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ARTICLE INFO ABSTRACT

Keywords: Anisole and ortho/para (o/p-) cresol are relevant oxygenated aromatic compounds representative of lignocel-
Lignocellulosic biomass lulosic biomass and potential octane boosters. Despite their significance, the existing literature fails to
ic\nlsoie comprehensively interpret the fundamental aspects of their decomposition reactions. To bridge this gap, we
reso . . . employ high-level theoretical calculations to determine rate constants for key decomposition reactions of both
Variable reaction coordinate transition state . . . .. A .
theory C;HgO isomers and C;H;O resonance-stabilized radicals generated by bond-fission and abstraction reactions

from C;HgO. The rate constant determined theoretically using Variable Reaction Coordinate Transition State
Theory for the CsHsO + CHs is in quantitative agreement with experimental data. In contrast to what is currently
implemented in kinetic models, CH3 addition to the carbon sites of the aromatic ring is largely favored over
anisole formation. Hence, large quantities of methyl-cyclohexadienones (MCHDs) form and stabilize at lower
temperatures. Once formed, MCHDs can rapidly isomerize to cresols and eliminate CO. Cresols unimolecular
decomposition was found to be slower than that of phenol, thus warning against rate rules adopted in kinetic
models to estimate their reactivity. o/p-OCgH4CHs are the main radicals produced and they decompose to
CsH4CHj3 + CO or to OCgH4CHjy, + H. Notably, p-OCcH4CHj3 exhibits faster H loss due to the higher stability of the
product. Conversely, the ortho radical undergoes rapid interconversion with 0-HOCgH4CH> owing to the vicinal
O and CHj3 groups.

Implementing the new theoretical calculations in the CRECK model, with appropriate automated lumping of
o/p-MCHDs and o/p-C7H7O species, significantly impacts kinetic simulations of aromatics combustion, especially
for anisole. Key findings include the substantial accumulation of MCHDs at lower temperatures and a larger
fraction of ortho isomers, which suggests to reconsider lumping schemes for cresols adopted in the existing ki-
netic mechanisms. Finally, the underprediction of the high-temperature ignition of anisole, attributed to the
insufficient consumption of cresols, advocates for a revision of their oxidation kinetics.

1. Introduction

In the ongoing energy transition, the valorization of lignocellulosic
biomass is emerging as a viable route for the production of biofuels and
chemicals via e.g., fast pyrolysis and catalytic depolymerization [1].
Among the oxygenated monoaromatic hydrocarbons (OAH) obtained,
anisole (C¢H50CH3) and cresols (HOCgH4CH3) exhibit optimal charac-
teristics as gasoline octane boosters due to their high volatility and
heating value, while reducing soot emissions owing to their oxygen
content. Anisole, in particular, featuring methoxy and phenoxy moieties,
is chosen as a surrogate fuel to represent the decomposition and
oxidation behavior of lignocellulosic biomass [2,3].

The low dissociation energy of the O-CHs bond (64.2 kcal/mol [4])
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causes anisole to decompose at temperatures as low as 800 K [5]. This
reaction also largely determines anisole ignition propensity [6]. Then,
the reactivity of phenoxy (CgHs0) and methyl (CH3) radicals guides the
distribution of products under both pyrolysis and oxidation conditions
[5,7]. Rather than with the oxygen, CHj preferentially recombines with
the carbon sites of CgHs0, forming cresols and methylated Cs species [2,
3]. Cresols also form during the oxidation of benzaldehyde through the
same reaction channels and of toluene [8], where methylphenyl radicals
recombine with O(®P) and O, to form methyl phenoxy radicals
(OCgH4CH3).

Despite the relevance of the C¢Hs50 + CHj reaction and the subse-
quent decomposition of cresols, these pathways are not accurately
assessed in the literature. The rate constant of O—-CHj3 bond-fission was
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derived via plug flow (PF) or jet stirred (JS) reactor experiments of
anisole thermolysis at 800-1600 K [9,10]. However, due to the fast
reactivity between C¢HsO and CHjs radicals, data interpretation always
required simple kinetic models incorporating at least the formation of
cresols, phenoxy radical decomposition, and methyl self-recombination
[10]. In particular, Lin and Lin [10] highlighted the sensitivity of CO
profiles to the C¢gHsO + CH3 = HOCgH4CHj3 reaction, with a rate con-
stant estimated to be ~1.7 x 10713210712 em3/s at T = 1000-1600 K and
p = 0.4-0.9 atm. The only available experimental estimate for the total
CeHs0 + CH3 recombination rate constant was obtained via pulsed laser
photolysis of anisole by Tonokura et al. [11] at T=298 K and p = 0.026
atm, obtaining a value of 6.2 + 2.6 x 107! cm®/s. This result seems
incompatible with the much lower cresol formation rate proposed in
[10].

