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Abstract: In recent years, biofuels have been receiving significant attention because of their potential
for decreasing carbon emissions and providing a long-term renewable solution to unsustainable
fossil fuels. Currently, lactones are some of the alternatives being produced. Many lactones occur
in a range of natural substances and have many advantages over bioethanol. In this study, the
oxidation of alpha-angelica lactone initiated by ground-state atomic oxygen, O(3P), was studied at
298, 550, and 700 K using synchrotron radiation coupled with multiplexed photoionization mass
spectrometry at the Lawrence Berkeley National Lab (LBNL). Photoionization spectra and kinetic
time traces were measured to identify the primary products. Ketene, acetaldehyde, methyl vinyl
ketone, methylglyoxal, dimethyl glyoxal, and 5-methyl-2,4-furandione were characterized as major
reaction products, with ketene being the most abundant at all three temperatures. Possible reaction
pathways for the formation of the observed primary products were computed using the CBS–QB3
composite method.

Keywords: biofuel; oxidation; reaction pathways; synchrotron photoionization; multiplexed
mass spectrometry

1. Introduction

During the last century, fossil fuels have been used as the main source of energy in the
world [1]. Natural sources, such as the burning of forests and volcanoes, human activities
including the combustion of fossil fuels for transportation and power generation, and
agriculture, release billions of tons of pollutants into the atmosphere each year [2,3]. Fossil
fuel combustion increases in the atmosphere the levels of dangerous contaminants, such as
sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), ground-level ozone,
and particulate matter (PM), which cause environmental damage and are dangerous for
human health [1,4].

Fossil fuel sources are diminishing, while the global demand for energy is growing.
Thus, investments in finding alternative fuels, which would be more efficient, sustainable,
and environmentally friendly, are increasing [5–9]. In recent years, carbon-based bio-
derived compounds have become the focus of research aimed at finding an immediate
alternative to fossil fuels [10]. Specifically, biofuels are an interesting research area because
of their potential to decrease carbon emissions and provide a long-term renewable solution
to unsustainable fossil fuels [7,11]. Other advantages of biofuels as a more attractive
alternative are their accessible source and their relative ease of processing [12]. Different
biofuel alternatives are already produced commercially on the industrial scale for public
use [13].

In general, biofuels are divided into three categories: first, second, and third gen-
eration. The difference is the source from which they are produced. First-generation
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biofuels are derived from food crops, whereas second-generation biofuels are obtained
from biomass, and third-generation ones comes from algae [14]. Second-generation bio-
fuels are obtained from non-edible biomass, such as waste vegetable oil, municipal solid
waste, or lignocellulosic biomass as feedstock [15]. This generation of biofuels, produced
from lignocellulosic materials (LCMs), is presumed to decrease greenhouse gas emissions
more than the first generation of biofuels [16]. LCM is one of the most plentiful forms of
renewable carbon on earth [17]. It consists of an aromatic polymer (lignin) and bonded
carbohydrate polymers (cellulose and hemicellulose), which are converted into valuable
fuels through different reactions [17–20].

Currently, esters, ethers, alcohols, furans, and lactones are some of the alternatives
being produced [5,20–32]. Many lactones occur in a range of natural substances and have
many advantages over bioethanol, which is one of the world’s most employed renewable
sources [33]. The combustion of saturated hydrocarbons [34–39], unlike the combustion of
lactonic biofuels, has been studied widely. Lactones are miscible with water, but they are
more easily isolated through distillation than ethanol. Besides, lactones are stable under
neutral conditions and are not oxidized in the air. They are safe to store and move because
of their high boiling point and low melting point [33].

Angelica lactones (α, β, and γ angelica lactone) are classified as butenolides, which
are lactones with four carbon atoms in their heterocyclic structure. These five-membered
heterocycles are essential synthons that are found in several natural products, specifically,
in compounds with biological activities [40]. Alpha-angelica lactone (Tb = 167–170 ◦C) and
beta-angelica lactone (Tb = 208–209 ◦C) are volatile species. Alpha-angelica lactone (AAL)
has an odor similar to that of coconut, chocolate, or vanilla and it is traditionally used in
perfumes. In the past, an angelica root extract containing angelica lactones has been used
as a tobacco additive, imparting a smoothing, caramel smoke taste. AAL has been found in
Angelica genus plants, raisins, white bread, soybeans, and licorice [41]. Recently, AAL was
defined as a new platform molecule, which can be created from the lignocellulosic material
levulinic acid (LA) with a 95% yield, making its synthesis easily achievable [42].

