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Xavier Flotats

Received: 11 January 2023

Revised: 2 April 2023

Accepted: 18 April 2023

Published: 27 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

An Ab Initio RRKM-Based Master Equation Study for Kinetics
of OH-Initiated Oxidation of 2-Methyltetrahydrofuran and Its
Implications in Kinetic Modeling
Tam V.-T. Mai 1,2,† , Thanh Q. Bui 3,† , Nguyen Thi Ai Nhung 3,* , Phan Tu Quy 4, Krishna Prasad Shrestha 5,‡,
Fabian Mauss 5, Binod Raj Giri 6,* and Lam K. Huynh 7,8,*

1 Institute of Fundamental and Applied Sciences, Duy Tan University, 06 Tran Nhat Duat, Tan Dinh Ward,
District 1, Ho Chi Minh City 700000, Vietnam

2 Faculty of Natural Sciences, Duy Tan University, Da Nang City 550000, Vietnam
3 Department of Chemistry, University of Sciences, Hue University, Hue City 530000, Vietnam
4 Department of Natural Sciences & Technology, Tay Nguyen University, Buon Ma Thuot City 630000, Vietnam
5 Thermodynamics and Thermal Process Engineering, Brandenburg University of Technology,

Siemens-Halske-Ring 8, 03046 Cottbus, Germany
6 Physical Science and Engineering Division, Clean Combustion Research Center, King Abdullah University of

Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia
7 School of Chemical and Environmental Engineering, International University, Quarter 6, Linh Trung Ward,

Thu Duc City, Ho Chi Minh City 700000, Vietnam
8 Vietnam National University, Ho Chi Minh City 700000, Vietnam
* Correspondence: ntanhung@hueuni.edu.vn (N.T.A.N.); binod.giri@kaust.edu.sa (B.R.G.);

hklam@hcmiu.edu.vn (L.K.H.); Tel.: +84-(8)-2211-4046 (ext. 3233) (L.K.H.); Fax: +84-(8)-3724-4271 (L.K.H.)
† These authors contributed equally to this work.
‡ Current address: Los Alamos National Laboratory, Los Alamos, NM 87545, USA.

Abstract: Cyclic ethers (CEs) can be promising future biofuel candidates. Most CEs possess physico-
chemical and combustion indicators comparable to conventional fuels, making them suitable for
internal combustion engines. This work computationally investigates the kinetic behaviors of hy-
drogen abstraction from 2-methyl tetrahydrofuran (2MTHF), one of the promising CEs, by hydroxyl
radicals under combustion and atmospheric relevant conditions. The various reaction pathways were
explored using the CCSD(T)/cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory. The Rice–Ramsperger–
Kassel–Marcus-based master equation (RRKM-ME) rate model, including treatments for hindered
internal rotation and tunneling, was employed to describe time-dependent species profiles and pres-
sure and temperature-dependent rate coefficients. Our kinetic model revealed that the H-abstraction
proceeds via an addition-elimination mechanism forming reaction complexes at both the entrance
and exit channels. Eight different reaction channels yielding five radical products were located. The
reaction exhibited complex kinetics yielding a U-shaped Arrhenius behavior. An unusual occurrence
of negative temperature dependence was observed at low temperatures, owing to the negative
barrier height for the hydrogen abstraction reaction from the C-H bond at the vicinity of the O-atom.
A shift in the reaction mechanism was observed with the dominance of the abstraction at Cα-H
of 2MTHF ring (causing negative-T dependence) and at CH3 (positive-T dependence) at low and
high temperatures, respectively. Interestingly, the pressure effect was observed at low temperatures,
revealing the kinetic significance of the pre-reaction complex. Under atmospheric pressure, our
theoretical rate coefficients showed excellent agreement with the available literature data. Our model
nicely captured the negative temperature-dependent behaviors at low temperatures. Our predicted
global rate coefficients can be expressed as k (T, 760 Torr) = 3.55 × 101 × T−4.72 × exp [−340.0 K/T] +
8.21 × 10−23 × T3.49 × exp [918.8 K/T] (cm3/molecule/s). Our work provides a detailed kinetic
picture of the OH-initiated oxidation kinetics of 2MTHF. Hence, this information is useful for building
a kinetic me chanism for methylated cyclic ethers.
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1. Introduction

Over the past few years, there were many erratic weather patterns around the globe,
showing that global warming is real. The continued burning of fossil fuels significantly
increased the CO2 in the atmosphere, accelerating global warming and causing severe
damage to the ecosystem. The global energy demand continues to grow (1.5% per year).
As the current energy portfolio stands today, fossil fuels will still dominate the energy
sector fulfilling the major energy needs for some decades. Mitigating CO2 emissions
remains a great challenge. Therefore, the world needs clean, inexpensive, zero-carbon,
and/or carbon-neutral alternative fuels. Fundamental studies targeting new fuel-engines
optimization are required for future sustainability. Synthetic fuels, biofuels, and other new-
generation fuels (e.g., nitrogen-based fuels) can help achieve carbon neutrality. Currently,
the combustion community is working hard, focusing on new fuel-engine technologies
for the welfare of today’s human civilization. Recently, there was considerable interest
in utilizing low low-carbon/or zero-carbon fuels from bio-sources or renewable energy
sources for future advanced engines. Low- and zero-carbon fuels can significantly improve
air quality and mitigate global warming. Following this interest, Rotavera and Taatjes [1]
addressed a wide variety of complex molecular structures and functional groups (e.g.,
alcohols, esters, ketones, acyclic ethers, and cyclic ethers) in their review of the ongoing
progress of advanced biofuels for either application into existing combustion systems or
development of future ones. In particular, chain-branching kinetics is most commonly
agreed as the frame mechanism of cyclic ether chemistry in combusting environments,
which is thought coincidently to emit OH radicals as the product of low-temperature
alkane oxidation. Regarding tetrahydrofuran and its derivatives, diverse data collected
from different methods are still needed for a more in-depth understanding and a solid
conclusion to be validated.

Among bio-derived fuels, cyclic ethers (CEs) can be promising future fuel candidates.
A recent review article from Tran et al. [2] provided an overview of the significance of
CEs as potential future fuels. Table 1 of Tran et al. [2] lists the physicochemical properties,
including the combustion indicators, e.g., lower heating value (LHV), research octane
number (RON), and derived cetane number (DCN) of various CEs. These values for CEs
were compared with conventional fuels (gasoline and diesel) and ethanol and n-butanol
to provide insights into the combustion performance of CEs. Except few, most CEs have
DCN less than RON 90 fuel, indicating that these CEs possess auto-ignition resistance and
that these CEs are suitable for gasoline engines. The LHV values of CEs are similar to those
of conventional fuels and alcohols (see Table 1 of Tran et al. [2]). For example, 2-methyl
tetrahydrofuran (2MTHF) has an LHV of 28.5 MJ/L, which is close to gasoline (31.6 MJ/L),
diesel (36.1 MJ/L), and n-butanol (26.8 MJ/L). However, its RON of 86 and DCN of ~22
make it very suitable for gasoline engines but limit its potential use as an octane booster in
gasoline blends. However, Rudolph and Thomas [3] reported that 2MTHF is highly suitable
as an automotive fuel additive in spark ignition engines with satisfactory performance if
mixed in a blend of 10% 2MTHF with gasoline. Alonso et al. [4] reported that a mix of 70%
2MTHF in gasoline could be used without engine modification. Similarly, Janssen et al. [5]
reported that a blend of 70% 2MTHF with 30% di-n-butyl ether could be an optimum diesel
blend. Due to the various advantages of 2MTHF, it emerged as one of the attractive future
fuels. Its ease of production is highly conducive to commercialization. The cyclic ether
can be produced in high yields from lignocellulosic biomass through furfural or levulinic
acid via catalytic processes (see Tran et al. [2] and references cited therein). 2MTHF can
also be obtained via hydrogenation of 2-methyl furan (a chemical intermediate), whose
biomass-production pathway was well-established (see Hoang et al. [6]). Moreover, the
exploration of inexpensive and efficient catalysts (non-noble-metal-based catalysts) looks
promising for the economically viable production of furan-based fuels [7–10].