As regards theoretical calculations, Pecullan et al. [12] estimated
rate constants for C¢HsO + CH3 => C¢Hs0OCH3, HOCgH4CH3, CsH5CH3
(methyl cyclopentadiene) + CO via QRRK analysis based on thermo-
dynamic considerations. The total association rate constant was
approximated as ~101-1071% em®/s. More recently, Koirala [13] pre-
sented a more complete set of rate constants for the main decomposition
reactions of anisole and o/p-cresol, as well as H-atom abstraction re-
actions from several C;HgO isomers. Potential energy surfaces (PESs)
were determined at the CBS-QB3 level of theory and rate constants were
computed with QRRK and made available at the high-pressure limit and
at 1 atm. Contrary to [12], Koirala found lower values for the C¢Hs0 +
CHj3 association rate.

Due to the low level of theory of previous literature studies and the
disagreement between and within theory and experiments, the available
rate constants for C;HgO decomposition reactions have large un-
certainties. This low accuracy is reflected in kinetic models for anisole
pyrolysis and oxidation. O-CHjz bond fission rate constant is often taken
from the experimental value of Arends et al. [9] (e.g., in [2,14]). The
total rate constant for C¢HsO + CH3 recombination at T > 800 Kis ~1-3
x 107! em®/s in several kinetic models, while the product distribution
varies. As for cresols, most kinetic models lump together ortho (o-) and
para (p-) isomers, while their decomposition reactivity is included from
Pecullan et al. (as in [2]) or from Koirala (as in [7]), or estimated by
analogy with phenol [6,14]. Finally, all kinetic schemes approximate the
decomposition of C;H;O radicals from that of similar compounds (i.e.,
CeHs0).

In light of the identified knowledge gaps in determining the reaction
kinetics of anisole and cresol, this work presents state-of-the-art theo-
retical calculations and master equation (ME) simulations for the
decomposition of anisole, o/p-cresol, and of the C;H;O resonance-
stabilized radicals formed by bond-fission and abstraction reactions.
The new rate constants are incorporated into the CRECK kinetic model
to test the impact of the theoretical findings on global kinetic simula-
tions of the combustion of aromatics. Finally, performance analysis
quantifies the different fractions of o/p- isomers and highlights reaction
pathways of interest for future investigations.

2. Methods
2.1. Theoretical calculations

The PESs of interest in this work were explored with EStokTP [15],
which relies on Gaussian 09 [16], Molpro 2021 [17] and MRCC [18] for
electronic structure calculations and MESS [19] for master equation
simulations. Rate constants were determined with the ab initio (AI-)
transition state theory (TST)-based ME method. Geometry optimization
and frequency calculations for all stationary points were performed at
the ®B97X-D/6-311+G(d,p) level of theory. Single point energies (SPE)
were refined at the FNO—CCSD(T) level using the cc-pVQZ-F12 and
cc-pVTZ-F12 basis sets [20]. Extrapolation to the complete basis set limit
(CBS) was obtained as E(QZ) + 0.69377*[E(QZ)-E(TZ)], with final ac-
curacy of the relative energies estimated within 1 kcal/mol. Based on
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our previous findings for the analogous PES for phenol decomposition
[21], the energy barriers for the three decarbonylation channels to form
CsHsCH3 were refined at the CASPT2(12e,110) level of theory, using
both aug-cc-pVTZ and cc-pVTZ/cc-pVQZ basis sets extrapolated to CBS
and an IPEA shift of 0.25. The active space (AS) employed is analogous
to that described in [21].

The thermochemistry of all thermochemically stable C;HgO, C;H;0
and C7HgO isomers was derived post-processing the theoretical calcu-
lations with AutoMech [22]. Formation enthalpies were calculated at
0 K through the CBH-2 scheme [23], which reproduces the ATcT anisole
literature value within 0.01 kcal/mol [4]. For cresols as well as radicals
with resonance stabilization of the aromatic ring, isodesmic reactions
involving CgHsOH, CcHsCH3, CgHg, C¢Hs0, and CeHsCH, species were
preferred. Upon testing of different schemes, the uncertainty in our
predicted formation enthalpies is estimated to be below 0.5 kcal/mol for
molecules and within 1 kcal/mol for radicals. The resulting thermo-
chemical properties, fitted with NASA polynomials, are attached in the
supplementary material (SM-2).

