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ABSTRACT: Pyrolysis of tar compounds plays an important role
in designing optimal thermochemical processes for the conversion
of biomass into globally important commodities. Therefore, it is
crucial to understand the relevant reaction mechanisms and be able
to predict the decomposition products of these compounds at
different temperatures. In this study, the pyrolysis of anisole, which
serves as an important model compound for lignin, a major
component of biomass tar, was studied in a laminar-flow reactor
system of N2 gas at temperatures of 300−650 °C and a residence
time of 1 s. The decomposition products were analyzed using a gas
chromatograph with mass spectrometric and flame ionization
detectors. To gain insights into the reaction mechanisms, detailed
studies of the unimolecular and bimolecular decomposition
pathways were carried out using the density functional theory and high-level coupled cluster methods. Anisole was found to
decompose at temperature as low as 400 °C, which is the lowest reported temperature for anisole decomposition. Formation of
benzene and toluene at low temperatures (400−450 °C) is explained by the low-energy barrier ipso-addition of CH3 and H radicals
at the methoxy moiety of anisole. At 500−550 °C, multiple reaction mechanisms lead to the formation of benzofuran,
methylcyclopentadiene, benzaldehyde, cyclopentadiene, ethylbenzene, styrene, and o-xylene. Finally, at 600−650 °C, indene, phenol,
and cresol were detected. The obtained results are expected to contribute to the development of predictive kinetic models for the
decomposition of anisole and other similar compounds.

1. INTRODUCTION

Biomass, such as lignin, hemicellulose, and cellulose,1

represents an alternative energy source. In the future, biomass
pyrolysis is expected to become one of the promising
technologies contributing to the partial replacement of non-
renewable fossil fuels.2−5 Because lignin is an inexpensive and
abundant biomass,6,7 its conversion to globally important
commodities has attracted a lot of attention. Anisole, as the
simplest aromatic model compound for the methoxy group in
lignin, is not only a significant component in biomass pyrolysis
oils8 but also has outstanding combustion properties.9,10 Thus,
to define optimal operating conditions for lignin conversion,
anisole is commonly selected as a potential surrogate
compound to mimic lignin pyrolysis and combustion.11,12

Because the O−CH3 bond is significantly weaker than other
bonds in anisole, studying the anisole decomposition can
provide valuable insights into the chemistry of phenoxy and
cyclopentadienyl, which are important intermediates in the
formation of polycyclic aromatic hydrocarbons and soot during
biomass pyrolysis and combustion.13 In addition, as anisole has
become popular as a fluorescence tracer,14−16 the study of its
thermal decomposition could help us to access the temperature

and time range where it can be used in fluorescence
spectroscopy.17 Anisole and its pyrolysis are also relevant for
the food industry18−20 and public health policies related to the
flavor use in tobacco and electronic cigarette products.21−23

To date, multiple studies of anisole reactivity, pyrolysis,
oxidation, and combustion have been conducted with well-
controlled experimental conditions, various state-of-the-art
detection techniques, and theoretical methods, leading to
determining relevant rate constants, species concentration
profiles, reaction pathways, and kinetic models. Mulcahy et
al.24 reported that H-abstraction on the methoxy group of
anisole by a methyl radical is much faster than that on the
aromatic ring at 487 K. Paul and Back25 first measured the C−
O bond dissociation energy (238.5 kJ/mol) in the methoxy
group of anisole in a glass vacuum apparatus. Schlosberg et
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al.26 studied pyrolysis of anisole in an autoclave and detected
different main products at low and high temperatures. Later,
research efforts were focused on understanding the initial
unimolecular decomposition in pyrolysis of anisole, which
proceeds via homolytic dissociation to form phenoxy and
methyl (CH3) radicals and is consistent with the higher bond
energy of CH2−H than that of C6H5O−CH3. The reaction
rate constants were measured at low to atmospheric pressures
in a shock tube,27 a stirred reactor,28,29 and a flow reactor in
the presence of hydrogen.30 At the same time, the rate constant
of the further decomposition of the phenoxy radical to form
cyclopentadienyl (C5H5) and CO was also measured17,27,31,32

and supported with a theoretically proposed mechanism33−35

involving formation of a bicyclic intermediate and ring
opening. CH3, C5H5, and phenoxy radicals, which were
found to be important intermediates, can recombine with an
H radical or with themselves, leading to many different
products. These include light compounds, such as CH4 and
C2H6, and heavier products, such as cyclopentadiene,
methylcyclopentadiene, phenol, naphthalene, benzene, and
cresol.13,30,36−42 Anisole can also participate in the bimolecular
reaction with H and CH3 radicals, forming benzene, toluene,
and benzaldehyde at low temperature.13,41,43 Pecullan et al.36

studied the first step of anisole oxidation in an atmospheric
pressure flow reactor, showing that the differences between the
types of pyrolysis and oxidation products are small. Now-
akowska et al.41 and Wagnon et al.1 further studied anisole
oxidation in a jet-stirred reactor and developed a more
complex mechanism of anisole pyrolysis. With these speciation
measurements, detailed and comprehensive kinetic models for
anisole pyrolysis and oxidation were developed by several
groups using various reactors and detectors,13,30,36,38,41,42,44,45

proposing different reaction mechanisms at low and high
temperatures.
Recently, to better understand the behavior of anisole during

realistic combustion scenarios, the effects of combustion
parameters, such as ignition delay times,46,47 laminar flame
speeds,1,48 and the chemical structure of laminar premixed
flames of anisole,49 were investigated. Furthermore, Ranzi and
co-workers50 presented a kinetic model51 systematically
describing the pyrolysis and combustion of anisole and other
substituted phenolic species from bio-oils, focusing on defining
reaction classes and rate rules. While these studies showed that
reaction mechanisms of anisole pyrolysis are very complex,
efforts were focused more on experimental characterization of
the decomposition products than on elucidation of the
reaction mechanisms, especially for those products with
multiple formation pathways. Although multiple species and
reactions were considered in the kinetic models, several recent
models were shown to either overestimate or underestimate

experimental yields for different products,36,41,42 indicating that
a better understanding of the reaction mechanisms is needed.
Despite a detailed mechanistic study of several unimolecular
and recombination reactions of anisole pyrolysis by Koirala42

and a comprehensive kinetic model of the pyrolysis and
combustion of anisole by Ranzi and co-workers,50 there are still
significant knowledge gaps in our understanding of the
corresponding reaction networks.
To fill these knowledge gaps, in this work, anisole pyrolysis

was studied in a laminar flow of N2 gas at a temperature of
300−650 °C and 1 atm pressure with a residence time of 1 s.
The decomposition products were analyzed with a gas
chromatography instrument coupled with mass spectrometry
and flame ionization detectors (GC−MS/FID). Then, detailed
mechanistic studies using the density functional theory (DFT)
and high-level coupled cluster methods were carried out to
probe possible unimolecular and biomolecular pathways
responsible for the formation of experimentally identified
products. The predicted energies of the transition states (TSs)
and intermediates along different reaction pathways were used
to identify the dominant reaction mechanisms at different
temperatures.