There are 16 studies dedicated to characterizing the combustion behavior of 2MTHF
over T = 639–2240, p = 0.04 to 40 bar, and φ = 0.5 to ∞. These studies targeted ignition
delay times, laminar flame speeds, and speciation data during the oxidation of 2MTHF
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over a wide range of experimental conditions using various experimental techniques (see
Table 16 of Tran et al. [2]). Again, a recent review article from Tran et al. [2] nicely compre-
hended the previous studies pertinent to 2MTHF oxidation. Two existing kinetic models
from Tripathi et al. [11] and Fenard et al. [12] characterize the low- and high-temperature
chemistry of 2-MTHF. Both models adopted the high-temperature sub-mechanism from
Moshammer et al. [13]. Tripathi et al. [11] used a reaction analogy to tetrahydrofuran (THF)
to estimate the rate coefficients for H-abstraction reactions by OH and HOO radicals. The
low-temperature oxidation kinetics of 2MTHF was developed based on rate rules and
reaction classes. Fenard et al. [12] used a similar approach but updated the rate coefficients
for H-abstraction reactions of 2MTHF by HO2 from the theoretical work of Chakravarty
and Fernandes [14]. In addition, they employed the rate rules to deduce the hydrogen ab-
straction reactions of 2MTHF using the reaction analogy with methylcyclohexane [15]. Both
models showed a remarkable performance in capturing the low- and high-temperature oxi-
dation data (IDTs and speciation data) of 2-MTHF. The authors highlighted the importance
of OH-initiated oxidation of 2MTHF. At low temperatures, Tripathi et al. [11] showed that
OH radicals almost exclusively deplete 2MTHF.

Furthermore, they emphasized the importance of site-specific hydrogen abstraction
reactions of OH radicals with 2MTHF. For example, the formation of tertiary α-2-methyl
tetrahydrofuran radical (α-2MTHFyl radical) can undergo a second O2 addition forming
α-O2QOOH; however, it does not lead to low-temperature branching. The formed α-
O2QOOH radical cannot experience internal H-isomerization reaction due to lack of an
H-atom at the Cα site bearing OOH. On the contrary, the low-temperature branching is
active for δ-2MTHFyl radical) as the δ-O2QOOH) offers a hydrogen transfer reaction that
eliminates the OH radical. The formation of δ-2MTHFyl radical will expedite the low-
temperature oxidation kinetics of 2MTHF. See Figure 1 below for the nomenclature of the
2MTHFyl radical. There are no high-temperature studies of the OH + 2MTHF reaction. This
highlights the need for theoretical studies of OH-initiated reactions of 2MTHF rationalizing
the site-specific rate coefficients over a wide range of conditions.

A few studies reported the kinetics of OH + 2MTHF reaction at low temperatures.
Wallington et al. [16] first conducted an experimental study using flash photolysis resonance
fluorescence and relative rate techniques. The results from both techniques showed a good
agreement, yielding the values of absolute rate coefficients given by k(T) = (2.52± 0.74)×
10−12 exp(650± 80)/T] cm3/molecule/s and k(298 K) = 2.2 × 10−11 cm3/molecule/s,
respectively. These values of the rate coefficients show that OH radicals play a critical
role in the atmospheric chemistry of 2MTHF. The lifetime of 2MTHF is short (ca. 12 h)
under atmospheric conditions. The reactions of 2MTHF with O3 and NO3 radicals should
result in a negligibly slow depletion of 2MTHF. Recently, the experimental work of Illés
et al. [17] reinforced the earlier reports of Wallington et al. [16] for the rate coefficient of the
2MTHF + OH reaction. Illés et al. [17] used the low-pressure fast discharge flow (DF) exper-
iments coupled with resonance fluorescence detection of OH to directly measure a rate coef-
ficient of k(298 K, 2.64 bar He) = (1.21± 0.14)× 10−11 cm3/molecule/s. Their additional
experiments using the relative-rate/gas-chromatographic method yielded the rate coef-
ficient k(298 K, 1030 mbar air) = (2.65± 0.55)× 10−11 cm3/molecule/s. In a subsequent
study, Illés et al. [18] measured the temperature dependence of the rate coefficients for the
OH + 2MTHF reaction. Their rate expression can be given by
k(T) = (3.88± 0.55)× 10−12 exp[(560.5± 43.3)/T] cm3/molecule/s for the temperature
range of 260–360 K. The reaction of OH radicals with 2MTFH displays a negative tempera-
ture dependence at low temperatures. This unusual occurrence of a negative T-dependence
of the hydrogen abstraction reaction may reveal a negative barrier height for certain reac-
tion pathways of OH + 2MTHF. In summary, one can expect a complex kinetic behavior of
the hydrogen abstraction reaction of 2MTHF by OH radicals. To our knowledge, no prior
studies investigated the detailed kinetics discerning the role of each reaction channel in the
OH + 2MTHF reaction.
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2MTHF is not only a promising biofuel candidate but also it is present in the oxidation
kinetics of hydrocarbons and oxygenates (see Tran et al. [2]). Therefore, it is critical to
understand the kinetics of OH-initiated oxidation of 2MTHF as OH radical is abundant
under combustion and atmospheric conditions. In addition to its importance in the atmo-
spheric environment, the kinetic information would also help assist engine design and
biofuel development. Since there is no detailed kinetic study available yet for OH + 2MTHF
reaction, this work aims: (i) to fully characterize the potential energy surface for all plausi-
ble channels using high-level CCSD(T)/cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory;
(ii) to report the thermochemical data for 2MTHF and its radicals using atomization and
isodesmic schemes based on CBS-QB3 and W1U composite methods; (iii) to use RRKM-ME
code to reasonably predict the temperature and pressure dependence of the rate coefficients
for each channel; (iv) to evaluate the impact of the derived rate coefficients in the kinetic
modeling of 2MTHF oxidation. The thermodynamic/kinetic information, including the
detailed mechanistic insights (product branching and the distribution of the intermedi-
ates/products) from this work, will facilitate the modeling and simulation of MTHF-related
systems for a wide range of atmospheric and combustion applications.

2. Computational Details

All stationary points (i.e., reactants, intermediate complexes, transition states, and
products) involved in the title reaction were optimized at the M06-2X/aug-cc-pVTZ level of
theory [19,20] implemented in Gaussian 09 program suite [21]. The optimized structures are
provided in Figure S1 of Supplementary Information (SI). For each species, the harmonic
vibrational frequencies were also computed at the same level of theory. The vibrational
frequencies were scaled by a factor of 0.971 [22] to account for the difference between
experimental and computed data. The scaled vibrational frequencies were employed to
calculate the thermodynamic parameters and rate coefficients. In addition, the intrinsic
reaction coordinate (IRC) [23,24] calculations were also performed at the M06-2X/aug-cc-
pVTZ level of theory, ensuring a transition state of an elementary reaction connects its
corresponding reactant(s) and product(s) appropriately.

The optimized geometries, zero-point energy (ZPE), and harmonic wavenumbers,
calculated at M06-2X/aug-cc-pVTZ level, for the lowest-energy lying conformer for all
possible stationary points involved in the title reaction are provided in Table S1 and
Figure S1 of Supplementary Information (SI). Note that the lowest-energy lying conformers
for the species involved, together with the hindered internal rotation (HIR) treatment, were
used for thermodynamic and kinetic analyses. Figure 1 presents the optimized structures of
selected species, including the reactant (2MTHF), pre-reactive complexes (RC), transition
states (TS), product complexes (PC), a free radical (OH), and a water molecule (H2O).
Figure 1 also displays the literature data for OH and H2O [25,26] in parentheses, validating
our computational method for the OH + 2MTHF chemical system. The C-H bond lengths
in 2MTHF, in their most stable structural configuration, are almost identical, ranging from
1.09 to 1.10 Å.
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Figure 1. Optimized structures of selected species (2MTHF, RC, TSs, OH radical, and H2O) involved
in the title reaction, calculated at the M06-2X/aug-cc-pVTZ method. Only key bond lengths (Å)
and bond angles (◦) are provided. a,b Values of OH and H2O are collected from the experimental
data [26,27], respectively. “ν‡” stands for the imaginary frequency (cm−1).

