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Recently, methyl levulinate (MLA) has attracted remarkable attention as a promising fuel additive and its
synthesis route from furan and dimethoxymethane (DMM or methylal) has been exploited, but the
reaction pathway remains indistinct. In this work, we study the conversion of furan into MLA in reaction
with DMM and methanol using ab initio calculations with double-{ polarization basis sets plus supercell
method and B3LYP/6-311+G* basis sets plus cluster method. Our calculations reveal that the reaction of
furan + DMM to 2-methoxymethyl-furan (MMF) + methanol is endothermic in vacuum but exothermic

Received 3rd May 2024, in methanol solvent, while the reaction of MMF + water to MLA is exothermic both in vacuum and

Accepted 26th May 2024 methanol solvent environments. Moreover, we identify the reaction sites of the individual reactant
DOI: 10.1039/d4ma00446a molecules by analyzing their Fukui functions and verify the Bronsted acid—base reaction fashions for

these reactions. Finally, we determine the activation energies for the reactions without and with a proto-
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1 Introduction

Due to dwindling fossil reserves and increasing environmental
concerns, the extensive search and efficient utilization of
renewable resources have drawn enormous attention.™? Deriv-
ing from plant photosynthesis, biomass is a promising source
of cheap and renewable energy, and has been widely used for
producing high value-added bio-fuels and chemicals.’™
Recently, a significant research interest has been focused on
efficient conversion of biomass or biomass-derived educts into
value-added chemicals such as 5-hydroxymethylfurfural
(HMF),* levulinic acid (LA),"®'* and levulinate esters.'*"*
Among them, levulinate esters including alkyl (methyl, ethyl,
propyl, butyl) levulinates are particularly important due to their
wide applications in medicine, flavoring and fragrance indus-
tries as well as their use as fuel additives for improving proper-
ties of petroleum and diesel.**
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i Electronic supplementary information (ESI) available: Tables for bond lengths,
bond angles and dipole moment of MMF, MLA, methanol and water molecules,
for Fukui indices of molecules and for DFT total energies of reactants and
products, and figures for temperature fluctuation during AIMD equilibration,
configurations of 26 and 41 methanol molecules, isodensity surface of Fukui
functions in methanol and water, and detailed geometries of intermediates
during NEB runs. See DOI: https://doi.org/10.1039/d4ma00446a
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nated methanol molecule, together with the detailed geometries of the intermediates.

Alkyl levulinates can be produced from various biomass-
derived products such as sugars (glucose,"®'® fructose,'
xylose'®), cellulose,!” furfural,'®'® furfuryl alcohol,'® furan,*®
and raw biomass itself.>>* The direct synthesis of methyl
levulinate (MLA) from sugars or cellulose has shown the
problems of low yield and very demanding conditions. For
example, the one-pot conversion of xylose to MLA with the co-
catalysts of Pd/Al,0; and amberlyst at 7.0 MPa H, pressure had
ayield of 25%.>" Hu et al.'® have reported 52.5 and 37.7% yields
of MLA from glucose and xylose at 160 °C. On the other hand,
the furfural and furfuryl alcohol are commercially produced
from sugars with a high cost of industrial production due to the
complicated purification and separation processes. To address
these drawbacks, some works reported the synthesis of MLA
from furan, which is an important product by catalytic pyrolysis
of biomass and used for producing value-added chemical of
tetrahydrofuran.>”>® However, the acid-catalyzed conversion of
furan has produced benzofuran but not MLA or levulinic acid.?”
The structural difference between furfuryl alcohol and furan is
the additional hydroxymethyl group in furfuryl alcohol. To
solve the problem, Zhang et al.?>* developed a new reaction
route to produce MLA, in which furan reacts with dimethoxy-
methane (DMM or methylal) to form 2-methoxymethyl-furan
(MMF) as the reactive intermediate and then MMF was con-
verted to MLA via acid catalysis with a co-solvent/reactant of
methanol (see Scheme 1). Using the acid-catalyzed conversion
to MLA in DMM/methanol solvent, they achieved a higher yield
of 67.9% at 170 °C from furan. In this reaction, DMM is the
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Scheme 1 Reaction pathway for producing methyl levulinate (MLA) from
furan in DMM/methanol medium.?°

most important reactant that enables furan to convert into
MLA. As the smallest member of oxygenated methyl ethers,
which are attractive additives for diesel fuels,>*° DMM itself
has been used as a fuel and can be produced from biomass and
feedstock.