2. METHODS
2.1. Experimental Methods. Anisole thermal pyrolysis experi-

ments were performed in an apparatus outlined in Figure 1, in which
the reactor system is similar to that discussed elsewhere.42,52,53 First,
to evaporate a small amount of anisole, a glass impinger was filled with
anisole (>99%, Fisher Scientific International, Inc. Ottawa, Ontario,
Canada) and kept at a constant temperature of 21 °C (room
temperature) in a water bath. At the same time, N2 gas (99.9% high
purity, Airgas, Inc., Radnor, PA, USA) at 200 mL/min (controlled
using a mass flow controller at room temperature and atmospheric
pressure) was continuously dispersed into the vaporizer, carrying
anisole into three places: (a) a heated reactor for decomposition
reactions, (b) directly into a Summa canister (model X56L, 6L,
Meriter, San Jose, CA, USA) for measurements of the anisole
concentration before decomposition, and (b) into a vent for
remaining gas release. Canister sampling was performed at a flow
rate of 100 mL/min using a critical orifice (O’Keefe Controls Co.,
Monroe, CT, USA). Canisters were cleaned prior to sampling by
repeated evacuation and pressurization with humidified zero air
according to the procedure described in a previous study.54

The reactor is a quartz tube of 4 mm inner diameter, 6 mm outer
diameter, and 270 mm heated length. It is heated using an insulated
heating tape (BriskHeat Corporation, Columbus, OH, USA)
controlled at a set point temperature using a proportional-integral-
derivative (PID) controller (Omega Engineering Inc., Norwalk, CT,
USA) and insulated with a glass wool. Prior to the experiments, the
reactor temperature was calibrated by measuring gas temperature
along the reactor axis with a J-type thermocouple. The centerline
temperature profiles in the reactor at set points in the range of 400−

Figure 1. Block-flow diagram of the pyrolysis reaction system.
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750 °C in 50 °C increments are shown in Figure S1. The centerline
temperature increases from a value of 200−350 °C lower than the set
point in the first 75 mm, keeps steady with a value of about 10 °C

higher than the set value in the midpart of about 125 mm, and finally
decreases by 300−500 °C in the last 70 mm part of the tube, which is
similar to that in other reactors reported in previous studies.42,52 The

Figure 2. GC−MS chromatograms of anisole decomposition products at 300−450 °C. The vertical axis shows the total ion count. Chromatograms
of the same color show the same samples analyzed using different injections: 5 mL (a−e) and 300 mL (f−i). Note that the acquisition was stopped
between 47 and 49 min retention time to protect the MS filament (f−j) due to the very strong intensity of the anisole signal that elutes at this time.
There are traces of impurity in anisole, marked in panel (f).

Figure 3. GC−MS chromatograms of anisole decomposition products at 500−650 °C. The vertical axis shows the total ion count. Chromatograms
of the same color show the same samples analyzed using different injections: 5 mL (a−e), 300 mL (f−i), and 50 mL (j). Note that the acquisition
was stopped between 47 and 49 min retention time to protect the MS filament (f−i) due to the very strong intensity of the anisole signal that elutes
at this time. There are traces of impurity in anisole, marked in panel (f). Compounds marked pink are assigned based on the NIST mass spectral
database.
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midpart of the tube with a steady temperature was selected as the
effective reaction segment. Anisole decomposition was carried out in
the flow reactor at set temperatures ranging from 300 to 650 °C in 50
°C increments. The residence time in the reaction segment was kept
at 1 s, which is defined by dividing the midpart volume by the gas flow
rate adjusted for the temperature in the reactor. These operating
parameters are relevant to those found in industrial pyrolysis and
combustion processes.2,53 Upon exiting the reactor, a part of the gas
steam containing the products and unconverted anisole was sampled
with a canister through a critical orifice (with a flow rate of 10 mL/
min), while the remaining flow (between 25 and 40 mL/min) from
the reactor was drawn using a pump. The lines after the reactor and
before the canister were heated using heating tapes to about 180 °C
to prevent condensation of heavy reaction products.
Prior to GC−MS/FID analysis, the sampled canisters were

pressurized with high-purity N2 gas. The GC−MS/FID system
consisted of a Lotus Consulting Ultra-Trace Toxics sample pre-
concentration system built into a Varian 3800 GC coupled with a
Varian Saturn 2000 ion trap mass spectrometer and flame ionization
detector. Varian MS Workstation Version 6.9 software was used for
data processing. A detailed description of the system is presented
elsewhere.54 Light species (including those with less than six carbon
atoms) were separated on a Varian CP-Sil5 column (15 m × 0.32 mm
× 1 μm) and a Chrompack Al2O3/KCl column (25 m × 0.53 mm ×
10 μm) and quantified with an FID detector. Heavier species were
separated on a J&W DB-1 column (60 m × 0.32 mm × 1 μm)
connected to the ion trap mass spectrometer. Products are identified
by matching the mass spectrum of each product with the mass
spectrum of a compound in the National Institute of Standard and
Technology (NIST) mass spectral library database, (NIST MS
Research 2.0). Some hydrocarbon products (Table S1) are further
identified by comparing the retention time and mass spectrum of each
product with those of the corresponding reference standard
compound in the calibration gas mixture of 75 hydrocarbon
compounds from ethane to n-undecane (Apel-Reimer Environmental
Inc., Broomfield, CO, USA).54 The statistical uncertainty of the
measurements was investigated by observing variations in peak
intensity during four repeated experiments and three repeated GC−
MS/FID measurements of the same sample. The overall uncertainty
was found to be less than 8%.
2.2. Computational Methods. Molecular geometries of

reactants, products, intermediates (Is), and TSs were optimized
with the DFT method using the M06-2X55 functional in combination
with the def2-TZVP56 basis set, which was shown to produce accurate
structures and reasonable TS barriers.57,58 Harmonic vibrational
frequencies were computed at the same level of theory to ensure that
the TS structures are characterized by a single imaginary frequency,
while all other structures have no imaginary frequencies. Intrinsic
reaction path59 calculations were performed to connect TSs with the
minima corresponding to the reactant, product, or Is. Finally, to
obtain more accurate reaction barriers, energies of TSs and minima
were calculated using the explicitly correlated coupled cluster F12-
CCSD(T) method60 with the same basis set. All DFT calculations
were performed using the General Atomic and Molecular Electronic
Structure System (GAMESS) suite of programs,61,62 while the
coupled cluster calculations were carried out with Molpro quantum
chemical software.63