Truhlar’s M06 functionals are known to predict structures and frequencies for several
chemical systems accurately [28,29]. Particularly, the M06-2X/aug-cc-pVTZ level is widely
used to predict the rate coefficients reliably for several chemical systems, e.g., OH-initiated
oxidation kinetics of imidazole [30], pyrrole [31], trans-decalin [32], oxazole [33], aniline [34],
1,4-cyclochexadiene [35], cyclopentadiene [36], 1,4-pentadiene [37], monoethanolamine [38],
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and dipropyl thiosulfinate [39]. However, for higher accuracy, the energies of the stationary
points were refined with more expensive CCSD(T)[40–42]/cc-pVTZ single-point calcu-
lations using the M06-2X/aug-cc-pVTZ optimized geometry. The quantum method em-
ployed can now be denoted as CCSD(T)/cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory.
The refined energies at CCSD(T)cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory are also
provided in Table S1. T1 diagnostics [43,44] values for the closed-shell and open-shell
species were performed. All values of T1 diagnostics were less than 0.02, indicating that
single-reference electron correlation methods are appropriate for 2MTHF + OH chemical
system (see Table S2 of Supplementary Information (SI)).

The thermodynamic and kinetic calculations (e.g., phenomenological rate coefficients
k(T, p) and time-resolved species profiles) were carried out using the stochastic [45,46]
Rice–Ramsperger–Kassel–Marcus-based master equation (RRKM-ME) rate model imple-
mented in the multi-species multi-channel (MSMC) code [47,48]. The rigid-rotor harmonic
oscillator (RRHO) model was adopted for the calculations, except for the low-torsional
modes. The low-torsional vibrational modes were treated as one-dimensional hindered
rotors. For CH3 and OH rotors, the hindered internal rotation (HIR) potential energy
V(θ) as a function of torsional angle (θ) was computed via relaxed potential energy scans
with a step size of 10◦ using M06-2X/cc-pVDZ level of theory (see Figure S2 of SI). The
HIR correction was implemented using the procedure described elsewhere [49]. Here, the
HIR parameters were automatically generated using the MSMC graphical user interface
(GUI) [50,51]. The Beyer−Swinehart algorithm [52] was adopted for the harmonic oscillator
(HO) vibrational modes to calculate the density/sum of states. Then, the external/hindered
rotational modes were convoluted with density/sum of states using the fast Fourier trans-
form (FFT) approach [53]. The energy bin size of 1 cm−1 was chosen for the density of
states (DOS) calculations. The correction for the quantum tunneling was calculated using
one-dimensional asymmetrical Eckart potential [54]. The uncoupled electronic partition
function of OH radical was calculated using Qe (T) = 2 (1+ exp(−1671.2 J mol−1/RT), where
R is the universal gas constant. Due to spin-orbit coupling, the two quantum states of OH
radical, 2Π3/2 and 2Π1/2, differ by an energy of 1671.2 J mol−1 = 139.7 cm−1 [55] and have
quantum weights of 2 each. For these calculations, a large number of stochastic trials of 108

were used.
A single exponential collisional energy transfer model with a temperature-dependent

<∆Edown> = 250.0 × (T/298)0.8 cm−1 for N2 [32,56–59] was used. The Lennard–Jones (LJ)
parameters of = 82.0 K and σ = 3.74 Å were used for N2 [60], whereas for the 2MTHF
. . . OH, adduct, they were estimated as 396.0 K and 5.36 Å, respectively, based on the LJ
parameters of 2-methyl furan (2MF) [61]. As shown later, the interaction of OH radicals
with 2MTHF is a barrierless process, resulting in the formation of the pre-reactive or van
der Waals complex (RC). The barrierless entrance channels (e.g., 2MTHF + OH → RC)
were treated by taking the inverse laplace transform (ILT) technique [62] with the high-
pressure-limit (HPL) rate constant k∞ (T) of 4.0 × 10−10 cm3/molecule/s, corresponding to
a T-independent value for the long-range transition state (LR-TST) [63]. In other words, the
microcanonical rate constant k (E) was calculated from the k∞ (T) using the ILT technique,
the details of which can be found elsewhere [62]. Such treatment reasonably captured the
experimental trend of the rate coefficients for the temperature and pressure dependence
of the OH radical reactions with several chemical systems imidazole [30], pyrrole [31],
t-amyl methyl ether (TAME) [56], CH3SH [59], trans-decalin [32], N2H4 [57], oxazole [33],
aniline [34], 1,4-cyclochexadiene [35], cyclopentadiene [36], and 1,4-pentadiene [37].

3. Results and Discussion
3.1. Thermochemical Properties

Figure 2 presents the bond dissociation energies (BDEs) at 298 K for each C-H bond of
2MTHF calculated at W1U and CBS-QB3 composite methods. Our calculated BDEs were
compared with the averaged values suggested by Simmie [64], who obtained BDEs at CBS-
QB3, CBS-APNO, and G4 levels of theory. As can be seen, our calculated BDE values at both
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the W1U and CBS-QB3 levels of theory agree excellently with a deviation of 0.4 kcal/mol.
They also showed good agreement with values reported by Simmie [64] with a maximum
deviation of ~1.0 kcal/mol. Clearly, the presence of heteroatom “O” weakens the adjacent
C-H bonds (Cα-H and Cδ-H bonds) of 2MTHF. This can be attributed to stabilizing the
incipient 2-methyl-tetrahydrofuranyl (2MTHFyl) radical after the C-H bond cleavage at
the adjacent carbon atom. Here, the stabilization is achieved through hyperconjugation
between the non-bonding orbital of the oxygen atom and the half-occupied orbital of the
carbon atom. Compared with the recommended value of BDE by Luo et al. [65] for cyclopen-
tane (BDE = (95.6 ± 1) kcal/mol), the BDE for Cδ-H of 2MTHF is ca. 3 kcal/mole lower,
revealing the stabilization of δ-2MTHFyl radical due to the hyperconjugation between the
partially occupied orbital of Cδ atom and the non-bonding orbital of the oxygen atom in the
radical. The Cα-H bond (BDE = 92.7± 0.1 kcal/mol) was further weakened by the presence
of the CH3 group, Here, the incipient α-2MTHFyl radical gains further stabilization by
~1.5 kcal/mol compared to δ-2MTHFyl radical as a result of additional hyperconjugation
between the partially occupied orbital of Cα atom and neighboring σ orbital of the CH3
group. The BDEs of remote C-H bonds (Cβ-H and Cγ-H ~98 kcal/mol) of 2MTHF were
significantly higher than that of the C-H bonds (Cδ-H > Cα-H) adjacent to the oxygen atom
(see Figure 2). Here, the partially occupied orbital of β-2MTHFyl and γ-2MTHFyl radicals
were too far from the oxygen atom to participate in hyperconjugation. Interestingly, the
BDEs of Cβ-H and Cγ-H bonds of 2MTHF are also higher by ~2.5 kcal/mol than that of
C-H bonds cyclopentane. The trends observed here align with Simmi [64], who reported
that the C-H bonds farther from the heteroatom “O” were stronger than the adjacent C-H
bonds for 2MTHF and tetrahydrofuran. The methyl C-H bonds in 2MTHF were found to be
the strongest, revealing the BDEs in the order of CH2-H > Cβ-H ≈ Cγ-H > Cδ-H > Cα-H.
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Figure 2. The C–H bond dissociation energies (BDEs) of 2MTHF at 298 K were calculated at
a CBS-QB3 [66] and b W1U [67–69] methods. Units are in kcal/mol. Values in parentheses are
from Simmie [64].

Our BDE analysis revealed that the oxygen atom made Cα-H and Cδ-H bonds much
weaker than the other C-H bonds in 2MTHF. Based on BDEs, the former C-H bonds were
expected to be more reactive with OH radicals and dominate for the OH + 2MTHF reaction,
whereas CH2-H bonds showed the least reactivity. However, such analyses are naïve and
often require a detailed kinetic analysis to discern the role of hydrogen abstraction reaction
at each C-H site. Usually, the reaction at each C-H site displays unique kinetics. How large
a given channel contributes to the reaction depends upon several factors, e.g., enthalpy
and entropy of activation, reaction path degeneracy, proper treatment of the hinder rotor
partition function, and quantum tunneling.