Conventional and variational TST (c/vIST) were employed to
compute rate constants of channels with well-defined barriers. In
particular, cTST was adopted for H-transfer reactions, while vTST was
adopted for all the other channels such as ring opening and beta-scission
reactions (see attached MESS input file for details). Internal rotors were
treated with the 1D hindered rotor model as described in [15,19].
Torsional potentials were computed at 20° interval scans of the dihedral
angles. Finally, the Eckart model [24] was adopted to account for
tunneling corrections.

Rate constants for the addition of methyl to C¢gHsO and of H to o-
OCgH4CHj3 were determined using Variable Reaction Coordinate (VRC-)
TST using VaReCoF [25,26]. The semi-automated protocol implemented
in EStokTP accelerated the setup of the VRC-TST simulations. First, a
high-level (HL) potential along the minimum energy path (MEP) con-
necting the radical fragments was determined for each resonant radical
site of both C¢gHsO + CH3 and 0-OCgH4CH3 + H. The MEPs for the
recombination of H atoms with the two 0-OC¢H4CH3 meta sites were
assumed to be energetically equivalent. Structures along the MEP were
determined at the UnB97X-D/6-311+G(d,p) level of theory for 2.0-4.0
A fragments separations. HL energies were determined at the
CASPT2/aug-cc-pVTZ level using a (8e,80) AS, consisted of the (2e,20)
electrons and orbitals of the radical centers and of the (6e,60) & and ©*
bonding and antibonding orbitals of the aromatic ring. HL calculations
were used to construct a correction potential for both HL energy and
geometry relaxation to enable faster but accurate lower-level VRC-TST
simulations. In particular, most VRC-TST samplings were performed
with a minimal (2e,20) AS and the smaller cc-pVDZ basis set using
frozen fragment geometries determined at the UnB97X-D/6-311+G(d,
p) level of theory. Instead, sampling for the O-CH3 bond-fission of ani-
sole required a larger (8e,80) AS due to the non-negligible contribution
of the & aromatic orbitals at the short separations where the minimum
flux is reached (~2.1-2.6 A). In our experience (e.g., C3Hg + oCP) [27]
and unpublished work on CHg + NOy, CcHs0 + O(®P) reactions), the use
of DFT geometries obtained with broken symmetry guesses provides
very close agreement with full CASPT2 optimizations, i.e., about 0.2
kcal/mol differences for the MEP and < 20 % differences in the final rate
constant.

The branching for the recombination between the multiple resonant
radical sites of CcHsO and 0-OCgH4CH3 was described by placing two
pivot points (one above and one below the plane of the aromatic ring) on
each of the four reactive sites. These pivot points were used for VRC-TST
samplings at fragment separations of 2.0-5.0 A to construct multifaceted
dividing surfaces for short-range fluxes. Instead, single pivot points
placed at the center of mass of each fragment were adopted at distances
of 5-10 A to build spherical dividing surfaces for long-range fluxes. The
two fluxes were then included in the ME integration to determine
channel-specific rate constant using a two TS model. Reaction fluxes for
H association with p-OCcH4CH3 were reasonably assumed identical to
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those for 0-OCgH4CH3 and were only corrected for symmetry. Finally, o/
p-HOCgH4CH; + H recombination fluxes, which are less relevant from a
kinetic standpoint, were estimated with phase space theory by repro-
ducing literature values for the analogous C¢gHsCH2 + H reaction [28].

Rate constants were evaluated at T = 500-2000 K and p = 0.01-100
atm solving the multi-well one-dimensional ME [19]. Collisional energy
transfer in Ar bath gas was computed through the exponential down
model. The average energy transferred in a deactivating collision was
estimated as <AE> = 366(T/298)0'47 cm?! as proposed by Jasper [29]
for cyclic molecules with alcohol groups. Lennard-Jones parameters
were approximated from the critical properties of anisole [30] as 6 = 6.1
A and e = 411 K. All MESS input files are attached as SM-1.