3. RESULTS AND DISCUSSION

3.1. Experimental Results. The anisole decomposition
experiments were conducted in the flow reactor at a residence
time of 1 s in N2-diluted mixtures at atmospheric pressure and
temperatures of 300−650 °C. GC−MS chromatograms of the
products measured at these temperatures are shown in Figures
2 and 3. More details for temperatures between 500 and 650
°C are presented in Figures S2 and S3, and the appearance of
each compound at different temperatures along with the
confirmation confidence is listed in Table S1. Anisole was inert

at low temperatures of 300 and 350 °C, as is apparent from the
anisole signal remaining the same (Figure 2b,c) and the
absence of new peaks in the chromatograms (Figure 2g,h).
Contrary to the previously reported observations that the
lowest temperature of anisole decomposition (as evidenced by
benzaldehyde production) is 477 °C,41 a small peak
corresponding to benzene first appeared at 400 °C (Figure
2i), which indicates the beginning of anisole decomposition.
This is the lowest reported temperature for anisole
decomposition, compared with the previously reported
temperatures of 477 °C41 and 587 °C29 in a stirred reactor
and 500 °C in a flow reactor.42 With the temperature
increasing to 450 °C, more anisole was converted (Figure 2e),
and formation of toluene and a larger amount of benzene was
detected (Figure 2j).
When the temperature was increased to 500−650 °C

(Figure 3), more anisole was consumed, and dozens of new
species were produced. The amount of benzene and toluene
increased significantly as temperatures increased. At 500 °C,
oxygenated products, including benzofuran, o/p-methylanisole,
and o/p-ethylphenol, started to appear (Figure 3g), and two
isomers of methylcyclopentadiene, 1-methylcyclopentadiene,
and 2-methylcyclopentadiene were also detected (Figure S2g).
The last two are known as the two mixed stable isomers of
methylcyclopentadiene at room temperature.29 Similar to
benzene and toluene, methylcyclopentadiene and benzofuran
were formed in larger quantities as temperature increased to
650 °C. At 550 °C, three other oxygenated compounds,
benzaldehyde, o-ethylanisole, and cinnamaldehyde (Figure
3h), were formed along with 1,3-cyclopentadiene and several
aromatic compounds (Figure S2h), including ethylbenzene,
styrene, and o/p-xylene. When temperature increased to 600
°C, more than 80% of anisole was consumed, and phenol was
formed, with the small peaks (Figure S3i) attributed to o/p-
cresol, indene, and naphthalene. At 650 °C, almost all anisole
was consumed, and the amount of most hydrocarbon products
and benzofuran reached the highest level. In contrast, the
amount of reactive oxygenated products decreased signifi-
cantly. The amount of cinnamaldehyde was reduced by about
five times, and other compounds, including benzaldehyde,
phenol, o/p-cresol, o/p-methylanisole, and o/p-ethylphenoxy,
disappeared (Figures 3j and S3j). The intensity of the
naphthalene peak decreased almost to zero because the six
times lower amount of the injected anisole led to the detection
difficulty. According to the NIST mass spectra database,64 the
peaks at a retention time of 53.4 and 54.0 min may represent
o/p-methylanisole or o/p-ethylphenol with the same molecular
weight, respectively.42 The peaks at 57.7 and 59.0 min,
tentatively assigned to o-ethylanisole and cinnamaldehyde,
respectively, have not been reported previously. Similarly,
several other peaks at 51.1, 52.0, 61.8, and 63.3 min in Figure
S3 were assigned only based on the NIST database.
Apart from aromatic compounds and some five-member ring

species, several light compounds and other nonaromatic
decomposition products were also detected, in agreement
with previous studies.13,36,41,42 As seen in Figure S2c−e, at
temperatures of 550−650 °C, there are several peaks assigned
to light hydrocarbons, including propene (C3H6), propyne
(C3H4), 1,3-butadiene (C4H6), vinylacetylene (C4H4), and
1,4-pentadiene (C5H8). Based on the FID detection (Figure
S4), several other hydrocarbons were identified and quantified,
including large amounts of ethane (C2H6) and ethene (C2H4),
as well as a small amount of acetylene (C2H2), propane
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(C3H8), n-butane (n-C4H10), 1-butene (1-C4H8), and n-
pentane (n-C5H12). The amount of these hydrocarbons
increased with temperature. As reported in previous stud-
ies,13,36,41,42 other light compounds including hydrogen,
carbon monoxide, and methane also should be formed during
anisole decomposition. Hydrogen and methane are generated
in H-abstraction reactions by H and methyl radicals,
respectively.41 Carbon monoxide can be generated in the
decomposition of phenoxy, methylphenoxy, methylcyclohex-
adienone, and benzoyl.13,27,29,36,41 The corresponding reaction
mechanisms will be discussed in the following computational
section. However, these light compounds were not analyzed in
this work due to the limitation of detection methods.
3.2. Computational Results. To understand the complex

reaction mechanism of anisole decomposition, DFT geometry
optimizations were performed for primary reaction pathways,
and the energies were refined with F12-CCSD(T). In the
following discussion, we will use the more accurate F12-
CCSD(T) energies. Based on previous studies,13,36,41,42 the
overall reaction network of anisole decomposition was
separated into two parts, unimolecular decomposition (Figure
4) and bimolecular decomposition (Figure 5). Note that the
reaction mechanisms with para intermediates are not displayed
because they are similar to those with ortho intermediates.
The oxygen−carbon bond of the O−CH3 group is the

weakest bond in anisole, with the predicted bond energy of
63.7 kcal/mol, which is close to 63.2 kcal/mol reported in a
recent study.41 The unimolecular decomposition is initiated by
breaking this bond, producing methyl and phenoxy radicals.
Apart from the further high-temperature decomposition to

form the cyclopentadienyl radical and CO, the phenoxy radical
can recombine with CH3 to form o/p-methylcyclohexadienone.
The last, along with phenoxy, methyl, and cyclopentadienyl
radicals, plays an important role in producing multiple
aromatic hydrocarbons and oxygenated compounds, as seen
in Figure 4. The phenoxy radical also contributes to the direct
formation of benzofuran and phenol. Once o/p-methylcyclo-
hexadienone is formed, it can dissociate to three isomers of

Figure 4. Reaction network of unimolecular anisole decomposition. Energies (kcal/mol) of the TSs (black) and products (blue) with respect to
reactants predicted by M06-2X and F12-CCSD(T) methods are shown in the format EM06‑2X/EF12‑CCSDT(T). Superscripts above the energy values
are aref 37, bref 65, cref 66, and dref 67. The molecular structures are labeled as redanisole, greendetected hydrocarbon products,
orangedetected oxygenated products, blueimportant intermediates, and blackother compounds.