Table 1 lists the standard enthalpy of formation (∆f,298 KH◦) and standard molar
entropy (S◦298 K) for the reactants (2MTHF and OH radical) and the final products (H2O,
and the radical products: α-2MTHFyl (P1), β-2MTHFyl (P2), γ-2MTHFyl (P3), δ-2MTHFyl
(P4), and 2MTHFyl (P5)) from various sources. Figure 3 below and Figure S1 of SI display
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the structures of the product radicals. The enthalpies of formation (∆f,298 KH◦) of 2MTHF,
OH, H2O, and 2MTHFyl product radicals were computed using atomization and isodesmic
schemes based on the CBS-QB3 [66] and W1U [67–69] model chemistries. Our calculated
values were compared with those from Simmie [64], Auzmendi-Murua et al. [70], Wijaya
et al. [71], active thermochemical tables (ATcT) [72], and NIST webbook [73]. Whenever
available, we benchmarked our values against the ATcT database, which lists the most
reliable internally consistent thermochemical data. As seen in Table 1, our calculated
values for ∆f,298 KH◦ of OH radical and H2O using CBS-QB3 and W1U model chemistries
agree remarkably with ATcT values. For example, our CBS-QB3-based value for ∆f,298 KH◦

of 8.9 kcal/mol for OH radical and of −58.1 kcal/mol for H2O agree excellently with
(8.967 ± 0.006) kcal/mol and (−57.791 ± 0.006) kcal/mol ATcT values [72], respectively. In
addition, our values of ∆f,298 KH◦ nicely agree with the NIST database [73]. Similarly, our
values of the standard molar entropy (S◦298 K) agree well with that listed in ATcT and NIST
databases. The maximum deviation of our predicted ∆f,298 KH◦ and S◦298 K of OH radical
and H2O was less than 0.6 kcal/mol and 1.2 cal/mol/K, respectively, when compared
to those of ATcT and NIST database; thus, our calculated values of the thermodynamic
properties clearly showed a remarkable agreement with the ATcT and/or NIST database.
Unfortunately, the ATcT database is not yet available for 2MTHF and its derivative radicals.

For 2MTHF and its radicals, we compared our values with that reported by Sim-
mie [64], Auzmendi-Murua et al. [70] (both isodesmic reactions scheme-based values for
∆f,298 KH◦), and that of Wijaya et al. [71] (atomization scheme based ∆f,298 KH◦ value)
whenever applicable (see Table 1). Our calculated values of ∆f,298 KH◦ from atomiza-
tion and isodesmic schemes compare remarkably with the literature data. In particu-
lar, our isodesmic values for ∆f,298 KH showed better agreement with those suggested
by Simmie [64] and Auzmendi-Murua et al. [70], considering the reported uncertain-
ties in these works. For example, our value of −53.5 ± 0.2 kcal.mol−1 (CBS-QB3-based
value from the isodesmic scheme) and −53.4 ± 0.2 kcal.mol−1 (W1U-based value from
the isodesmic scheme) for ∆f,298 KH◦ of 2MTHF agree remarkably with the value of
(−53.6 ± 0.4) kcal.mol−1 reported by Simmie [64] and−52.23 kcal/mol (DFT based),−53.58
(CBS-QB3 based) values reported by Auzmendi-Murua et al. [70]. Note that both groups
employed isodesmic reaction schemes to obtain the values for the heat of formation of
the species. Using isodesmic reaction schemes, Simmie calculated the reaction enthalpy
using the three high-level composite methods, CBS-QB3, G3, and CBS-APNO, whereas
Auzmendi-Murua et al. [70] used DFT-based (B3LYP with 6-31G (d, p) and 6-31G (2d,
2p) basis set) and CBS-QB3 methods. As seen in Table 1, our values of ∆f,298 KH◦ also
displayed similar agreements with the earlier reports for radical species. However, it is
worth noting that the calculated ∆f,298 KH values from the atomization scheme using CBS-
QB3, W1U model chemistries generally show marked deviations from the references. The
agreement may be further improved by incorporating the spin-orbit and bond additivity
corrections. In conclusion, an isodesmic scheme yields a consistent set of values for the
standard enthalpy of formation.

In fact, both CBS-QB3 [66] and W1U [67–69] were used in this work to predict the
thermochemical values using two approaches, atomization [74] and isodesmic-reaction [75]
schemes. As seen in Table 1, at the CBS-QB3 and W1U levels, the calculated ∆fH 298 K values,
using the isodesmic-reaction [75] scheme were consistent with literature values reported by
Simmie et al. [64] (max. deviation of 1.3 kcal/mol for P4), who used the same isodesmic-
reaction scheme. At the CCSD(T)/cc-pVTZ//M06-2X/aug-cc-pVTZ level, the calculated
∆fH 298 K is good for the isodesmic-reaction scheme (max deviation of 1.0 kcal/mol for P4)
but not good for the atomization scheme (max. deviation of ~37.0 kcal/mol for 2MTHF)
when compared with that of Simmie; therefore, at this level, only the isodesmic-reaction
scheme should be used to obtain reliable ∆fH 298 K.
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Table 1. Comparison of the thermochemical properties with the literature data: Simmie [64]—isodesmic
reaction schemes based on CBS-QB3, G3, and CBS-APNO methods (averaged value); Auzmendi-
Murua et al. [70]—isodesmic reactions scheme based on B3LYP (bold—averaged DFT value) and
CBS-QB3 (italic) methods; Wijaya et al. [71]—atomization scheme based on CBS-QB3 method;
NIST = NIST webbook [73] http//:webbook.nist.gov (accessed on 1 March 2022); ATcT = Active
Thermochemical Tables [72,76].

Species Method ∆f,298 KH◦

kcal/mol
S◦298 K

cal/mol/K

2MTHF

CBS-QB3
W1U

CCSD(T)//M06-2X
Simmie

Auzmendi-Murua et al.
Wijaya et al.

−52.6 [a]; (−53.5 ± 0.2) [b]

−54.7 [a]; (−53.4 ± 0.2) [b]

−17.0 [a]; (−53.8 ± 0.2) [b]

(−53.6 ± 0.4); (−54.0 ± 0.3)
−52.23, −53.58
−54.58

79.5
80.2
81.0

–
80.86

OH

CBS-QB3
W1U

CCSD(T)//M06-2X
ATcT
NIST

8.9 [a]

8.6 [a]

13.1
(8.967 ± 0.006)

9.3

42.7
42.7
42.7
43.9
43.9

H2O

CBS-QB3
W1U

CCSD(T)//M06-2X
ATcT
NIST

−58.1 [a]

−58.4 [a]

−50.2
(−57.791 ± 0.006)

−57.8

45.2
45.2
45.2
45.1
45.1

P1
(α-THFyl radical)

CBS-QB3
W1U

CCSD(T)//M06-2X
Simmie

Auzmendi-Murua et al.

−11.9 [a]; (−13.2 ± 0.1) [c]

−14.2 [a]; (−12.8 ± 0.1) [c]

23.0 [a]; (−12.8 ± 0.1) [c]

(−13.4 ± 0.4)
−13.52, −12.51

80.2
80.3
80.3

–

P2
(β-THFyl radical)

CBS-QB3
W1U

CCSD(T)//M06-2X
Simmie 2012

Auzmendi-Murua et al.

−6.2 [a]; (−7.5 ± 0.1) [c]

−8.6 [a]; (−7.2 ± 0.1) [c]

28.0 [a]; (−7.8 ± 0.1) [c]

(−7.0 ± 0.4)
−6.75, −7.20

81.5
81.5
82.1

–

P3
(γ-THFyl radical)

CBS-QB3
W1U

CCSD(T)//M06-2X
Simmie

Auzmendi-Murua et al.

−6.7 [a]; (−8.0 ± 0.1) [c]

−9.1 [a]; (−7.7 ± 0.1) [c]

28.1 [a]; (−7.7 ± 0.1) [c]

(−8.1 ± 0.5)
−7.55, −6.72

81.3
81.4
81.7

–

P4
(δ-THFyl radical)

CBS-QB3
W1U

CCSD(T)//M06-2X
Simmie

Auzmendi-Murua et al.