2.2. Kinetic modeling

The impact of the new theoretical findings on the global combustion
reactivity of OAHs was tested with kinetic simulations of the pyrolysis
and oxidation of anisole, cresols, and also benzaldehyde and toluene,
where the reactivity of cresols might be relevant. All kinetic simulations
were performed with OpenSMOKE~++ [31]. The latest version of the
CRECK kinetic model (a newer version of [14]) was updated with the
results of this work. Compared to [14], the starting model contains
revised CsHsCHs chemistry from [32], and additional CsH4CH3 reac-
tivity estimated by analogy with CsHs. Both CsHsCH3 and CsH4CHj3 are
lumped pseudospecies [32]. The CRECK model also considers ortho and
para cresol as one. To test the impact of the present findings, the re-
actions involving cresol and the available C;H;0 and C;HgO species (i.
e., OCgH4CH3, HOCgH4CH;, OCgH4CHy) were de-lumped assuming
equal reactivity for the ortho and para isomers, obtaining an equivalent
model.

Theoretical rate constants from ME simulations were lumped using
our automated ME-based lumping approach (MEL) [33]. Thermo-
chemistry of lumped pseudospecies was set equal to the most abundant
isomer at equilibrated conditions [33]. The validity of the lumping
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procedure was assessed by comparing the performances of the detailed
and lumped versions of the updated model. Modified Arrhenius fits for
both the detailed and lumped sets of rate constants and pseudospecies
compositions derived from MEL are available in SM-3.

3. Results and discussion
3.1. Potential energy surfaces

Fig. 1 depicts the main reaction channels for the C;HgO (a) and
C7H;0 para (b) and ortho (c) PESs investigated in this work. PRn
products formed by H loss on the C;HgO PES correspond to the radicals
Wn that decompose on the C;H;O PESs, as highlighted on Fig. 1b,c in
parentheses. Additional details on species nomenclature are provided in
Section SO. The only channel included for anisole decomposition is the
bond-fission, as the access to other isomers on the PES (e.g., W-0) re-
quires the transfer of H or CH3 from the methoxy group to the aromatic
ring with large TS barriers of 88.5 and 79.2 kcal/mol, respectively,
similarly to H transfer reactions in alkylated aromatics [34]. CHs can
also recombine on the ortho and para carbon sites of CcHs0 and thus
access the cresol PES via W-o and W-p, respectively. Instead, preliminary
investigations at the DFT level of the direct radical H-atom abstraction
by CH3 from CgHsO revealed an energy barrier of ~25 kcal/mol, making
this channel uncompetitive with the recombination reactions. The wells
W-o0 and W-p isomerize to other methyl-cyclohexadienones (MCHDs:
W-o/p, W2-0/p, W3-0/p, W6-0, W3B-0 of Fig. 1a). Then, keto-enol
tautomerization from W-o and W2-o/p can form o/p-cresol, as also
observed in the analogous phenol system [21]. Instead, H transfers from
the methyl group to the aromatic ring have much larger energy barriers
(i.e., ~90 kcal/mol, see [34]) and were therefore neglected. The un-
stable W3-o/p and W3B-o diradicals undergo ring-closure and finally
eliminate CO to form 1- and 2-CsHsCHs. The latter is the rate deter-
mining step (RDS) for CO formation. H transfer and CO elimination from
cresols and MCHDs compete with H losses to form resonance-stabilized
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Fig. 1. Potential energy surfaces for the decomposition of C;HgO (a) and C;H;O para (b) and ortho (c) radicals. In (b) and (c), names in parentheses indicate the
nomenclature of the corresponding species in (a). Energies are in kcal/mol and include Zero-Point corrections. Dash-dotted lines show that the PES was simplified for

clarity (full PESs in Fig. S1). Name colors highlight different lumping treatment (Section 3.4): black = single species, grey =

lumped group.
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radicals, i.e., the phenoxy-like o/p-OC¢H4CHs (PR2-0/p) and the
benzyl-like o/p-HOCgH4CH; (PR3-0/p). At higher energies, H loss from
the methyl groups of MCHDs can also lead to
methylene-cyclohexadienonyl products (MeCHDyl: PW2R-o/p, PW6R).
Overall, the decompositions of ortho and para cresol share similar re-
action channels, however the former presents a larger number of MCHD
isomers due to the lower symmetry, as well as faster conversion of W-o
to the other MCHDs via H transfer to W2-o. The relative energies of
analogous stationary points on the two portions of C;HgO PES are
generally within 1 kcal/mol, except from W3 species and the associated
TSs because of the stronger resonance of the W3-0/W3B-o rings. In
comparison with the analogous mono-substituted phenol system [21],
generally used as reference for cresol reactivity in kinetic models, en-
ergies of H-loss products PRn and the energy barrier for CO elimination
are about 1-1.5 kcal/mol lower. This can be attributed to differences in
the levels of theory adopted as well as to the presence of electron
donating groups that stabilize the radicals, as observed for instance in
ipso-substitution reactions on poly-substituted aromatics [35]. Addi-
tional details are discussed in Section S2.1.