Figure 5. Reaction network for bimolecular reactions of anisole with
CH3, H, and phenoxy radicals. Energies (kcal/mol) of TSs (black)
and products (blue) with respect to those of reactants predicted with
M06-2X and F12-CCSD(T) are shown in the format EM06‑2X/
EF12‑CCSDT(T). The molecular structures are labeled as redanisole,
greendetected hydrocarbon products, orangedetected oxygen-
ated products, and blackother compounds.
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Figure 6. Reaction pathways for formation of benzene (red) and benzaldehyde (green): (a) anisole + H, (b) anisole + CH3, and (c) dissociation of
5-methylcyclopentadiene. The energies (kcal/mol) are reported in the format EM06‑2X/EF12‑CCSDT(T). The energy of the highest TS for each reaction
pathway is marked blue. Asterisks (*) indicate elongated bonds.

Figure 7. Reaction pathways for formation of toluene (a−c) and phenyl (d): (a) anisole + CH3, (b) o-cresol + H, (c) p-cresol + H, and (d)
benzaldehyde + H. The relative energies (kcal/mol) are reported in the format EM06‑2X/EF12‑CCSDT(T). The energy of the highest TS for each
reaction pathway is marked blue. Asterisks (*) indicate elongated bonds.
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methylcyclopentadiene and CO and isomerize to cresol, which
is a precursor of toluene and many other oxygenated products.
The CH3 radical can undergo H-abstraction to form methane

or recombine with another CH3 to produce ethane. Cyclo-
pentadienyl, another important intermediate, is responsible for
the formation of 1,3-cyclopentadiene and methylcyclopenta-

Figure 8. Reaction pathways for formation of phenol: (a) o-cresol + H, (b) p-cresol + H, (c) anisole + phenoxy, (d) o-cresol + phenoxy, (e) anisole
+ H, and (f) dissociation of o-ethylphenol. The relative energies (kcal/mol) are reported in the format EM06‑2X/EF12‑CCSDT(T). The energy of the
highest TS for each reaction pathway is marked blue. Asterisks (*) indicate elongated bonds.

Figure 9. Reaction pathways for formation of cresol (a,b) and benzofuran (c): (a) rearrangement of o-methylcyclohexadienone (the red and green
lines show different reaction paths), (b) rearrangement of p-methylcyclohexadienone, and (c) reaction of the phenoxy radical with acetylene. The
relative energies (kcal/mol) are reported in the format EM06‑2X/EF12‑CCSDT(T). The energy of the highest TS for each reaction pathway is marked
blue. Asterisks (*) indicate elongated bonds.
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Table 1. Compounds Detected in the Experiments at Different Temperatures and the Corresponding Reactions with Predicted
Energy Barriers (ΔE)

temperature (°C)

compound 400 450 500 550 600 650
reaction
number reaction ΔE (kcal/mol)

benzene + + + + + + R1 anisole + H → benzene + CH3 8.17
R2 anisole + CH3 → anisyl + CH4 →

benzene + HCO + CH4

21.2

R3 benzaldehyde + H → benzene + HCO 7.42
R4 phenol + H → benzene + OH 9.02
R5 methylcyclopentadiene →

methylenecyclopentadiene + H →
cyclohexadienyl → benzene + 2Hb

75−85a

R6 5-methylcyclopentadiene → fulvene +
H2 → benzene + H2

101.1

toluene − + + + + + R7 anisole + CH3 → toluene + CH3O 14.8
R8 o-cresol + H → toluene + OH (p-cresol

+ H → toluene + OH)
7.61 (9.48)

R9 benzaldehyde + CH3 → benzoyl + CH4
→ phenyl + CO + CH4

25.9

phenyl + CH3 → toluene 102.0a

benzofuran − − + + + + R10 phenoxy + C2H2 → benzofuran + H 24.4
R11 o-ethylphenol → 4H + benzofurancc

1-methylcyclopentadiene/2-methylcyclopentadiene − − + + + + R12 cyclopentadienyl + CH3 → 5-
methylcyclopentadiene

−69.9a

5-methylcyclopentadiene → 1-
methylcyclopentadiene

24.6

R13 p-methylphenoxy →
methylcyclopentadienyl + CO (o-
methylphenoxy →
methylcyclopentadienyl + CO)

53.5 (54.7)

methylcyclopentadienyl + H → 1-
methylcyclopentadiene/2-
methylcyclopentadiene

73.9a/73.7a

R14 o-methylcyclohexadienone → 1-
methylcyclopentadiene + CO

57.3

R15 p-methylcyclohexadienone → 1-
methylcyclopentadiene + CO

60.1

R16 o-methylcyclohexadienone → 2-
methylcyclopentadiene + CO

64.2

R17 p-methylcyclohexadienone → 2-
methylcyclopentadiene + CO

75.8

benzaldehyde − − − + + − R18 anisole + CH3 → anisyl + CH4 →
benzaldehyde + H + CH4

20.1

1,3-cyclopentadiene − − − + + + R19 phenoxy → cyclopentadienyl + CO 53.2
cyclopentadienyl + H −81.2a

ethylbenzene − − − + + + R20 cyclopentadienyl + C2H2 → benzyl 45.2
benzyl + C2H2 → ethylbenzene −76.6a

styrene − − − + + + R21 cyclopentadienyl + C3H3 → 5-
propadienylcyclopentadiene

60.5a

5-propadienylcyclopentadiene → styrene 63.6
o-xylene − − − + + + R22 toluene + CH3 → o-methylphenyl + CH4 16.9

o-methylphenyl + CH3 → o-xylene −101.8a

phenol − − − − + − R23 phenoxy + H → phenol −85.7a

R24 o-cresol + H → phenol + CH3 (p-cresol
+ H → phenol + CH3)

6.26 (7.40)

R25 anisole + phenoxy → phenol + anisyl 22.8
R26 o-cresol + phenoxy → phenol +

methylphenoxy
8.04

R27 anisole + H → phenol + CH3 32.3
R28 o-ethylphenol → phenol + C2H4 73.0

o-cresol − − − − + − R29 o-methylcyclohexadienone → o-cresol 52.6
p-cresol − − − − + − R30 p-methylcyclohexadienone → p-cresol 51.7
indene − − − − + + R31 cyclopentadienyl + C4H6 → C9H9 + H2