−10.4 [a]; (−11.7 ± 0.1) [c]

−12.7 [a]; (−11.3 ± 0.1) [c]

24.2 [a]; (−11.6 ± 0.1) [c]

(−12.6 ± 0.4)
−11.79, −11.34

80.6
80.8
80.1

–

P5
(β’-THFyl radical)

CBS-QB3
W1U

CCSD(T)//M06-2X
Simmie

Auzmendi-Murua et al.

−1.8 [a]; (−3.1 ± 0.1) [c]

−4.2 [a]; (−2.8 ± 0.1) [c]

32.5 [a]; (−3.3 ± 0.1) [c]

(−3.3 ± 0.6)
−2.89, −2.83

83.4
83.6
83.5

–

[a] Standard enthalpy of formation (∆f,298 KH◦ in kcal/mol) using the atomization scheme based on approach
CBS-QB3 and W1U model chemistries (this work). [b], [c] ∆f,298 KH◦ using the isodesmic scheme (this work):
CH3OCH3 (dimethyl ether) + C5H9CH3 (methyl cyclopentane)→ C5H12O (2-methyl tetrahydrofuran) + C3H8
(propane) and, [CH2OCH3]• (dimethyl ether radical) + C5H9CH3 → [C5H11O]• (2-methyl tetrahydrofuran
radicals, P1/P2/P3/P4/P5) + C3H8 (propane), respectively. The experimental values for ∆f,298 KH◦ are taken
from NIST: CH3OCH3 = (−44.0 ± 0.1) [77]; C5H9CH3 = −25.3 [78]; C3H8 = (−25.0 ± 0.1) [79] kcal/mol; and from
the ATcT [72]: [CH2OCH3]• = 0.2 kcal/mol.

http//:webbook.nist.gov
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3.2. Potential Energy Surface (PES)

As seen in Figure 1, the most stable 2MTHF was a bent conformer with the C1 point
group. This results in the non-equivalence of all the ring hydrogen atoms of 2MTHF.
That being said, except for the methyl hydrogen atoms, each hydrogen atom in 2MTHF
is unique. Consequently, 2MTHF offers several reaction pathways with OH radicals in
its potential energy surface (PES). The reaction pathways in the PES of the OH + 2MTFH
reaction were extensively mapped out using the CCSD(T)/cc-pVTZ//M06-2X/aug-cc-
pVTZ level of theory. The computed PES are depicted in Figure 3. The topology of the
PES is similar to that seen for several OH + oxygenates reactions [80–86]. Not surprisingly,
each OH + 2MTHF reaction channel has multiple steps undergoing an addition-elimination
mechanism in an overall exothermic process.

As in other OH + oxygenates chemical systems, the first step involves the attrac-
tive interaction between the OH radical and 2MTHF, forming a hydrogen-bonded pre-
reaction complex (RC). The interaction of the H atom of OH radical with the O atom of
2MTHF lowers the energy of the isolated reactants (OH + 2MTHF) by 5.9 kcal/mol. This
stabilization energy of 5.9 kcal/mol for the RC (OH . . . 2MTHF) is nearly identical to
the hydrogen-bonded pre-reaction complex of OH + tetrahydrofuran [80,81], OH + 2,5-
dimethyltetrahydrofuran [64], and OH + ethyl propyl ether [83]. In addition, Galano and
Alvarez-idaboy [86] tabulate similar stabilization energies in the range of 3.1 to 7.4 kcal/mol
for several pre-reaction complexes of OH + oxygenated volatile organic compounds. The
RC encountered here is an example of a normal hydrogen-bonded complex with the H
. . . O bond length of 1.88 Å and the O-H . . . O bond angle of 151◦. Since the RC sits
at a shallow well in the PES, it may be kinetically irrelevant under combustion-relevant



Energies 2023, 16, 3730 12 of 25

conditions. However, their life span can be long at low temperatures to affect their kinet-
ics. Recently, Shannon et al. [84] and Gao et al. [85] highlighted the importance of such
pre-reaction complexes (RC) at ultralow temperatures. With the inclusion of the RC in
the theoretical model, the authors could describe the experimentally observed unusually
high rate coefficients for the reaction of OH radicals with CH3OH at ultralow temperatures.
Galano and Alvarez-Idaboy [86] reviewed the importance of OH-bound complexes in
the bimolecular reactions of OH radicals. In conclusion, RC can be critical in accurately
describing the OH-initiated oxidation kinetics of oxygenated volatile organic compounds.

Our calculations revealed eight reaction pathways from the common RC well (see
Figure 3). Our IRC calculations identified five post-reaction complexes (PCs) at the exit
well, each corresponding to a given C-H site of 2MTHF. The formation of PCs was highly
exothermic, and their relative energies were close to the dissociated final products. For
example, the relative energy of PC1 was −28.1 kcal/mol, which is close to P1 + H2O
(∆rxn, 0KH◦ = −23.5 kcal/mol). As a result, they were kinetically irrelevant, and one can
exclude the PCs in the ME kinetic model.

We observed a nice consistency of Evans–Polanyi correlation of barrier heights (∆E0
6=)

with the bond dissociation energies (BDEs) and reaction enthalpies (∆rxn, 0KH◦). For example,
the lowest-lying transition state (TS1) had a negative barrier height of ∆E0

6= = −2.5 kcal/mol.
TS1 corresponded to the Cα-H hydrogen abstraction, for which the BDE was the least
(~92.7 kcal/mol) and reaction exothermicity (∆rxn, 0KH◦ = −23.1 kcal/mol) was the highest.
Cβ‘-H hydrogen abstraction reaction occurred via TS5, surmounting a positive barrier height
of 0.5 kcal/mol with the least overall reaction exothermicity of ∆rxn, 0KH◦ = −14.1 kcal/mol.
Note that the BDE of Cβ‘-H hydrogen was ~103 kcal/mol—the strongest C-H bond in
2MTHF. According to the Evans–Polanyi correlation, one expects TS5 to have the highest
barrier height of all channels. However, the barrier height of TS5 (∆E0

H = 0.5 kcal/mol) was
somewhat lower than TS2b (∆E0

H = 0.7 kcal/mol), owing to the extent of hydrogen bonding
in the transition state. As can be seen in Figure 1, the TS5 has a “strongly bent” hydrogen
bonding with the bond length (rH . . . O = 2.23 Å) and the bond angle (δO-H . . . O = 127.6◦) as
opposed to rH . . . O = 2.32 Å and δO-H . . . O=129.7◦ of TS2b. Clearly, the effect of hydrogen
bonding in TS5 is stronger than in TS2b, resulting in a lowering of the barrier height of
TS5. There are some key features of the TSs for OH + 2MTFH reaction: (i) the breaking
C-H bonds of all TSs are marginally stretched (rC . . . H ranges from 1.14 Å to 1.19 Å) from
2MTHF (rC . . . H ~1.09 Å), whereas the forming rH . . . O ranges from 1.40 Å to 1.57 Å. The
ratio of rC . . . H to rH . . . .O (L = rC . . . H/rH . . . O) ranges from 0.72 to 0.88. If the L value is
less than 1, the TS possesses the reactant-like character, considered as an early TS. Such
reactions are expected to be exothermic, according to Hammond’s postulate. Among the
TSs, the structure of TS1 is closer to the reactants’ geometry; therefore, this reaction has the
highest exothermicity of OH + 2MTHF reaction. (ii) The barrier heights for a given C-H
differ. For instance, the barrier heights for TS4a and TS4b were −0.7 and −1.4 kcal/mol,
respectively, compared to those of 2-hydroxytetrahydrofuran (2OHTHF) + OH reaction [87]
of−1.2 and−2.8 kcal/mol, respectively, and both lack hydrogen bonding (rH . . . .O > 2.64 Å).
(iii) For a given C-H site, the two TSs, e.g., TS3a and TS3b, are syn- and anti-structures
concerning the ring O atom of 2MTHF. The syn-form of the TS has a lower barrier than the
anti-form. (iv) The reaction leading to P1 + H2O via TS1 with the highest exothermicity
(∆rxn, 0KH◦ = −23.5 kcal/mol) and lowest reaction barrier (∆E0

‡ = −2.5 kcal/mol) which
is relatively lower than that of the 2OHTHF + OH reaction (∆E0

‡ = −1.1 kcal/mol) [87]
appears to be thermodynamically and kinetically favorable. However, the role of each
channel was rationalized via detailed master equation modeling, as presented below.