Fig. 1b,c present the simplified PESs for the decomposition of p/o-
C7H7O (full PESs in Fig. S1). Benzyl-like radical decomposition channels
are expected to be energetically irrelevant and were not investigated.
Both the ortho and para phenoxy-like radicals (W1-o/p) follow a radical
decomposition pathway analogous to that of C¢HsO => CsHs + CO
[21], with the RDS energy barriers being 0.7 and 0.9 kcal/mol above
those computed in [21], consistent with the slightly higher stability of
the substituted radicals. Due to its lower symmetry, W1-o can access two
decomposition pathways: when the carbonyl and methyl moieties share
the same carbon ring site (W4BR-2 of Fig. 1c), the higher steric hin-
drance increases the energy barriers by 0.9 and 6.6 kcal/mol for the
three-membered ring opening and the CO loss, respectively. The vicinity
of the C=0 and C-CH3 groups in W1-o also allows fast interconversion to
W1b-o, contrary to the para system. Hence, the fate of the ortho radicals
will be determined only after W1-o/W1b-o equilibration. Finally, both
W1-o/p and W1b-o/p can undergo H transfer and then H loss to produce
methylene-cyclohexadienones (MeCHDs: P1-o/p). These paths are un-
available to the unsubstituted phenoxy radical and may be relevant at
high temperatures. P1-p is predicted to be 4.1 kcal/mol more stable than
Pl-o, as reflected directly on the energy barriers for the respective
B-scission channels. Hence, H loss to OCcH4CHy will be favored in the
para system with respect to the ortho one.

3.2. Rate constants of recombination channels

Rate constants for the C¢HsO + CH3 and 0-OC¢H4CH3 + H recom-
bination reactions were determined using VRC-TST as described in
Section 2.1. Fig. 2a,b show the HL potentials determined along the
MEDPs. Interestingly, the MEPs for the formation of anisole and o-cresol
are the least attractive, in contrast with the larger exothermicity of these
channels with respect to the competing ones (see Fig. 1a). However, the
radical center in CcHsO and 0-OCgH4CHj3 is mostly located on the aro-
matic ring, while the oxygen atom is involved in a strong double bond.
Additionally, the anisole MEP exhibits a minimum at O-CHj separations
of ~3.5 A. In fact, CHgs establishes a non-bonding interaction with the
aromatic ring and then re-orients to a parallel configuration at shorter
distances, as shown in Fig. 2a.

Fig. 2c, d present the calculated total and channel-specific rate
constants. The total C¢HsO + CHj rate constant (Fig. 2¢) is in quanti-
tative agreement with the experimental measurement of Tonokura et al.
[11]. It is noted that the total high-pressure rates of Fig 2c,d slightly
differ from those at 1 atm even at low temperatures. This is not attrib-
uted to a fall-off behavior (present at T > 1000 K) but rather to the use of
two different master equation models. It is noted that the long-range flux
is computed with pivot points at the center of mass of the fragments,
such that the recombination rate constant is not site-specific. Hence, it is
necessary to choose how to partition the long-range flux among the
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Fig. 2. CASPT2/aug-cc-pVTZ MEP potentials (ZPE excluded) for a) CeHsO +
CH3 and b) 0-OCgH4CH3 + H reactions, and corresponding total and channel-
specific rate constants in ¢) and d), respectively, compared with the experi-
mental data from Tonokura et al. [11]. Products nomenclature corresponds to
that of Fig. 1.

different radical centers. This partitioning is relevant at low tempera-
tures (T < 600 K), where the short- and long-range fluxes leading to
W-o/p are comparable. High-pressure calculations (i.e., all lines in Fig. 2
except the “Total (1 bar)” rate) require separate master equation simu-
lations for each site including both long and short-range fluxes. Hence,
the long-range flux was split equally between the recombination on the
oxygen center and on the aromatic ring. A more physically consistent
model, used instead for pressure-dependent simulations, assumes that
the long-range flux connects the reactants to the same van der Waals
well, which is then connected to the final products. The identification of
entrance van der Waals wells for the different recombination sites might
impact the channel-specific rate constants only when the long range flux
is rate controlling and was therefore deemed beyond the scope of the
present work.