→ indene + H2 + H
45.3

aFor barrierless reactions, the reported values are the energies of products with respect to reactants. bReaction mechanism from ref 66. cReaction
mechanisms from ref 42.
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diene and many aromatic compounds, including benzene,
styrene, ethylbenzene, indene, and naphthalene. At the same
time, at low temperatures, anisole can decompose through
bimolecular reactions with hydrogen, methyl, and phenoxy
radicals, as summarized in Figure 5. The ipso-substitution and
H-atom abstraction reactions can lead to the formation of
several aromatic products. The reaction mechanisms for the
products observed in the experiments and some products
reported in the literature,13,29,36,37,41,42,44,68 including cyclo-
pentadiene, methylcyclopentadiene, benzene, toluene, aro-
matics, and oxygenated aromatics, are shown in Figures 6−9
and S5−S7 and discussed in detail below.
Table 1 lists the compounds that were detected in the

experiments at the temperatures from 400 to 650 °C and the
corresponding reactions with energy barriers leading to these
compounds. At low temperatures of 400 and 450 °C, only
benzene and toluene were detected, which can be explained by
the low energy barriers of the bimolecular ipso-addition
reactions of H and CH3 radicals at the methoxy moiety of
anisole (reactions R1 and R7). At higher temperatures,
benzene is formed during the decomposition of methylcyclo-
pentadiene (R5 and R6); the latter is formed mainly in the
decomposition of methylcyclohexadienone (R14−R17). Cy-
clopentadiene is formed through the recombination of the H
atom and the cyclopentadienyl radical produced from the high
barrier decomposition of phenoxy (R19). As temperature
increased, other aromatics including ethylbenzene (R20),
styrene (R21), o-xylene (R22), and indene were observed.
The energy barrier of the o-xylene formation is low because the
CH3 radical abstracts a benzylic H atom from toluene more
easily than a phenylic H atom.69 Once benzyl is formed, it can
recombine with CH3 to form ethylbenzene. At 500 °C,
benzofuran, the first oxygenated compound, was detected.
Phenol and benzaldehyde were not observed at this temper-
ature, likely because they are quickly consumed in the reactions
with other compounds. While phenol can be easily formed
from the low-barrier H-abstraction on cresol or anisole (R24−
R25) or from the barrierless recombination of the phenoxy and
H atom (R23), the following reactions with H (R4) and C2H2
(R10) are expected to consume phenol quickly. The
bimolecular reaction of anisole and CH3 (R18) contributes
to the formation of benzaldehyde with a relatively low energy
barrier. However, the H atom ipso-addition (R3) and
abstraction (R9) are likely to reduce the amount of
benzaldehyde. At 600 °C, cresol was detected, which correlates
with the relatively high reaction barrier of the methylcyclohex-
adienone to cresol rearrangement (R29 and R30). Similar to
phenol, cresol can be consumed at high temperatures (it was
not detected at 650 °C), serving as a precursor of toluene (R8)
and phenol (R24 and R26). Therefore, there is a good
agreement between the compounds detected in the experi-
ments performed at different temperatures and the energy
barriers obtained from the electronic structure calculations.
3.2.1. Formation of Benzene and Toluene. Benzene and

toluene are the only two products detected at temperatures
below 500 °C, with benzene detected at a temperature as low
as 400 °C. Three calculated pathways of benzene formation are
depicted in Figure 6. These include two bimolecular reactions
(Figure 6a,b) and a unimolecular reaction (Figure 6c). The
low-temperature formation of benzene is mostly originated
from an ipso-addition of an H atom1,41 at the methoxy moiety
of anisole. As seen in Figure 6a, the initial reaction of anisole
with an H radical must overcome the rate-determining TS1

with a barrier of 8.17 kcal/mol to produce encounter complex
I1, which is characterized by the formation of an additional C−
H bond. The intermediate I1 undergoes scission of the C−O
bond (I1→ TS2→ P1), leading to the liberation of the OCH3
radical and formation of benzene. The small barrier suggests
that this is the most favorable reaction pathway at low
temperatures, in good agreement with the small activation
energy of 7.93 kcal/mol adopted by Nowakowska et al.41 A
similar ipso-addition of an H atom can also occur with
benzaldehyde and phenol (Figure S5a,b), contributing to the
observed decline in the concentration of these species at higher
temperatures.
To produce benzene, anisole decomposition can also

proceed through the bimolecular mechanism of H-abstraction
by CH3, H, or phenoxy radicals to produce an anisyl radical.
The latter can isomerize to form a benzoxyl radical, which
decomposes to benzene and HCO. Here, we only discuss
details of the H-abstraction by a CH3 radical (Figure 6b),
which was first reported by Mulcahy et al.24 First, CH3 and
anisole barrierlessly form unstable encounter complex I2.
Then, CH3 abstracts an H atom from the methoxy group (I2
→ TS3 → P2) by overcoming a barrier of 15.6 kcal/mol to
form the unstable anisyl radical and methane. As reported in
theoretical studies on benzaldehyde70 and benzoxyl71 decom-
position, the subsequent cyclization (P2 → P2-TS1 → P2-I1)
can lead to the formation of an intermediate with a three-
member ring, followed by a ring-opening reaction (P2-I1 →
P2-TS2 → P2-I2), resulting in a benzoxyl radical P2-I2, which
can serve as a branch point for formation of different species.
On one hand, the reaction can proceed through the
intramolecular hydrogen shift (P2-I2 → P2-TS3→ P2-I3)
from CH2O to a C atom on the aromatic ring, followed by
breakage of the C−C bond (P2-I3 → P2-TS4 → P3) to form
benzene and CHO. The intramolecular hydrogen shift is the
rate-determining step with the barrier of 21.2 kcal/mol, which
is higher than that of the reaction of anisole and H (Figure 6a).
This indicates that the intramolecular hydrogen shift pathway
to benzene formation is less energetically favorable than the
reaction of anisole and H radical. On the other hand, as
reported previously,24,29 one of C−H bonds in the CH2O
moiety of the benzoxyl radical can break (P2-I2 → P2-TS5 →
P4) by overcoming a slightly lower barrier of 20.1 kcal/mol to
form H and benzaldehyde. This supports the fact that
benzaldehyde was detected at the relatively low temperature
of 550 °C and agrees well with the larger activation energy of
benzene formation than that of benzaldehyde formation
predicted by Nowakowska, et al.41

