® The PI spectra of 3-methyl-3-buten-2-one
at m/z = 84 is presented in Figure 8b, and it is one of the primary
products of the reaction (Table S2, Fig. S3). The calculated AIE
of 3-methyl-3-buten-2-one is 9.52 eV, a good match with the
experimental value of 9.5 eV. 3-methyl-3-buten-2-one partially
dissociates upon ionization and loses a methyl group, forming
a fragment at m/z 69 that is present in the experimental mass
spectrum (Fig. 2).
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Figure 8. (a) Top: PI spectra of methylglyoxal at m/z = 72.47 (b)
Bottom: PI spectra of 3-methyl-3-buten-2-one at m/z = 84
(reference PI from this work, Table S1 in Supporting Information).

Figure 9a shows the PI spectra of dimethylglyoxal at m/z
= 86. The reference spectra for 3-methyl-3-buten-2-one and
dimethylglyoxal —were experimentally determined by
photoionization experiments done at the ALS, with data
provided in the supplemented material (Table S3, Fig. S4). At
m/z =112, there are two primary products, 4,5-dimethyl-3(2H)-
furanone and 3-methyl-4-ox0-2(Z)-pentenal. The calculated
adiabatic ionization energies are 8.67 and 9.11 eV, respectively,
which are a good match with the experimental values of 4,5-
dimethyl-3(2H)-furanone and 3-methyl-4-o0x0-2(Z)-pentenal.
There is a feature that rises sharply at higher photon energy,
which could correspond to the opening of a channel to an
excited state of the cation. According to Koopmans’ theorem,
the first excited state of the 4,5-dimethyl-3(2H)-furanone ion
can be estimated from the energy difference between the
HOMO and HOMO-1 of the neutral species.* This estimate
would place the first excited cation state at roughly 10.32 eV,
matching the onset of the signal that rises near 10.4 eV.
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Figure 9. (a) Top: PI spectra of dimethylglyoxal at m/z = 86
(reference PI from this work, Table S2 in Supporting Information).
(b) Bottom: PI spectrum of m/z = 112 and simulated spectra of 4,5-
dimethyl-3(2H)-furanone, 3-methyl-4-oxo-2(Z)-pentenal, and 1,2-
diacetylethylene.?

The kinetic time traces of selected products with an
identified thermodynamically feasible pathway are represented
in Figure 10. The reactant time trace is scaled by a factor of -
0.1 for visualization purposes, and all other signals are shown
unaltered, and the starting time of 0 ms marks the initiation of
the reaction when the photolysis laser was turned on. The slow
long-time decay in m/z 96 reflects continued consumption of
2,3-DMF by small amounts of radicals, including O-atoms, that
are regenerated through secondary processes in the reaction
mixture. These secondary O atoms continue to react with 2,3-
DMF and sustain product formation at later times. The
gradually increasing NO signal (SI, Fig. S5) supports the
presence of persistent O-atoms. Products at m/z 84 and 112
show continued growth from this consumption by secondary O
atoms and other radicals after the rapid initial rise from reaction
of photolytically produced O atoms.
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Figure 10. Kinetic time traces of products at m/z 40, 70, 84, and

112. The inverse kinetic time trace of the reactant is superimposed

onto the graph in green and scaled down.

Table 1. Experimental molar yields for detected reaction prod-

ucts
m/z Species Yields and Uncertainties
40 propyne 26 £ 0.7%
42 ketene 20 £ 1.5%
54 2-butyne 03 <+ 0.1%
58 glyoxal 1.6 =+ 13%
70 2-butenal 78 =  23%
72 methylglyoxal 1.5 = 04%
84 3-methyl-3-buten-2-one 40 = 1%
86 dimethylglyoxal 27 £ 0.7%
112 1,2-diacetylethylene 49 <+ 13%
112 4,5-dimethyl-3(2H)- 16 + 04%
furanone
12 3 'metgzrll'ti;l‘:io'zz' 71+ 18%

The overall molar yields of detected products during the
first 40 ms of the reaction with thermodynamically favorable
pathways are reported in Table 1. Values were calculated using
Eq. (3), with uncertainties obtained by error propagation. The
main sources of uncertainty are ion signal fluctuations, back-
ground subtraction, limited accuracy in photoionization cross
sections and mass discrimination, and small errors in pressure
and flow calibration. Accounting for all products including
those that were not within the detection range, the total carbon-
normalized yield was 87 + 22%. Products not within the detec-
tion range include ethyne and carbon monoxide: the abundance
of ethyne and carbon monoxide was inferred based on the ratio
of detected species formed from their respective reaction path-
ways. Although, because of the unresolved effects of secondary
chemistry the yields are not identical to the branching fractions
of the initial reaction, one can still draw qualitative conclusions
about the relative prominence of the possible reaction path-
ways. 3-Methyl-3-buten-2-one is the most abundant product,
comprising ~40% of all detected signal. Its formation exceeds



that of products arising from singlet-surface epoxide dissocia-
tion, which occurs on the nanosecond timescale due to the deep
epoxide well (Giustini et al.) and therefore contributes far less
than the biradical pathway, whose shallow well suggests a much
more rapid dissociation.®***! This explains why the three m/z
112 products derived from epoxide dissociation appear at much
lower abundance than the dominant m/z 84 product despite col-
lectively forming the second-largest contribution.