Overall, the channel-specific rate constants of Fig. 2¢,d show that the
slowest recombination channels lead to cresol and anisole, while addi-
tion on the aromatic ring is always favored. This behavior determines
the subsequent reactivity and distribution of products, as discussed
below.

3.3. Global kinetics and product distribution

This section summarizes the results of the global reactivity of the
studied portions of the C;HgO and C;H;O PESs. Fig. 3a reports the
branching fractions (BFs) of the main products of C¢HsO + CHz atp =1
atm. At low temperatures, anisole, W-o, and W-p stabilize thermo-
chemically and accumulate. At higher temperatures, W-o and W-p
convert to other MCHDs. The larger fraction of ortho MCHDs reflects
both the faster methyl recombination on the ortho carbon site of C¢HsO
(Fig. 2¢) and the fast conversion between W-o and W2-o (Section 3.1). At
T > 1500 K, MCHDs isomerize to cresols or decompose prior to colli-
sional stabilization, resulting in oscillating BFs. Because of the high
rovibrational energy, well-skipping reactions produce CsHsCHj3 + CO,
and H + C;H;0 isomers, i.e., mostly OCgH4CH3 with minor fractions of
HOCgH4CHy (see Fig. S2). H loss prevails over CO elimination at T >
1500-1600 K. Overall, at higher temperatures the main products are
W2-0/p, o/p-cresol, 0-OCcH4CH3 + H, and CsHsCH3 + CO.

While MCHD isomers are less stable than cresols, they can accumu-
late substantially at T < 1600 K. MCHDs isomerize fast, with rate con-
stants of the order of 10°-10* s at T = 1000 K (Fig. S3, S4), and may
thus form an equilibrated isomer pool. Dissociation to C¢HsO + CHj is
the favored decomposition channel (k(1000 K) = 10'-10° s'l), followed
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by CO elimination (k(1000 K) = 1-10 s'l), while H loss reactions are the
slowest. It is noted that MCHDs are generally excluded from combustion
models for OAHs as they are assumed to convert rapidly to cresols,
similar to what commonly done for CcHgO isomers [21]. However,
MCHDs may be formed at low temperatures such as in anisole com-
bustion and therefore accumulate, as assessed in the kinetic simulations
discussed in Section 3.4.

Fig. 3b shows branching fractions for the main products of o/p-cresol
decomposition at 1 atm (detailed products in Fig. S5). The reactivity of
the o/p- isomers is analogous and it proceeds mostly via isomerization to
MCHDs at low temperatures, and dissociation to C¢Hs0 + CH3 and PRn
+ H at higher temperatures, with PRn indicating H loss products (see
Fig. 1a). Direct CO elimination is a minor pathway, as opposed to the
reactivity of MCHDs. Compared to p-cresol, o-cresol shows larger for-
mation of C¢HsO + CHg at intermediate temperatures and smaller pro-
duction of H and CO, while isomerizations dominate at all temperatures.
This behavior reflects both the higher stability of o-cresol related to the
interaction between the side hydroxy and methyl groups and the faster
dissociation to CgHsO + CHj3 via o-cresol = W2-0 = W-o pathway. In
terms of global reactivity, compared to phenol [21] the temperature
dependence and relative importance of the H loss and CO elimination
channels are similar. However, despite the lower energy barriers, the
decomposition of cresols is slower (factors of 1.5-4.0 at T = 800-1200
K), reasonably because of the larger steric hindrance of the lateral
methyl group, warning against currently adopted analogy rules. Addi-
tional details are discussed in Section S2.2.

Fig. 3c shows the rate constants of the decomposition channels of o/
p-OC¢H4CH3 radicals (Wl-o/p of Fig. 1; detailed rate constants in
Fig. S6a,e), which are the main products formed by H loss from C;HgO.
The most striking difference between the reactivity of Wl-o and W1-p is
the fast H transfer from W1-o to W1b-o. W1b-o product distribution is
similar to that of W1-o (Fig. S6b). H transfer reactions to MeCHDyls (i.e.,
W2R-0/p, W6R of Fig. 1b,c) are minor in the full range of temperature,
while CO elimination is the dominant decomposition reaction for both
radicals. The rate constant for W1-p => CsH4CH3 + CO agrees within a
factor of 1.5 with our previous calculation for C¢HsO => CsHs + CO
[21], while that for W1-0 => CsH4CHj3 + CO is a factor of 2.3-3.4 slower
than [21] due to both the higher energy barriers (see Fig. 1c¢) and the
steric hindrance of the lateral methyl group. At higher temperatures,
B-scission reactions to o/p-OCgH4CH2 + H (P1 + H in Fig. 3c) contribute
up to 32 % and 47 % to the o/p-OCe¢H4CH3 product distribution
(excluding the W1l-o = W1b-o channel), respectively; formation of
p-OC¢H4CH; + H is faster than that of its ortho counterpart due to the
larger stability of the product.