In addition, decomposition of three methylcyclopentadiene
isomers is responsible for the formation of a large amount of
benzene at high temperatures. The reaction mechanism is very
complex as described in several studies,66,67,72,73 with some
important reaction pathways shown in Figure 4. First,
methylcyclopentadiene isomers can undergo a one-step H-
elimination to generate three isomers of the methylenecyclo-
pentadiene radical.66 This radical can undergo a ring
expansion, leading to the cyclohexadienyl radical (C6H7),
which can produce benzene by a fast H-atom ejection. Second,
two consecutive H-atom eliminations from methylcyclopenta-
diene can take place, that is, one more H-atom elimination
occurs after the formation of methylenecyclopentadiene,
leading to fulvene.73 In a recent study of anisole pyrolysis,
fulvene was shown to play an important role in benzene
formation.13 Another pathway to fulvene through H2 loss from
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5-methylcyclopentadiene is depicted in Figure 6c. The
relatively low isomerization barrier of 24.6 kcal/mol indicates
that 5-methylcyclopentadiene can easily isomerize to 1-
methylcyclopentadiene, which also explains why 5-methylcy-
clopentadiene is not detected in the experiments. In contrast to
the direct 1,1-H2 and 1,2-H2 eliminations from 5-methyl-
cyclopentadiene,60 in this mechanism, an H2 molecule is
formed by one H atom from the CH3 moiety and another H
atom from the five-member ring, leading to the formation of
fulvene with the barrier of 100.7 kcal/mol. Fulvene can
undergo a similar ring expansion through a bicyclic
intermediate (P5 → P5-TS1 → P5-I1 → P5-TS2 → P5-I2)
to produce a six-member ring compound P5-I2, which leads to
benzene after an H-shift on the six-member ring (P5-I2 → P5-
TS3 → P6). The H atom can also assist the conversion from
fulvene to benzene with a significantly lower energy barrier of
52.3 kcal/mol predicted by the BAC-MP4 level of theory.67

However, it is obvious that the overall barriers for the
methylcyclopentadiene-to-benzene pathways are very high (at
least 70 kcal/mol), which explains the fact1,41 that methyl-
cyclopentadiene only contributes to benzene formation at high
temperatures.
Toluene was the second aromatic product detected at 450

°C. The four studied pathways of toluene formation are shown
in Figure 7. Similar to the reaction of anisole with an H radical,
anisole can react with a CH3 radical through the ipso-addition
of CH3 at the methoxy moiety (Figure 7a). The encounter
complex I1 stabilized by only 0.62 kcal/mol with respect to the
reactants is formed in the barrierless reaction, followed by the
CH3 binding to the carbon ring. The barrier of this bimolecular
reaction is 14.8 kcal/mol, higher than that of benzene
formation in Figure 6a. This agrees well with the larger
activation energy for toluene formation compared to that of
benzene,41 which may explain why toluene was detected at a
higher temperature than benzene in our experiments.
Toluene can also be formed from decomposition of

oxygenated compounds, such as o/p-cresol44 and benzalde-
hyde. The reaction mechanism for conversion of the two
isomers of cresol to toluene is shown in Figure 7b,c. These
reactions proceed through an H atom ipso-addition at the
hydroxyl site in cresol. In contrast to the reaction of anisole
and H, the C−O bond rotation (I3 → TS4 → I4 for o-cresol
and I5 → TS7 → I6 for p-cresol) is allowed after the initial
formation of an additional C−H bond. This is the rate-
determining step with the barriers of 7.61 and 9.48 kcal/mol
for o- and p-cresol, respectively. The relatively low barriers
agree well with a previous study, showing that ipso-addition
reaction between cresol and H plays a significant role in the
consumption of cresol.44

Figure 7d shows another major reaction leading to the
formation of toluene. As shown in a previous report,37 a CH3
radical can abstract an H atom from the CHO group in
benzaldehyde (I7 → TS9 → P3) to produce benzoyl and
methane. Benzoyl can eliminate CO directly by breaking the
C−O bond (P3 → P3-TS1 → P4) to form a phenyl radical. In
turn, the phenyl can generate toluene by recombining with the
CH3 radical and releasing 102.0 kcal/mol energy (Figure 5).
The overall barrier of this reaction is only 25.9 kcal/mol, which
supports the decline of benzaldehyde concentration at high
temperatures in the experiments.
3.2.2. Formation of Oxygenated Aromatics. Several

oxygenated aromatic compounds produced during the
decomposition of anisole were detected in the experiments

(Figure 3). In addition to the benzaldehyde formation
mechanism discussed above, reaction mechanisms leading to
the formation of phenol, cresol, and benzofuran were
investigated using electronic structure methods (Figures 8
and 9).
Six reaction pathways leading to the formation of phenol are

displayed in Figure 8. The ipso-addition reaction of H to cresol
can be initiated on the OH moiety to produce toluene (Figure
7b) or on the CH3 moiety, leading to phenol44 (Figure 8a,b).
The highest energy barriers for these reactions are only 6−8
kcal/mol, which suggests that cresol is an important precursor
to both toluene and phenol. Another common source of
phenol is the H-abstraction by the phenoxy radical from
hydrogen donors, such as anisole (Figure 8c) and cresol
(Figure 8d), leading to additional productsanisyl and
methylphenoxy radicals, respectively. The barrier for the H-
abstraction from the CH3 group in anisole (22.8 kcal/mol) is
much higher than that from the OH group in cresol (8.04
kcal/mol), which agrees well with the reported activation
energies of 16.06 kcal/mol and 9.50 kcal/mol for anisole and
cresol, respectively.36 Note that a phenoxy radical can also
abstract an H atom form the CH3 group in cresol (Figure S5c),
yielding o-hydroxybenzyl, but this requires overcoming a
higher barrier of 17.8 kcal/mol. Apart from H-abstraction,
phenoxy and H radicals can recombine with an experimentally
determined rate constant of 2.5 × 1014 s−1,74 leading to the
direct formation of phenol and energy release of 85.7 kcal/mol
(Figure 4). Besides, the ipso-addition of an H radical to the
CH3 moiety in anisole13,30 can also generate phenol, as shown
in Figure 8d. In contrast to the ipso-addition, a concerted
reaction takes place through single TS7, leading to the
formation of an O−H bond and concomitant breakage of the
C−O bond. However, the energy barrier of 32.3 kcal/mol is
high, indicating a negligible contribution of this reaction to
phenol formation, at least at low temperatures. In addition,
phenol can be obtained from the dissociation of o-ethylphenol
produced in the reaction of methyl and hydroxybenzyl
radicals.41 Figure 8f shows a two-step H-transfer mechanism
of o-ethylphenol dissociation, which is different from the
previously described one-step H-transfer through a four-
member ring TS.42 This reaction involves an intramolecular
H-shift from the OH group to the aromatic ring through the
rate-determining TS8 (73.0 kcal/mol), leading to the
intermediate I6. Then, the reaction proceeds through the six-
member ring TS9 characterized by a second H-shift from the
CH3 group to the O atom with a concomitant breakage of the
C−C bond, generating phenol and ethylene. Because of the
lower barrier, this two-step reaction is expected to be more
favorable than the previously reported one-step reaction42 and
is responsible for consuming o-ethylphenol at high temper-
atures.
Cresol can be formed via a methylcyclohexadienone