3.3. Kinetic Analysis

Time-Resolved Species Profiles. A stochastic RRKM-ME model was employed to
obtain the time-resolved species profiles. An example of the time-resolved species at 298 K
and 760 Torr is shown in Figure 4. As expected, RC appeared early in the reaction. It built
up to a steady state concentration higher than a few ppm. This indicates that pressure
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stabilization of RC under those conditions is unimportant. However, the RC is expected
to play a critical role under ultracold temperatures and high pressures. The results are
highly consistent with the potential energy profiles displayed in Figure 3. Clearly, the main
product was P1 + H2O, followed by P4 + H2O. After a few microseconds, our simulation
indicates an exclusive formation of P1 + H2O (close to 1 in mole fraction), while the mole
fraction of P4 is one order of magnitude lower. The other products are insignificant (ca.
5 × 10−3).
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number of trials = 108. See Figure 3 for the species notations.

Rate Coefficients k(T, p). The temperature and pressure dependence of the total rate
coefficients ktot(T, p) for the OH + 2MTHF reaction are plotted in Figure 5 and listed in
Table S3 (only from 0.76 to 7600 Torr). The fitted double-modified Arrhenius parameters
for the ktot(T, p) are provided in Table 2 (only from 0.76 to 7600 Torr). As shown in Figure 5,
the T-dependence of the rate coefficients exhibited a complex kinetic behavior, yielding a U-
shaped Arrhenius behavior. At low temperatures, k(T, p) showed a negative T-dependence,
while they exhibited positive T-dependence at higher temperatures (e.g., beyond 670 K
and at 760 Torr). The pressure dependence of the rate constants was complicated and
depended on temperature due to the competition of multiple reaction pathways and the
existence of the complex RC. The significant role of the complex RC is also reflected in
Figure 6, where the branching ratio of the RC formation channel depends on both pressure
and pressure, favoring low temperatures and high pressures. For the whole considered
temperature range of T = 200–2000 K, the pressure effects were negligible for pressures
below atmospheric. The complex kinetics of the reaction of OH radicals with 2MTHF
reflects the salient features of the PES in Figure 3.

Figure 7 displays the temperature dependence of the rate coefficients for the individual
channel at 760 Torr. For other pressures, they are listed in table over T = 200–2000 K. At low
temperatures (T < 700 K), the hydrogen abstraction reaction via TS1 leading to P1 + H2O
almost exclusively contributes to the total rate coefficient, while at temperatures above
700 K, the hydrogen abstraction reaction at the methyl site forming P5 + H2O is the domi-
nant one. Each channel shows peculiar T-dependence, resulting in a U-shaped Arrhenius
for the total rate coefficient. Owing to the negative barrier height of −2.5 kcal/mol for
TS1, P1 + H2O shows a negative T-dependence. This is not the first time we encountered



Energies 2023, 16, 3730 14 of 25

an unusual negative T-dependence for the hydrogen abstraction reaction. Previously, we
made similar observations for OH + 1,4-cyclohexadiene [35], OH + 1,4-pentadiene [37], and
OH + 1,3,5 trimethyl benzene [88]. Interestingly, the channel P4 + H2O also displayed the
U-shaped Arrhenius behavior. The P2 + H2O, P3 + H2O, and P4 + H2O channels showed
similar reactivity beyond 2000 K. The P5 + H2O channel had positive T-dependence owing
to the channel’s positive barrier height of 0.5 kcal/mol. We also provided the fitted double-
modified Arrhenius parameters for the k(T, p) of individual channel in Table 3 (only from
0.76 to 7600 Torr).
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Table 2. The total rate coefficients, k(T, p), fitted to double modified Arrhenius parameters, as given
by k(T) = A1 Tn1 exp (−E1/T) + A2 Tn2 exp (−E2/T) in units of cm3/molecule/s for T = 200–2000 K.

p
Torr

A1
cm3/Molecule/s n1

E1
K

A2
cm3/Molecule/s n2

E2
K

Fitting
Error%

0.76 126 −4.9 418 7.1 × 10−23 3.51 −945.2 0.7

7.6 97.2 −4.87 406.6 7.09 × 10−23 3.51 −945.2 0.7

76 94.5 −4.86 402.2 6.88 × 10−23 3.51 −950.7 0.7

760 35.5 −4.72 340.0 8.21 × 10−23 3.49 −918.8 0.7

7600 1.96 −4.33 104.5 6.95 × 10−23 3.51 −941.9 1.1

The effect of hindered internal rotation (HIR) correction is presented in Figure 8. It
is evident that HIR treatment in the RRKM-ME model was crucial to predict the rate
coefficients reliably. The HIR correction was significant at high temperatures, e.g., its
inclusion increased the rate coefficient by a factor of 1.7 at 1000 K. However, HIR correction
was insignificant over the T-range of 200 and 500 K. The tunneling correction is essential
at low temperatures. At 200 K, the tunneling correction was as large as 28.9 for methyl
abstraction reaction occurring via TS5. Similarly, the reaction channels via TS2a, TS2b, TS3a,
and TS3b exhibited large tunneling correction. The tunneling was still significant at 300 K
and increased the rate coefficients by 2 to 4. As expected, the tunneling correction was not
important beyond 1000 K. The calculated Eckart tunneling factors for various temperatures
are listed in Table S4 of SI.

Branching Ratios: Temperature-dependence of the product branching ratios at 760 Torr
are plotted in Figure 9. P1 + H2O was the primary product at low temperatures, e.g., ~85%
at 200 K. However, its contribution diminished rapidly with increasing temperature. At
1000 K, the contribution of P1 + H2O was almost negligible. Beyond 700 K, the P5 + H2O
channel became dominant. This channel contributed roughly 60% at 2000 K, nearly 3-fold
higher than the P4 + H2O channel. Above 700 K, the contribution of P2 + H2O remained at
~18%, whereas P3 + H2O contributed ~14% to the total rate coefficient. Under very high
pressures, the reaction exclusively (~100%) formed RC at low temperatures (T ≤ 500 K).
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The branching ratios of the RC at various pressures and temperatures are provided in
Figure S3 of Supplementary Information (SI) .

Table 3. Modified Arrhenius expressions, k(T) = A × Tn×exp (−E/T), for the individual channels
of 2MTHF + OH → products. The unit of k and A and E and T are in cm3/molecule/s and K,
respectively. The rate expressions are valid over T = 200–2000 K.

2MTHF + OH→ P1 + H2O

p = 0.76 Torr kP1(T) = 3.78 × 10−1 × T−4.09 × exp (−123.2 K/T) (error fitting ~ 1.2%)

p = 7.6 Torr kP1(T) = 3.31 × 10−1 × T−4.07 × exp (−115.2 K/T) (error fitting ~ 1.4%)

p = 76 Torr kP1(T) = 2.88 × 10−1 × T−4.05 × exp (−104.8 K/T) (error fitting ~ 1.4%)

p = 760 Torr kP1(T) = 2.53 × 10−1 × T−4.04 × exp (−83.3 K/T) (error fitting ~ 1.3%)

p = 7600 Torr kP1(T) = 1.23 × 10−1 × T−3.95 × exp (14.7 K/T) (error fitting ~ 1.3%)

p = 76,000 Torr kP1(T) = 9.92 × 10−1 × T−4.22 × exp (−144.5 K/T) (error fitting ~ 3.2%)

2MTHF + OH→ P2 + H2O

p = 0.76 Torr kP2(T) = 2.90 × 10−22 × T3.09 × exp (782.5 K/T) (error fitting ~ 0.4%)

p = 7.6 Torr kP2(T) = 2.93 × 10−22 × T3.09 × exp (781.5 K/T) (error fitting ~ 0.4%)

p = 76 Torr kP2(T) = 2.79 × 10−22 × T3.09 × exp (784.3 K/T) (error fitting ~ 0.4%)

p = 760 Torr kP2(T) = 3.17 × 10−22 × T3.08 × exp (774.4 K/T) (error fitting ~ 0.4%)

p = 7600 Torr kP2(T) = 2.94 × 10−22 × T3.08 × exp (783.0 K/T) (error fitting ~ 0.4%)

p = 76,000 Torr kP2(T) = 3.00 × 10−22 × T3.08 × exp (778.3 K/T) (error fitting ~ 0.4%)