This investigation is focused on the characterization of AAL oxidation initial steps at
298, 550, and 700 K initiated by O(3P), using synchrotron photoionization multiplexed mass
spectrometry. This low-temperature region is particularly important for understanding and
predicting the autoignition behavior of fuels [39,43], which is relevant in new advanced
engines, based, for instance on HCCI (homogeneous-charge compression ignition). The
primary products were identified through their photoionization spectra, and their forma-
tion was explained via computation of the potential energy surface using the CBS–QB3
composite model.

2. Results and Discussion

The oxidation of AAL initiated by O(3P) has two possible pathways: oxygen addition
to the unsaturated carbons and H abstraction by O(3P). Scheme 1 presents the pathways of
the mentioned reaction with the relative energies of two different triplet diradicals (C and
D), one singlet epoxide molecule (E), and two doublet radicals from hydrogen abstraction (A
and B). The most energetically favorable pathway is O(3P) addition to the most substituted
carbon of the double bond, whereas the least energetically favorable pathway is hydrogen
abstraction from the ring, due to the stronger C(sp2)–H bond. In general, H abstraction
by O(3P) channels is kinetically hindered because of the presence of large barriers [44,45].
As seen in Scheme 1, the diradicals C and D formed from adding the ground-state oxygen
atom to the unsaturated carbons. The reaction’s enthalpies (∆rH) are presented at 0 K. The
enthalpy change for the triplet diradical C resulted to be −128 kJ mol−1, and that for the
triplet diradical D −107 kJ mol−1. These two triplet diradicals underwent intersystem
crossing (ISC) to form the singlet epoxide (E) at −382 kJ mol−1 which led to the several
products observed in this work.
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Scheme 1. Two possible triplet diradicals formed from the oxygen addition pathway (C and D) and the singlet epoxide (E).

The AAL + O(3P) reactions were carried out at three different temperatures. At 298 K,
the measurements were performed from 8.4 to 11 eV, at 550 and 700 K in the 8.2–11 eV and
9.4–11 eV ranges, respectively.

2.1. Product Identification

In the AAL + O(3P) reaction, the primary products formed at m/z 42, 44, 70, 72,
and 114 at 298 and 550 K, in addition to m/z 86 at 550 K, m/z 42, 44, 70, 72, and 86
at 700 K. The photoionization mass spectra at the three temperatures are presented in
Figure 1. The reactant showed a negative ion signal corresponding to a depleting species,
and the products presented positive ion signals corresponding to species formation. By
photolyzing NO2 to produce O(3P), NO formed at m/z 30. Its experimental photoionization
(PI) spectrum matched with the literature PI spectrum of NO [46]. Figure 2 shows the PI
curve of m/z 30 at 550 K.

The signal at m/z 42 was assigned to ketene. Its literature PI spectrum reported by
Goulay et al. [47] matched well with the experimental data at m/z 42 at all temperatures
(Figure 3). The measured ionization energy of 9.56 ± 0.05 eV agreed with the reference
adiabatic ionization energy (AIE) of 9.60 ± 0.01 eV [48]. The signal at m/z 44 was assigned
to acetaldehyde. The experimental PI spectrum of acetaldehyde matched well with the
literature PI curve [38] at all temperatures, as observed in Figure 4, and the measured
ionization energy of 10.18 ± 0.05 eV was in good agreement with the literature value
of 10.20 ± 0.25 eV [38]. As shown in Figure 5, the reference PI spectra of methyl vinyl
ketone reported by Yang et al. [48] agree well with the experimental PI spectra at m/z
70 at all three temperatures. The ion signal starting at ~10.6 eV showed an artificial
drop most likely due to an over-background subtraction of a very low signal-to-noise-
ratio. The experimental ionization energy of 9.60 ± 0.05 eV matched the reference AIE of
9.62 ± 0.01 eV [47]. The product at m/z 72 was observed at all three temperatures and
assigned to methylglyoxal based on the experimental ionization onset’s good agreement at
9.56 ± 0.01 eV with the literature AIE of 9.60 ± 0.05 eV [49] (Figure 6). The experimental
ionization energy of 9.11± 0.01 eV matched the literature PI curve of dimethyl glyoxal with
an AIE of 9.06 ± 0.05 eV, but because of the low signal-to-noise ratio, its characterization
was tentative (Figure 7). The last identified product at 298 and 550 K was at m/z 114 and
corresponded to 5-methyl-2,4 furandione. No spectra are available in the literature for
this species, and an FC simulation was performed and agreed with the experimental data
(Figure 8). The higher portion of this spectrum presented a low signal-to-noise ratio that
affected the determination of its branching fraction.
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2.2. Branching Fractions