intermediate36 produced by methyl addition to the phenoxy
radical at the ortho or para position.75 The mechanism of
isomerization from o/p-methylcyclohexadienone to o/p-cresol
is shown in Figure 9a,b. For o-methylcyclohexadienone, the
four-step H-migration between adjacent carbon atoms of the
aromatic ring (R1 → TS1 → I1 → TS2 → I2 → TS3 → I3 →
TS4 → I4) helps in triggering the final H-shift from the carbon
to oxygen atom (I4 → TS5 → P1) and produce o-cresol by
overcoming the barrier of 52.6 kcal/mol with respect to the
intermediate I2. The resonance-stabilized intermediates I2 and
I4 are the other two stable isomers of o-methylcyclohex-
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adienone. Alternately, o-methylcyclohexadienone can undergo
an H-shift (R1 → TS6 → P1) directly from the carbon to
oxygen atom, forming o-cresol by overcoming a little higher
barrier of 53.5 kcal/mol. Thus, based on energetics, the former
mechanism of the multi-step H-shift is expected to dominate in
the formation of cresol. For p-methylcyclohexadienone,
isomerization to p-cresol can take place through a two-step
H-migration between neighboring carbon atoms (R2 → TS7
→ I6 → TS8 → I7) and the final H-shift from carbon to
oxygen (I7→ TS9→ P2) with a barrier of 51.7 kcal/mol. This
reaction, proceeding through a stable isomer of p-methyl-
cyclohexadienone I7, is the only pathway leading to p-cresol.
The calculated lower barrier for multi-step H-shift leading to o-
cresol and the predicted single pathway to p-cresol agree well
with the results reported for the reaction between phenoxy and
CH3 radicals.

42

Benzofuran is another oxygenated product detected in the
experiment. As recently reported,13,42 o-ethylphenol, formed by
recombination of hydroxylbenzyl and methyl radicals, is a
major source of benzofuran. o-Ethylphenol can undergo a two-
step H-elimination reaction to reach o-ethenylphenol, which
can further lose a hydrogen atom to produce an o-
ethenylphenoxy radical. The intermolecular cyclization and
subsequent H-elimination lead to the formation of benzofuran.
This pathway with the known rate constant parameters42 also
contributes to the consumption of o-ethylphenol at high
temperatures. Similarly, a stepwise dehydrogenation of o-
methylanisole with subsequent cyclization and H-elimination
can lead to benzofuran, as seen in Figure 4. In addition,
benzofuran was found to be produced from the decomposition
of phenoxyacetylene,76 which is formed by recombination of
the phenoxy radical and acetylene (Figure 9c). Acetylene and
the phenoxy radical form a weakly bound intermediate I8
without a barrier. Then, the addition reaction I8→ TS10→ I9
must overcome a barrier of 24.4 kcal/mol to generate
phenoxyacetylene (I9). The subsequent bond rotation I9 →
TS11 → I10 helps the CH group to face the nearby carbon
atom of the aromatic ring and induces the intramolecular
cyclization I10 → TS12 → I11 to form a closed-ring
intermediate I11. Finally, the hydrogen elimination I11 →
TS13→ P3 generates benzofuran. It was found that I9 can also
directly undergo the ring-closing reaction to I1176 with a
similar barrier. As the overall barrier is not very high, the
pathway in Figure 9c is expected to contribute to benzofuran
formation, if acetylene is present in significant quantities.
3.2.3. Formation of Cyclopentadiene, Methylcyclopenta-

diene, and Additional Aromatic Hydrocarbons. Apart from
benzene and toluene, other hydrocarbon products of anisole
decomposition are cyclopentadiene, methylcyclopentadiene,
and aromatic hydrocarbons including styrene, ethylbenzene, o/
p-xylene, and indene. The reaction mechanisms of their
formation are shown in Figures S6 and S7. The previously
studied high-temperature recombination of two cyclopenta-
dienyl radicals and decomposition of the cyclopentadienyl
radical37,65 to form naphthalene and C3H3 radical + C2H2,
respectively, will not be discussed here because this work
focuses on anisole decomposition at temperatures not higher
that 650 °C.
As mentioned above, the cyclopentadienyl radical serves as a

precursor to styrene, ethylbenzene, indene, methylcyclopenta-
diene, naphthalene, and small hydrocarbons. It is well known
that the phenoxy radical decomposition is responsible for the
formation of the cyclopentadienyl radical. As seen in Figure

S6a, the phenoxy radical can undergo an intermolecular
cyclization R1 → TS1 → I1 to form a bicyclic intermediate I1,
followed by a ring-opening reaction I1 → TS2 → I2 to
produce a 2,4-cyclpentadienyl carbonyl radical I2. The
subsequent scission of the C−C bond (I2 → TS3 → P1)
leads to a cyclopentadienyl radical and CO. The second rate-
determining step has a barrier of 53.2 kcal/mol, which is
consistent with previous studies.17,33−35 Once the cyclo-
pentadienyl radical is formed, 1,3-cyclopentadiene can be
generated through recombination with H or H-abstraction
from a hydrogen donor.
Formation of styrene can proceed through isomerization of

5-propadienylcyclopentadiene that derived from the recombi-
nation of cyclopentadienyl and C3H3 radicals.77 As seen in
Figure S6b, a hydrogen atom can shift from the carbon atom
bonded to the five-member ring to the middle carbon of the
propadienyl group (R2→ TS4→ I3), leading to the formation
of a three-ring intermediate I3. To reach styrene, two C−C
bonds must be broken in a ring-opening reaction I3 → TS5 →
P2. The overall energy barrier of 63.6 kcal/mol indicates that
the formation of styrene is unlikely to occur at low
temperatures.
In a study of toluene oxidation, it was reported that

cyclopentadienyl can also recombine with C2H2 to form a
benzyl radical,78 which can further recombine with CH3 to
produce ethylbenzene, releasing 76.6 kcal/mol energy, as seen
in Figure 4. A reaction pathway for benzyl formation is
depicted in Figure S6c. The initial barrier-free reaction of
cyclopentadienyl and C2H2 gives rise to a complex I4. Then,
the reaction proceeds through an addition I4 → TS6 → I5 and
an H-shift I5 → TS7 → I6, overcoming a barrier of 45.2 kcal/
mol. Starting from I6, similar to the decomposition of the
methylenecyclopentadiene radical leading to benzene, the ring
expansion I6 → TS8 → I7 → TS9 → P3 occurs through a
bicyclic intermediate, leading to a benzyl radical. The relative
energies calculated for this reaction pathway agree well with
those of the reverse decomposition of benzyl radicals.79