3.4. Lumping and kinetic modeling

Rate constants from ME simulations were lumped with MEL as
described in Section 2.2. Colors of species names of Fig. 1 highlight
lumped species, while thermochemically unstable isomers (in grey)

were excluded. o/p-MCHDs were grouped together and show dominant
fractions of W2-o/p. MeCHDyl isomers are produced in small amounts
and were therefore grouped with the respective o/p-OC¢gH4CHgs isomers
(see Section S4). Consequently, only 2 new species were added to the
model (i.e., o/p-MCHD named o/p-OC¢HsCHgs, see SM-3). Overall, 76
new irreversible reactions were obtained thanks to lumping, while the
full set of detailed rate constants included 13 species and 212 reactions.
The main differences in the updated reactivity with respect to the
reference CRECK model are that 1) anisole bond-fission is a factor of
1.5-2 faster at p > 1 atm and T < 1500 K, while it becomes slower at
p (< 1latmandT) 1100 K; and 2) CgHsO + CH3 recombination on the
aromatic ring sites is about 3 times faster and mostly produces MCHDs
instead of cresols. Preliminary kinetic simulations revealed substantial
accumulation of MCHDs, therefore bimolecular reactions involving
MCHDs were included in the model, mostly by analogy with toluene (see
Section S5).

The impact of kinetic model updates was most evident on kinetic
simulations of literature anisole pyrolysis and combustion experiments.
First, it is noted that anisole conversion is largely governed by the ki-
netics of the O-CH3 bond-fission and therefore by the thermochemical
properties of anisole. Compared to the values currently adopted in ki-
netic models [14,36], we predict lower formation enthalpies (by 1-2
kcal/mol in the 1000-2000 K range) mostly due to the lower heat ca-
pacity (by up to 2.3 cal/mol/K at 1000 K) and lower entropies (by 1-4
cal/mol/K). While our formation enthalpy matches within 0.1 kcal/mol
the recommended value by ATcT at 298 K [4], the computed heat ca-
pacity underestimates the experimental values of Hales et al. [37] by
~1.5 cal/mol/K in the 400-500 K range, which are instead in better
agreement with the values adopted in [14,36]. Overall, the computed
Gibbs free energy increases by 1-6 kcal/mol in the 500-2000 K range
(mostly due to the entropic contribution), which can shift the simulated
anisole conversion profiles by 10-30 K, as reported more extensively in
Section S3.2. Indeed, these discrepancies encourage additional experi-
mental and theoretical investigations of anisole thermochemistry.
Additionally, while there is better agreement in the literature on the
thermochemical properties of the phenoxy radical, we believe that more
accurate estimates might also be needed. The results here presented
include the computed anisole bond-fission rate constant in its explicit
forward and backward directions.

Fig. 4a shows profiles of some relevant species detected during ani-
sole pyrolysis in PFR experiments [7]. The flux analysis of Fig. 5 guides
the discussion on the reactivity. Anisole conversion in the new model
increases at T ( 1000 K, while it decreases at T ) 1050 K and p = 0.04 atm,
consistently with the updated rate constant of anisole bond-fission. The
higher amount of CgHsO forms larger fractions of dibenzofuran
(C12HgO) via self-association. About 75 % of C¢gHsO recombines with
CH3 to form MCHDs, with an o/p ratio of ~1.5. MCHDs either convert to
cresols via H-transfer or to o/p-OC¢H4CH3 by H abstraction reactions,
resulting in the early onset of OCcH4CHj3. o/p-OCcH4CHj3 eliminate CO
and are the main source of CsH4CHs. As anticipated in Section 3.3,
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0-OCgH4CH3 equilibrates with 0-HOCgH4CH,, thus the latter decar-
bonylates via well-skipping. Both o/p-HOCgH4CHj can be formed by H
abstractions from cresols, and mainly recombine or lose H atoms.