Thorstad et al. [50] reported that the AAL ionization energy is 9.62 ± 0.05 eV using
electron ionization techniques. Figure 9 shows the superimposed absolute AAL PI curve
from the literature [51] onto the experimental data, with an adiabatic ionization energy of
8.97± 0.05 eV, which is much lower than the previously reported value. Thorstad et al. [50]
also reported that AAL does not have dissociative fragments at lower ionization energies,
unlike other lactones, because there are no hydrogens on adjacent carbon atoms to create a
stable resonance structure.
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It is essential to know the reactant and each primary product’s concentration to calcu-
late the branching fractions. The branching fractions of all primary products formed at the
three examined temperatures, obtained using Equation (1), are shown in Table 1. The signal
that was used to compute the branching fractions at the three temperatures was averaged
for 250 laser shots at each energy step. For convenience, the PI spectra of each primary
product were compared at the same photon energy of 11 eV. The branching fractions’
uncertainties were computed by the propagation errors of variables in Equation (1) and
are shown in Table 1. The uncertainties of the mass discrimination and photoionization
cross-sections were taken from the literature; the uncertainties of ion signal were obtained
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by taking the difference between the measured upper or lower ion signal value at 11 eV
and the reference spectrum (simulation or literature) of a specific species at 11 eV.

Table 1. C atom-balanced branching fraction of products with their uncertainties observed through
the oxidation of AAL initiated by O(3P) at 298, 550, and 700 K.

Compound m/z 298 K 550 K 700 K

ketene 42 47.2 ± 14.6 39.5 ± 13.4 39.7 ± 12.2
acetaldehyde 44 5.6 ± 2.1 9.3 ± 4.2 15.9 ± 7.1

methyl vinyl ketone 70 34.6 ± 12.6 26.7 ± 10.7 19.7 ± 7.6
methylglyoxal 72 11.1 ± 3.9 7.4 ± 3.6 4.7 ± 2.2

dimethylglyoxal 86 - 3.5 ± 1.4 3.4 ± 2.0
5-methyl-2,4-furandione 114 2.2 ± 1.5 1.0 ± 0.5 -

Total (C balanced) 101 ± 19.9 87.3 ± 18.1 83.4 ± 16.3

In order to proceed with a proper quantification of the observed products, the branch-
ing fractions were carbon atom-balanced. This means that for our reactant AAL, the total
branching fractions summed to 500% because of the presence of five carbon atoms. There-
fore, each single branching fraction was multiplied by the C atom number present in the
specific product and divided by 5 to report the total branching fractions to 100%. At 298 and
550 K, five products, i.e., ketene, acetaldehyde, methyl vinyl ketone, methylglyoxal, and
5-methyl-2,4-furandione were observed, and the total branching fraction was 101 ± 19.9%.
The largest contribution was from ketene at this temperature, 47.2 ± 14.6%. At 550 K, the
same primary products plus dimethyl glyoxal were obtained; the total branching fraction
was 87.3 ± 18.1%. At 700 K, five products, i.e., ketene, acetaldehyde, methyl vinyl ketone,
methylglyoxal, and dimethyl glyoxal were produced, and the total branching fraction was
83.4 ± 16.3%.