o/p-Xylene can be formed by recombination of CH3 with an
o/p-methylphenyl radical generated by H-abstraction from the
toluene ring69 Taking the o-methylphenyl radical as an
example, the reaction pathway of H-abstraction is shown in
Figure S6d. The barrier of 16.9 kcal/mol is in good agreement
with the activation energy of 15.0 kcal/mol predicted by
Bounaceur et al.69 Indene is another aromatic product of
anisole decomposition. The reaction pathway for its formation
from cyclopentadienyl and 1,3-butadiene (C4H6) reported in a
recent study13 is depicted in Figure S6e. The direct addition
reaction leads to a stable intermediate I8 with one new C−C
bond formed. To form indene, several reaction steps must
occur, including a H-shift on the five-member ring I8 → TS11
→ I9, a six-member ring closure (I9 → TS12 → I10), an H-
shift on the six-member ring (I10 → TS13 → I11), elongation
of the C−H bond (I11 → TS14 → I12), and H−H bond
formation (I12 → TS15 → I12), leading to a C9H9 radical and
H2. Finally, the C9H9 radical can lose a hydrogen atom (P5 →
P5-TS1→ P6) to form indene. The high overall barrier of 45.3
kcal/mol explains why in our experiments, indene was detected
only at a relatively high temperature of 600 °C.
Methylcyclopentadiene, apart from the abovementioned

reaction of the cyclopentadienyl radical (C5H5) and CH3,
can be produced by dissociation of an o/p-methylphenoxy
radical36 and o/p-methylcyclohexadinenone.42 o/p-Methylphe-
noxy radicals can be formed through H-abstraction from the
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OH group of cresol or H fission in o/p-methylcyclohex-
adienone, which also serves as a major source of H atoms.42

The reaction pathways for the dissociation of an o/p-
methylphenoxy radical are shown in Figure S7a,b. These
pathways include the initial cyclization, ring opening, and final
scission of the C−C bond, yielding CO and a methylcyclo-
pentadienyl radical. The latter recombines with an H atom to
form methylcyclopentadiene. The overall mechanism and
energy barriers are similar to those of phenoxy radical
decomposition, indicating that the presence of the CH3
group has almost no effect on the phenoxy decomposition
reported by Carstensen and Dean.35 In addition, o/p-
methylcyclohexadienone can not only rearrange to o/p-cresol
(Figure 9a,b) but also dissociate to methylcyclopentadiene and
CO, as seen in Figure S7c,d. During the decomposition of o-
methylcyclohexadienone (Figure S7c), several H-migration
steps lead to the formation of two unstable isomers I5 and I7.
These isomers can proceed through cyclization and C−C bond
scission (I5 → TS11 → I9 → TS12 → P2, I7 → TS13 → I10
→ TS14 → P3) to generate 1-methylcyclopentadiene and 2-
methylcyclopentadiene, with a barrier of 57.3 kcal/mol (TS12
with respect to R3) for the former and 64.2 kcal/mol (TS14
with respect to I6) for the latter. Other higher barrier pathways
involving the stable isomer I8 of o-methylcyclohexadienone
were also found. The initial ring opening (R3 → TS15 → I11,
I8 → TS18 → I13) is followed by cyclization and C−C bond
scission (I11 → TS16 → I12 → TS17 → P4, I13 → TS19 →
I9 → TS12 → P2) to form 5-methylcyclopentadiene and 1-
methylcyclopentadiene, respectively, with a barrier of 74.7
kcal/mol (TS16 with respect to R3) for the former and 78.5
kcal/mol (TS19 with respect to I6) for the latter. The
decomposition of p-methylcyclohexadienone (Figure S7d)
proceeds similarly to that of o-methylcyclohexadienone;
however, the reaction mechanism is much simpler. After
several steps, the isomeric intermediates I15 and I14 produce
2-methylcyclopentadiene and 1-methylcyclopentadiene by
overcoming the barriers of 75.8 kcal/mol (TS23 with respect
to I15) and 60.1 kcal/mol (TS26 with respect to R4),
respectively. In agreement with the energy barriers reported by
Koirala,42 the predicted barriers for the formation of 2-
methylcyclopentadiene from the dissociation of o/p-methyl-
cyclohexadienone are the lowest, and the barrier for the
formation of 5-methylcyclopentadiene is the highest. Also, 5-
methylcyclopentadiene is predicted to be the most thermody-
namically unstable isomer. This indicates that formation of 5-
methylcyclopentadiene is not favorable and supports the fact
that it was not detected in our experiments.

4. CONCLUSIONS
To better understand the mechanism of low-temperature
anisole pyrolysis, we studied the decomposition of anisole in
the gas phase at temperatures from 300 to 650 °C. The
decomposition products were analyzed with the GC−MS/FID
technique. Benzene was the lowest-temperature product
detected at 400 °C. This is the lowest temperature for anisole
decomposition that has been reported to date. Toluene, the
second low-temperature product, was detected at 450 °C.
Many other decomposition products were observed at
temperatures above 450 °C, including aromatics, oxygenated
aromatics, nonaromatic C1−C6 hydrocarbons, and different
light compounds. Detailed mechanistic studies with the DFT
and high-level coupled cluster methods revealed multiple
unimolecular and biomolecular reaction pathways leading to

the formation of primary products of anisole decomposition.
The predicted energies of TSs and intermediates helped us to
identify the dominant reaction pathways at different temper-
atures. Formation of benzene and toluene at low temperatures
(400−450 °C) is explained by the low-energy barrier ipso-
addition of CH3 and H radicals at the methoxy moiety of
anisole. At 500−550 °C, multiple complex reaction mecha-
nisms lead to the formation of benzofuran, methylcyclopenta-
diene, benzaldehyde, cyclopentadiene, ethylbenzene, styrene,
and o-xylene. Finally, at 600−650 °C, indene is formed
through the reaction mechanisms with a relatively high energy
barrier. Phenol and cresol are detected only at 600 °C, likely
because at the other temperatures, they are quickly consumed
in the reactions with other compounds. The good agreement
between the compounds detected in the experiments
performed at different temperatures and the energy barriers
obtained from the electronic structure calculations demon-
strates the power of the combined experimental and computa-
tional approach for elucidating the dominant mechanisms of
complex molecular decompositions. The obtained results are
expected to contribute to the development of predictive kinetic
models for the decomposition of anisole and other oxygen-
containing benzene derivatives playing an important role in the
biomass pyrolysis for production of valuable chemicals and
fuels.
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