2MTHF + OH→ P3 + H2O

p = 0.76 Torr kP3(T) = 1.20 × 10−22 × T3.18 × exp (818.3 K/T) (error fitting ~ 0.5%)

p = 7.6 Torr kP3(T) = 1.26 × 10−22 × T3.18 × exp (813.4 K/T) (error fitting ~ 0.5%)

p = 76 Torr kP3(T) = 1.18 × 10−22 × T3.19 × exp (818.1 K/T) (error fitting ~ 0.4%)

p = 760 Torr kP3(T) = 1.23 × 10−22 × T3.18 × exp (815.6 K/T) (error fitting ~ 0.4%)

p = 7600 Torr kP3(T) = 1.16 × 10−22 × T3.19 × exp (820.2 K/T) (error fitting ~ 0.4%)

p = 76,000 Torr kP3(T) = 1.17 × 10−22 × T3.19 × exp (817.6 K/T) (error fitting ~ 0.4%)

2MTHF + OH→ P4 + H2O

p = 0.76 Torr kP4(T) = 3.47 × 10−24 × T3.61 × exp (1953.3 K/T) (error fitting ~ 3.6%)

p = 7.6 Torr kP4(T) = 3.43 × 10−24 × T3.61 × exp (1955.0 K/T) (error fitting ~ 3.6%)

p = 76 Torr kP4(T) = 3.33 × 10−24 × T3.61 × exp (1957.7 K/T) (error fitting ~ 3.6%)

p = 760 Torr kP4(T) = 2.86 × 10−24 × T3.63 × exp (1974.0 K/T) (error fitting ~ 3.6%)

p = 7600 Torr kP4(T) = 2.19 × 10−24 × T3.66 × exp (2013.1 K/T) (error fitting ~ 3.7%)

p = 76,000 Torr kP4(T) = 1.80 × 10−23 × T3.39 × exp (1848.4 K/T) (error fitting ~ 6.0%)

2MTHF + OH→ P5 + H2O

p = 0.76 Torr kP5(T) = 1.31 × 10−24 × T3.95 × exp (966.8 K/T) (error fitting ~ 0.8%)

p = 7.6 Torr kP5(T) = 1.24 × 10−24 × T3.96 × exp (969.2 K/T) (error fitting ~ 0.7%)

p = 76 Torr kP5(T) = 1.33 × 10−24 × T3.95 × exp (966.1 K/T) (error fitting ~ 0.8%)

p = 760 Torr kP5(T) = 1.33 × 10−24 × T3.95 × exp (964.7 K/T) (error fitting ~ 0.8%)

p = 7600 Torr kP5(T) = 1.31 × 10−24 × T3.95 × exp (966.6 K/T) (error fitting ~ 0.8%)

p = 76,000 Torr kP5(T) = 1.33 × 10−24 × T3.95 × exp (962.8 K/T) (error fitting ~ 0.7%)
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Figure 9. Temperature dependence of the product branching ratios for the reaction of 2MTHF + OH
→ products at p = 760 Torr. See Figure 3 for the species notations.

k(T, p) Comparison. Figure 10 compares our computed rate coefficients with the
experimental values at 760 Torr from different groups [16–18]. The quality of our computed
rate coefficients for the OH + 2MTFH is nicely illustrated. The experimental values reported
by Illés et al. [18] and Wallington et al. [16] for T = 240–400 K and p ~ 760 Torr showed a
remarkable agreement. For example, our rate coefficient of 2.2 × 10−11 cm3/molecule/s
agrees well with the reports from Illés et al. [18] of 2.5 × 10−11 cm3/molecule/s and
Wallington et al. [16] of 2.2 × 10−11 cm3/molecule/s at 298 K and 760 Torr. Within the
reported uncertainties, our theoretical rate coefficients nicely captured the negative T-
dependence of the rate coefficients exhibited by the experimental data (see Figure 10). In
addition, our room temperature value showed an excellent agreement with the earlier
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report of Illés et al. [17], who utilized the relative rate/gas chromatography technique
(RR-GC) to measure the rate coefficient for OH + 2MTHF. However, their rate coefficient
derived from the discharge flow technique (DF-RF) showed a large deviation (see Figure 10).
Unfortunately, no experimental data are available at high temperatures for a reasonable
comparison. The existing kinetic model of 2MTHF from Tripathi et al. [11] uses the total
rate coefficients for OH + 2MTHF that are ~3 times higher than the calculated values in this
work. Note that Tripathi et al. [11] used the reaction rate analogy to develop the oxidation
kinetic model of 2MTHF. For the ring hydrogen abstraction reactions, the authors adopted
the rate coefficients from the kinetic model of Tran et al. [89] for the OH + tetrahydrofuran
reaction. For the methyl hydrogen abstraction of 2MTHF, they utilized the optimized rate
coefficients of the OH + alkanes reactions [90], increasing the barrier height by 2 kcal/mol.
The performance of the existing literature kinetic model with the updates of the theoretical
site-specific rate coefficients for OH + 2MTHF from this work will be presented below. Our
theoretically derived rate coefficients, k(T, p), are listed in Tables 2 and 3.
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Figure 10. Comparison between the T-dependent theoretical (this work) and experimental (literature)
rate coefficients at p = 760 Torr for 2MTHF + OH→ products. Experimental data are from the works
of Wallington et al. (“Expt. (Wallington 1990)” [16]); Illés et al. (“Expt. (Illés 2016)” [17] and “Expt.
(Illés 2018)” [18]). “RR-GC” and “DF-RF” denote the experimental techniques of the relative rate and
discharge flow.

3.4. Kinetic Modeling Implications

Figure 11 shows the integrated mass flux analysis based on C-atom for fuel 2MTHF
consumption by various combustion species. The analysis was performed for a repre-
sentative case of 760 K, 40 bar, and φ = 1.0. Figure 11a shows the branching of various
2MTHFyl radicals based on Tripathi et al. [11] kinetic models for 2MTHF. In contrast,
Figure 11b displays the results after implementing the theoretical rate coefficients for the
2MTHF + OH and 2MTHF + HO2 reactions from this work and Chakravarty and Fernan-
des [14], respectively. In Figure 11, the reactive species are given in the order of importance
for the hydrogen abstraction reactions of 2MTHF. For example, OH, O, H signifies that the
OH radical had the highest role followed by O and H atoms producing β- or γ-2MTHFyl
radicals. Detailed kinetic modeling is beyond the scope of the current study. Therefore,
we intend to illustrate how the radical product branching is affected by the incorporation
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of the newly derived rate coefficients from this study in the existing model of Tripathi
et al. [11]. As can be seen in Figure 11, the newly derived rate coefficients had a significant
effect on 2MTHFyl radical distribution. As stated earlier, low-temperature branching is
not possible for α-2MTHFyl radical. On the contrary, δ-2MTHFyl radical shows active
low-temperature branching, expediting the oxidation kinetics of 2MTHF. The updated
model significantly altered the product branching of α-2MTHFyl and δ-2MTHFyl radicals,
e.g., 23% vs. 38% and 45% vs. 26% for α-2MTHFyl and δ-2MTHFyl radicals, respectively.
According to Tripathi et al.’s model, only 1% of 2MTHF leads to forming β‘-2MTHFyl
radical. On the contrary, the updated model predicts as large as 15% of β‘-2MTHFyl radical.
Another noticeable difference was the participation of HO2 radical reactions to deplete
2MTHF. Unlike the updated model, Tripathi et al.’s [11] model barely predicted the role of
HO2 reactions forming 2MTHFyl radicals at low temperatures (<1%). In conclusion, the
updated kinetic model observed a significant difference in the flux analysis.
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Figure 11. Integrated mass flux analysis based on C-atom of fuel (2MTHF) consumption for
2MTHF/air mixture at 760 K, 40 bar, and φ = 1.0. (a) using Tripathi et al.’s [11] models (b) updated
Tripathi et al. [11] 2017 model by implementing our theoretical rate coefficients for the 2MTHF + OH
reaction and the theoretical rate coefficients for the 2MTHF + HO2 reaction from Chakravarty and
Fernandes [14].