The branching fractions of ketene, acetaldehyde, and methyl vinyl ketone were
computed using the literature photoionization cross sections at 11 eV of 16 ± 1.6 [48],
8.5 ± 2.1 [38], and 11 ± 1.1 Mb [48], respectively. The photoionization cross section
of methylglyoxal, dimethyl glyoxal, and 5-methyl-2,4-furandione are not reported in
the literature; thus, the semi-empirical additivity method [52] was used to calculate
these values. Specifically, the photoionization cross section at 11 eV of methylglyoxal,
CH3C(O)C(O)H, in which there are two C–C and two C=O bonds, can be approximated
as the sum of the literature photoionization cross sections at 11 eV of two acetaldehyde
molecules, CH3C(O)H, (8.5 ± 2.1 Mb) [38], in which there are one C–C and one C=O bond,
yielding σ(methylglyoxal) = 17 ± 3.0 Mb. The photoionization cross section at 11 eV of
dimethyl glyoxal, CH3C(O)C(O)CH3, in which there are three C–C and two C=O bonds,
can be approximated as the sum of the literature photoionization cross sections of ace-
tone (10 ± 2.5 Mb) [53], CH3C(O)CH3, in which there are two C–C and one C=O bonds,
and acetaldehyde yielding σ(dimethyl glyoxal) = 18.5 ± 3.3 Mb. Finally, for 5-methyl-
2,4-furandione, we added 13 Mb [52] to the photoionization cross section of AAL for the
additional C=O bond, yielding σ(5-methyl-2,4-furandione) = 67 ± 17 Mb. With respect to
the total yield, ketene contributed around (47 ± 15)% at 298 K, (40 ± 13)% at 550 K and
(40 ± 12)% at 700 K, followed by methyl vinyl ketone (35 ± 13)% at 298 K, (27 ± 11)%
at 550 K, and (20 ± 8)% at 700 K. Methylglyoxal was the third most abundant product
at 298 K, (11 ± 4)%, whereas acetaldehyde was the third most abundant product at both
550 K, (9 ± 4)%, and 700 K, (16 ± 7)%.

2.3. Reaction Pathways for the Primary Products

In these experiments, the only observed pathway yielding the formation of the products
was O(3P) addition to the unsaturated carbons. The hydrogen abstraction pathway by
atomic oxygen is kinetically unfavorable because it proceeds via an energy barrier [44,45].
All primary products originated from intersystem crossing from the triplet to the singlet
surface, i.e., from the initial diradicals C and D to the epoxide E and from the diradical D
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to dimethyl glyoxal and 5-methyl-2,4-furandione (Scheme 1). The values in parentheses
represent the energy barriers from both directions of the transition state (TS). The AAL + O(3P)
reaction was used as a reference point (the zero-energy level) to calculate the identified
primary products’ energy. In the potential energy surface diagram (Figure 10), any molecular
species and energetic barrier above the red line is kinetically unfavorable. The AAL
oxidation reaction began with two possible triplet diradicals (C and D), which through
intersystem crossing, formed the singlet epoxide (E). This species was not observed, because
its cation is computed to be unbound using the CBS–QB3 composite model. From the
epoxide, four products formed, which were ketene, acetaldehyde, methyl vinyl ketone, and
methylglyoxal. Figure 10 shows that the pathways to the left of epoxide E leads to ketene
and methylglyoxal, and the pathways to the right leads to the formation of acetaldehyde,
methyl vinyl ketone, and 5-methyl-2,4-furandione.
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Epoxide E went through intermediates E1 via hydrogen transfer from the β-carbon
to the γ-carbon to form acetaldehyde and ketene. The first energy barrier TS3 to form
E1 was the highest barrier in the computed potential energy surface, 287 kJ mol−1. The
reaction enthalpy to yield acetaldehyde and ketene with CO from AAL + O(3P) was
−281 kJ mol−1. The formation of methyl vinyl ketone occurred in a single step, with a
computed barrier of 218 kJ mol−1 and reaction enthalpy of −461 kJ mol−1. Epoxide E
via the smallest direct energy barrier TS1 of 207 kJ mol−1 dissociated into ketene and
methylglyoxal, with an overall reaction enthalpy of −274 kJ mol−1. Finally, 5-methyl-2,4-
furandione formed through the triplet diradical D intersystem crossing, with a reaction
enthalpy of −108 kJ mol−1.

3. Methods

The experiments were performed at the Chemical Dynamics Beamline 9.0.2 at the
Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory [54]. Reaction
species were identified by multiplexed time- and energy-resolved mass spectrometry
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coupled with tunable synchrotron radiation for photoionization. Details of the apparatus
have been provided elsewhere [55–57].