Fig. 4b shows relevant species profiles for anisole oxidation (¢p = 1)
in a JSR [38]. Anisole conversion increases also in this case. The inter-
esting change in shape at T ~825 K is due to the competition between
the bond-fission and H abstractions by OH, that produce directly
CgHsCHO. The former prevails in the updated model, as reflected by the
strong decrease in C¢HsCHO at T < 900 K. Instead, the faster C¢HsO +
CH3 recombination to MCHDs and cresols leads to a strong over-
prediction of these species, which is in line with the slow cresol con-
version obtained in JSRs for cresol oxidation (Fig. S19, S20). The mole
fraction profiles of o/p-MCHD and o/p-cresol in Fig. 4b show that 1)
MCHDs accumulate first and then isomerize to cresols; 2) the ortho
isomers are more abundant, suggesting the possible need to differentiate
the reactivity of o/p-cresol isomers in kinetic models. Similar observa-
tions result from the analysis of additional flow reactor experiments
presented in Section S6.1. Overall, cresols are overpredicted, while
simulated CO profiles are more aligned with experimental findings. The
relevance of MCHDs emerges from the substantial impact of their
reactivity even on the shape of the simulated species profiles (e.g.,
Figure S15). Finally, recombination reactions of C;yH;O with other
radicals (e.g., CyH;0, C;H;, CH3) are key in determining the final

product distribution, hence warranting more attention in future works.
Fig. 4c shows model predictions of anisole ignition delay times in ST
and RCM experiments [6]. While the low-temperature acceleration is
coherent with the JSR/PFR behavior, the reactivity slows down signif-
icantly at T > 1000/1050 K, p = 10 bar, similar to kinetic simulations of
high-temperature premixed flame experiments (Figure S18). In fact, in
the updated model anisole consumption by H abstractions to the reac-
tive CcHsCHO decreases in favor of O-CHs bond-fission; then, CgHsO +
CHj3 and subsequent reactions lead to large amounts of stable cresols and
C7H;0 radicals compared to the original model (four-fold and two-fold,
respectively), thus slowing down the ignition. Overall, the present
findings suggest the need to revise and further explore the oxidation
reactivity of cresols and their radicals in kinetic mechanisms. A more
detailed account of all kinetic simulations is reported in Section S6.

4. Conclusions

This work presents state-of-the-art theoretical calculations for the
decomposition of anisole, o/p-cresol, and the associated C;H;O radicals.
The C;HgO PES is accessed by CgHsO + CH3 and OC¢H4CH3 + H re-
actions, which were studied with accurate VRC-TST -calculations
obtaining quantitative agreement with experiments. CHs recombines
preferentially with the aromatic ring sites, leading to the low-
temperature accumulation of large amounts of MCHDs, which can
then isomerize to cresols. At higher temperatures, C;HgO largely de-
composes back to CgHsO + CHs, but can also form CsHsCHs+ CO
(especially MCHDs) or C;H;0 + H (mostly cresols) as in the phenol
system. However, cresol decomposition kinetics is slower than that of
phenol, warning against analogies adopted in kinetic models. Finally,
C7H70 radicals decompose to CsH4CH3 + CO with similar reactivity to
phenoxy.

The new rate constants were implemented in CRECK kinetic model
and were found to substantially affect the global reactivity of anisole.
The results of kinetic simulations highlight that 1) MCHDs accumulate
significantly and therefore deserve more attention in kinetic schemes; 2)
the fractions of ortho and para isomers are different and this should be
reflected in lumped models; 3) thermochemical properties of anisole and
of the phenoxy radical might need revision. Finally, bimolecular re-
actions involving cresol and their radicals should be further addressed to
resolve model shortcomings such as the accumulation of cresols and the
slow anisole ignition at high temperatures.

Novelty and significance statement
This work is novel as it presents the first high-level theoretical

investigation of the main reaction channels active on the C;HgO po-
tential energy surface for the unimolecular decomposition of anisole,
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ortho- and para-cresol, as well as the subsequent unimolecular reactivity
of the CyH7O radicals formed by H-loss reactions. VRC-TST treatment of
bond-fission channels allowed quantitative agreement with experi-
mental observations. The significance of the study was proved by 1)
highlighting inaccuracies in rate constants currently adopted in kinetic
models and 2) kinetic simulations of the combustion of anisole, cresol
and other aromatics, showing large impact of the updated kinetics
especially on the ignition propensity and on the product distribution of
anisole pyrolysis and oxidation. Model performance analysis revealed
the need to revise the cresol submodel. The present work will thus
contribute to build accurate kinetic models for anisole and cresol, used
as surrogate fuels of lignocellulosic biomass and biomass-derived
biofuels.
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