The effect of newly derived rate coefficients for OH + 2MTHF→ products in the pre-
dictions of ignition delay times (IDTs) is further illustrated in Figure 12. As can be seen, the
hydrogen abstraction reactions of 2MTHF by important combustion radicals/atoms species
during the initial oxidation step of 2MTHF significantly influenced the predictive capabili-
ties of the kinetic models. For accurate modeling of the combustion behavior of 2MTHF,
the knowledge of the branching fractions of various abstraction reactions in the initial steps
is critical. We demonstrated this fact with different scenarios, as discussed below.
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Figure 12. Effects of updated rate coefficients for OH/HO2 + 2MTHF→ products on the prediction
of the ignition delay times of 2MTHF/air mixtures at 40 bar and φ = 1.0. The experimental data,
together with the previous simulation results, are taken from the work by Tripathi et al. [11]. In
the updated kinetic model, the rate coefficients for OH + 2MTHF→ products and HO2 + 2MTHF
→ products are taken from this work and Chakravarty and Fernandes [14], respectively. In figure
legends, “pw” stands for present work.

With our rate coefficients, the model overpredicted the experimentally measured
IDTs, particularly around the NTC regime. This behavior was not surprising because our
theoretical rate coefficients for OH + 2MTHF→ products were slower than those used in
Tripathi et al.’s [11] models. Again, note that Tripathi et al. [11] used rate rules to assign the
site-specific rate coefficients for the OH + 2MTHF reaction. More importantly, they did not
use the theoretical rate coefficients for HO2 + 2MTHF from Chakravarty and Fernandes [14],
citing that their model severely underpredicted their experimental IDT data when the rate
coefficients from Chakravarty and Fernandes [14] were used. However, the updated model
performed remarkably well, capturing the experimental data with our rate coefficients for
OH + 2MTHF and HO2 + 2MTHF rate coefficients from Chakravarty and Fernandes [14]
(see Figure 12). Unlike the original Tripathi et al. [11] model, the updated model predicted
a less severe NTC behavior as indicated by the experimental data. We observed a similar
behavior of the modeling performance in capturing the IDT behavior of 2MTHF oxidation
at 20 bar and φ = 1.0 (see Figure S4 of SI).

Figure 13 illustrates the influence of the newly derived rate coefficients for
OH + 2MTHF → products in predicting the laminar flame speed (LFS) of 2MTHF/air
mixtures. The LFS data were taken from Wang et al. [91]. The solid lines represent the
model predictions from Wang et al. [91]. We took Wang et al.’s [91] kinetic model and
incorporated our rate coefficients for OH +2MTHF→ products. As seen, the updated ki-
netic parameters for OH + 2MTHF→ products influenced the LFS modeling predictions of
2MTHF/air mixtures. The updated model overpredicted the LFS on the lean side, whereas
it captured the LFS better on the rich side. Building robust kinetic modeling to capture
the various experimental targets over a wide range of conditions is beyond the scope of
this work.
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Figure 13. Effects of updated rate coefficients for OH/HO2 + 2MTHF→ products on predicting
the laminar flame speed of 2MTHF/air mixtures: (a) at 1 bar and 373, 423 & 453 K (b) at 423 K
and 2 & 4 bar. In the updated kinetic model, the rate coefficients for OH + 2MTHF→ products
and HO2 + 2MTHF→ products were taken from this work and Chakravarty and Fernandes [14],
respectively. The ex-perimental data were taken from Wang et al. [91]. Solid and broken lines
represent the LFS pre-dictions from Wang et al. [91] and the updated kinetic model from this work.

4. Conclusions

The kinetics of OH radical reaction with 2-methyl tetrahydrofuran was theoretically in-
vestigated using ab-initio/RRKM-ME methods. The potential energy surface was mapped
out at the CCSD(T)/cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory. Some key points are
summarized below:

1. The presence of heteroatom “O” weakened the adjacent C-H bond with the calculated
bond dissociation energies in the order CH2-H (~93) > Cβ-H ≈ Cγ-H (~98) > Cδ-H
(~94) > Cα-H (~93), in the unit of kcal/mol.

2. Our isodesmic values based on CBS-QB3 and W1U model chemistries for the heat of
formation of various species (reactants and products) showed excellent agreement
with the literature data.

3. The reaction of OH radicals with 2MTHF occurred via multiple steps in an overall
exothermic process, and pre-reaction and post-reaction complexes existed at the
entrance and exit channels.

4. The reaction displayed complex U-shaped kinetics. Interestingly, pressure dependence
was observed at low temperatures, highlighting the importance of the pre-reaction
complex in the proper RRKM-ME treatment of the OH + 2MTHF system. At T > 500 K,
no discernible p-dependence was observed. It indicates that RC cannot be stabilized
by pressure at high temperatures, even at extremely high pressures.

5. The P1 + H2O channel dominates at low temperatures (~80% at 200 K and 760 Torr).
Since the transition state for the P1 + H2O channel was submerged below the reactants’
energy, k(T, p) showed a negative T-dependence for this channel. Above 700 K, the
P5 + H2O channel was dominant (~60% at 2000 K and 760 Torr).

6. Our theoretical rate coefficients were in excellent agreement with experimental data,
especially nicely capturing the experimental trend for the negative T-dependence of
the reaction reported by Wallington et al. [16] and by Illés et al. [18].

7. The updated kinetic model with the newly derived rate coefficients from this work
showed remarkable performance capturing the ignition delay times behavior of
2MTHF at low temperatures. The weak NTC behavior was predicted well with the
updated kinetic model.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en16093730/s1. Table S1: Optimized geometries, elec-
tronic energies at 0 K (E0 K

elec), zero-point energy (ZPE) corrections and harmonic wavenumbers of the
species involved with the lowest-energy conformer of a given species, calculated at CCSD(T)/cc-
pVTZ//M06-2X/aug-cc-pVTZ level of theory for the title reaction; Table S2: T1 diagnostics for the
species involved in 2MTHF + OH reaction calculated at CCSD(T)/cc-pVTZ based on the M06-2X/aug-
cc-pVTZ geometries; Table S3: Calculated global rate constants, ktot, of the 2MTHF + OH→ products
over the range of temperature 200–2000 K at different pressures, including the HIR treatments and
Eckart quantum tunneling effects. Units are in cm3/molecule/s. The ktot(T, P) at different pressures
are fitted as the double-modified Arrhenius formats; Table S4: The calculated Eckart tunneling
factor via tight transition state channels over the wide range of temperature 200–2000 K; Table S5:
Calculated overall rate constants, ktot, of the 2MTHF + OH→ products over the range of temperature
200–2000 K at P = 760 Torr with and without HIR treatments based on M06-2X/aug-cc-pVTZ level of
theory. Units are in cm3/molecule/s; Table S6: Calculated NASA coefficients for the thermodynamic
properties of various species in the reaction of OH radicals with 2MTHF; Figure S1: M06-2X/aug-
cc-pVTZ optimized geometries for the species involved in the title reaction. All structures were
obtained for the lowest-energy conformer of a given species. Bond lengths and bond angles are
in Å and degree (o), respectively; Figure S2: Hindrance potentials for the species involved in the
2MTHF + OH reaction, calculated at M06-2X/cc-pVDZ level of theory; Figure S3: Effects of updated
rate coefficients for OH/HO2 + 2MTHF→ products on the prediction of the ignition delay times of
2MTHF/air mixtures at 20 bar and φ = 0.5. The experimental data are taken from Tripathi et al. The
comparison of the various scenarios for the performance of the kinetic model is shown. The red line
shows the performance of the updated kinetic model from this work with the rate coefficients for
OH + 2MTHF→ products (this work) and HO2 + 2MTHF→ products (Chakravarty and Fernandes);
Figure S4: Optimized TSs and corresponding RCs obtained at M06-2X/aug-cc-pVTZ level; Figure S5:
Simplified PES for the formation of RCs from 2MTHF and OH radical (+ZPE, 0 K) calculated at
CCSD(T)/cc-pVTZ//M06-2X/aug-cc-pVTZ; Figure S6: Comparison of the computed global rate
constants (2MTHF + OH → products) using one-RC (RCa) and two-RC models (RCa & RCb) at
P = 760 Torr. Refs. [11,14,26,27,92] are cited in the Supplementary Materials.
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