AAL (Sigma-Aldrich; purity ≥ 98%) was further purified through the freeze–pump–
thaw technique, and its vapors were collected in a gas cylinder to reach 1% mixture with
helium. AAL, He, and NO2 (photolysis precursor) flowed into the heated slow-flow
reaction cell, a 62 cm quartz tube with an inner diameter of 1.05 cm and an outer diameter
of 1.27 cm, by calibrated mass flow controllers. Then, the gases effused through a 650 µm
wide pinhole on the side of the reactor and flowed into a differentially vacuumed ionization
region. The ground-state oxygen atom, O(3P), was generated by an unfocused 4 Hz-pulsed
351 nm XeF excimer laser of 1% NO2 and helium gas [56]:

NO2 → NO + O(3P)

At this wavelength, the quantum yield of O(3P) is 1.00 (according to Troe) [58], and the
absorption cross section is 4.62 × 10−19 cm2 (according to Vandaele and co-workers) [59].
Based on these values with the concentration of NO2 of 1.27 × 1017 molecules cm−3 at
298 K, 1.17 × 1017 molecules cm−3 at 550 K, and 9.18 × 1016 molecules cm−3 at 700 K,
and with the laser fluence of 40 mJ cm−2 at 298 K and 42 mJ cm−2 at 550 and 700 K,
the concentration of O(3P) was held at 3.81 × 1015 molecules cm−3 at 298 K, 3.97 × 1015

molecules cm−3 at 550 K, and 3.10 × 1015 molecules cm−3 at 700 K.
The ionized species were accelerated and detected by a 50 kHz pulsed orthogonal

acceleration time-of-flight mass spectrometer. For these experiments, under the current
experimental conditions, the mass resolution was approximately 1600. In this study, AAL
reacted with O(3P) at different temperatures, i.e., 298, 550, and 700 K. The pressure in the
tube was controlled through a closed-loop feedback throttle valve, which was connected to
a roots pump. The pressure inside the tube was kept at 4 Torr at 298 K and was increased
to 7 Torr at both 550 and 700 K.

A three-dimensional data block, consisting of the ion signal as a function of photon
energy (eV), the mass-to-charge ratio (m/z), and the reaction time (ms), was collected,
integrated, and “sliced” into two two-dimensional data plots, reaction time (ms) vs. mass-
to-charge ratio (m/z) and photon energy (eV) vs. mass-to-charge ratio (m/z). The kinetic
time traces were obtained through a vertical slice of 2D images (i.e., the ion signal was
integrated for a selected m/z) of m/z vs. reaction time, and the photoionization spectra
were provided by a vertical slice of 2D images of m/z vs. photon energy over a specific
time range.

The primary products were confirmed by their kinetic time traces, which were
superimposed onto the inversed kinetic time trace (i.e., multiplied by −1) of the reactant.
Figure 1 is the kinetic time trace of a primary product at m/z 42 superimposed onto the
inverse of AAL at 700 K. A secondary product was disregarded through the analysis when
the slope of its kinetic time trace onset was slower than the inverse kinetic time trace of
the reactant [56]. In this study, the photoionization spectra were integrated in the 0–40 ms
time range at 298 K, 0–30 ms at 550 K, and 0–20 ms at 700 K to minimize the presence of
signal due to secondary chemistry, which arises at long times. The primary products were
characterized by comparing their photoionization (PI) spectra and adiabatic ionization
energies (AIE) with those reported in the literature, measured, or the calculated PI curves.
AIE was determined by the linear extrapolation of the initial onset of the photoionization
curves [57].

Branching fractions of the primary products can also be derived to quantify the
reaction species. Equation (1) shows how the branching fractions are calculated, which
correspond to the ratio of the product concentration (CP) over that of the reactant (CR).

Branching Fraction =
CP

CR
=

SPσR

SRσP
.
(

MR

MP

)0.67
(1)
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SP and SR represent the ion signals at 11 eV in this study. σP and σR are the energy-
dependent PI cross sections at 11 eV of the product and reactant, respectively. MR and MP
are the masses of reactant and primary products, respectively, to the power of 0.67 [60],
which takes into account how efficiently the detector can detect a species. The PI cross
sections of primary products were obtained from the literature, when available, or were
calculated using the semi-empirical additivity method by Bobeldijk [52] when unknown.
The uncertainties of the branching fractions were calculated using the propagation of errors
of the values in equation 1. The uncertainties of the photoionization cross sections and
mass discrimination were obtained from the literature, whereas the ion signal uncertainties
were calculated by taking the difference between the measured lower value at 11 eV and
its reference signal (from the literature or simulation). The same procedure was used for
the upper ion signal value at 11 eV, and the average of two differences was used.