Table 2. Absolute photoionization cross sections (PICS) at 11
eV obtained from literature, experimental measurements (SI,
Supporting Information), and estimated calculations (Est.).

Absolute PICS and
m/z Species Uncertainties at 11 eV Ref.
(Mb)
40 propyne 4 + 9 40
42 ketene 16 + 3 4
54 2-butyne 70 + 14 44
58 glyoxal 10 = 2 Est.
70 2-butenal 14 =+ 3 4
72 methylglyoxal 16 + 3 Est.
34 3-methyl-3-buten- M i 4 SI
2-one

86 dimethylglyoxal 22 + 5 SI

1,2- 8
12 diacetylethylene o= 7

4,5-dimethyl-
12 3(2H)-furanone 60 = 12 Est
3-methyl-4-oxo-

112 27-pentenal 30 £ 6 Est.

The absolute photoionization cross sections of products
without reported literature values (glyoxal, methylglyoxal, 4,5-
dimethyl-3(2H)-furanone, and 3-methyl-4-oxo-2(Z)-pentenal)
are listed in Table 2. These values were estimated using the pho-
toionization cross section additivity model developed by Bob-
eldijk et al.?! The absolute photoionization cross sections of di-
methylglyoxal and 3-methyl-3-buten-2-one were experimen-
tally determined (SI, Tables S2 & S3), while ketene, propyne,
2-butyne, 2-butenal, and 1,2-diacetylethylene have references
from literature.®*>447 The photoionization cross sections of
glyoxal and methylglyoxal are estimated using the experimental
value for dimethylglyoxal as an upper bound, with adjustments
made by subtracting the estimated contributions of one or two
methyl groups at 11 eV (approximately 6 Mb per methyl group
bonded to a carbon).?! The estimated photoionization cross sec-
tion of 4,5-dimethyl-3(2H)-furanone is based on the photoioni-
zation cross section of a-angelicalactone at 11 eV, 54.03 Mb,
and adding the contribution of a methyl group.!* 3-Methyl-3-
buten-2-one is used as a lower-limit reference for estimating the
photoionization cross section of 3-methyl-4-ox0-(2Z)-pentenal,
with an additional 8.0 Mb added to account for the acetaldehyde
functional group.>

CONCLUSION

The reaction of OCP) with 2,3-dimethylfuran was investigated
through a combined experimental and computational approach
to elucidate the mechanistic origins of the observed oxidation
products. The results reveal that initial oxygen addition occurs

on the triplet surface, forming diradical intermediates (radO-2
to radO-5) that undergo intersystem crossing to the singlet sur-
face. On the singlet PES, four epoxide intermediates (A-D)
were identified, each dissociating through exothermic C-O and
C-C bond scission pathways to yield characteristic fragments
including glyoxal (m/z 58), methylglyoxal (m/z 72), and 4,5-
dimethyl-3(2H)-furanone (m/z 112). The triplet PES further
highlights the role of diradical dissociation leading to product
formation, with several low-barrier ISC channels consistent
with experimental product distributions. Major products formed
on the triplet surface include 2-butenal (m/z 70), dimethyl gly-
oxal (m/z 86), and 3-methyl-3-buten-2-one (m/z 84), most
abundant product observed. Compared to previous research on
the oxidation of 2,5-dimethylfuran (2,5-DMF) with O(P), 2,3-
dimethylfuran exhibits a greater diversity of products and reac-
tion pathways due to its molecular asymmetry, which enables
multiple nonequivalent sites for oxygen addition and rearrange-
ment. Taken together, these findings establish that O(°*P) oxida-
tion of 2,3-DMF proceeds through a coupled triplet-singlet
mechanism involving both epoxidation and diradical rearrange-
ment pathways. This mechanistic insight clarifies the reactivity
of substituted furans toward atomic oxygen and provides a
foundation for modeling the fate of furanic biofuel intermedi-
ates and related volatile organic compounds under atmospheric
and combustion conditions.
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The oxidation of 2,3-dimethylfuran (2,3-DMF) by ground-state atomic oxygen O(*P) was investigated using synchrotron pho-
toionization mass spectrometry (PIMS) and CBS-QB3 calculations. Epoxide intermediates were identified, branching ratios
quantified, and new low-energy oxidation pathways revealed with implications for biofuel combustion and atmospheric chem-

istry.
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