Computational Methods

When a reaction species is unknown, its possible structures are optimized by electronic
structure calculations using the CBS–QB3 (Complete Basis Set) composite model [61,62]
with the Gaussian 09 software program [63]. The CBS–QB3 method is used because of
its energy accuracy of 4–5 kJ mol−1 as given by Montgomery et al. [62]. In addition, this
composite model provides reliable structural parameters, bond lengths, bond angles, and
harmonic vibrational frequencies, which can be used for spectral simulation [64].

The experimental observable that can be computed is the adiabatic ionization energy
(AIE), which provides a first characterization of the studied reaction species. AIE is obtained
by taking the difference between the zero-point vibrational corrected total electronic energy
(E0) of the ground electronic state of the neutral (E0, neutral) and the cationic molecule
(E0, cation) [63], i.e., AIE = E0, cation − E0, neutral. The primary products are identified when
experimental AIE and overall PI spectra match with the respective reference values. If a
literature PI spectrum is not available to verify a specific species, a photoelectron spectrum
is simulated using Gaussian 09 for the proposed reaction product. The photoelectron
spectrum is generated by the Franck–Condon (FC) and Franck–Condon–Herzberg–Teller
methods [65–67]. FC overlap integrals are calculated using a recursive formula developed
by Ruhoff [68]. The simulated photoelectron spectra are then integrated to yield the
simulated PI curves, which can be compared with experimental PI spectra.

After the products are characterized, it is necessary to obtain the reaction pathways
leading to the identified primary products. Potential energy surface scans at the B3LYP/6–
31G-(d) level of theory are performed as a function of bond lengths and angles to visualize
transition state barriers [69]. The energies of transitions states and minima are recalculated
using the CBS–QB3 method, and the zero-point-corrected total electronic energies (ZPE)
are used. Intrinsic reaction coordination (IRC) calculations are also carried out based on
the proposed transition state to verify the forward and reverse steps of the potential energy
surface scans, i.e., to confirm that the computed transition state is connecting the two
expected local minima [70].

4. Conclusions

In this investigation, the oxidation of AAL initiated by O(3P) was studied at 298, 550,
and 700 K. This reaction was carried out at the Lawrence Berkeley National Laboratory
using synchrotron radiation coupled with a multiplex photoionization mass spectrometer.
The primary products were characterized by mass-to-charge ratios, adiabatic ionization
energies, and photoionization spectra. The only observed pathway was the O(3P) addition
to the unsaturated carbons. The hydrogen abstraction pathway by atomic oxygen was not
kinetically favorable because it proceeds through a high energy barrier. The O(3P) addition
pathway started with the formation of two triplet diradicals (C and D), which underwent
intersystem crossing to form the singlet epoxide (E). The reaction pathways were computed
using the CBS–QB3 composite model. Four products were generated by unimolecular
dissociation of epoxide E, ketene, acetaldehyde, methyl vinyl ketone, and methylglyoxal.
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Two products formed directly from the diradical D via intersystem crossing, i.e., dimethyl
glyoxal and 5-methyl-2,4-furandione. The branching fraction of each primary product
was C atom-balanced, i.e., for our reactant AAL, the total branching fractions summed
to 500% because of the presence of five carbon atoms. Therefore, each single branching
fraction was multiplied by the C atom number present in the specific product and divided
by 5 to report the total branching fractions to 100%. The most abundant product at all
temperatures was ketene, (47± 15)% at 298 K, (40± 13)% at 550 K, and (40± 12)% at 700 K,
followed by methyl vinyl ketone (35 ± 13)% at 298 K, (27 ± 11)% at 550 K, and (20 ± 8)%
at 700 K. Methylglyoxal was the third most abundant product at 298 K, (11 ± 4)%, whereas
acetaldehyde was the third most abundant product at both 550 K, (9 ± 4)% and 700 K,
(16 ± 7)%.
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