To understand the reaction mechanism of furan conversion
to MLA in reaction with DMM/methanol, ab initio study based
on quantum theory such as density functional theory (DFT) or
Hartree-Fock (HF) theory is necessary. For furan, many theore-
tical works have been reported for its structural and vibrational
properties®*? and reactivity with small molecules.**** For the
case of DMM, we found the ab initio works for the different
conformations®> and the pyrolysis/combustion.>**” The con-
formational equilibrium of the alkyl levulinates has been
studied by using the force field method (MMFF94),>® and the
thermochemical studies of levulinic acid esters have been
performed.*>*° However, no theoretical work for furan conver-
sion to MLA is yet performed, remaining its atomistic under-
standing indistinct.

In this work, we performed ab initio calculations within the
DFT framework to get an atomistic insight into the reaction
pathway of furan conversion to MLA. The supercell and cluster
modelings were used for the isolated molecules of furan, DMM,
MMF and MLA. The solvent effect was considered explicitly by
including certain numbers of solvent (methanol) molecules in
the supercell and implicitly by using the conductor-like screen-
ing model (COSMO). The reaction energies and activation
barriers were estimated, together with the detailed structures
of intermediates. In the following, Section 2 describes the
computational methods, Section 3 explains the results, and
Section 4 gives the conclusions.

2 Computational methods
2.1 Supercell and cluster modeling

In this work, we made modeling of isolated molecules using
both supercell and cluster models to have confidence in the
calculation. For the supercell models, we constructed the three-
dimensional (3D) periodic cubic supercells with a lattice con-
stant of 30 A, which can provide a long distance enough for
artificial interaction between the periodic molecular images to
be negligible. The isolated molecules in this work include furan
(C4H,0), DMM (C3;Hg0), methanol (CH;0H), MMF (C¢Hg0,),
water (H,O) and MLA (C¢H400;3). In fact, according to the
reaction route for furan conversion to MLA developed by Zhang
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et al.,”® the chemical reactions can be expressed as follows,

C4H,0 + C3Hg0, 5% CyH0, + CH3OH (1)

CeHs0 + Hy0 &5 C4H1005 (2)

where Cat. is the solid acidic resin catalyst. To consider the
effect of methanol solvent on the molecular structures and
reaction energetics, we explicitly included certain numbers of
methanol molecules in the supercells in view of methanol
density of 0.791 g em™?; 25 molecules in the supercell with a
lattice constant of 12 A and 40 molecules in the 14 A supercell.
The reason for using the different numbers of molecules is to
give an estimation of supercell size effect on the results.

For the cluster modeling, which is more appropriate for
molecules with higher accuracy and lower computational cost
than the supercell modeling, there is no need to use the 3D
periodic supercell. The solvent effect was implicitly considered
by using COSMO approach*' with the experimental value of
dielectric constant of methanol (32.6*%).

2.2 Pseudopotential PAO calculations for supercell models

For the supercell models, we applied the pseudopotential and
pseudo atomic orbital (PAO) basis sets method as implemented
in the SIESTA (version 4.1) package.*’ For the electrostatic
interaction between the ionic cores and valence electrons, we
constructed the non-relativistic Troullier-Martins-type norm-
conserving pseudopotentials** by using the ATOM code pro-
vided in the package with the valence configurations of
C-2s”2p%, 0-2s*2p* and H-1s'. For the exchange-correlation
(XC) interaction between the valence electrons, we tested dif-
ferent types of functionals such as Perdew-Zunger (PZ) form-
alism within the local density approximation (LDA)**> and
Perdew-Burke-Ernzerhof (PBE) formalism*® and Becke-Lee-
Yang-Parr (BLYP)*”*® formalism within the generalized gradi-
ent approximation (GGA). To take into account the van der
Waals (vdW) interaction, which is important in molecules, we
adopted the semi-empirical approach developed by Grimme.*°
For PAOs, we used the standard double-{ plus polarization
(DZP) basis sets for all the atoms, generated with an energy
shift of 300 meV for orbital-confining cutoff radii and a split
norm of 0.25 for split valence of basis. All the calculations were
carried out with the plane-wave cutoff energy of 300 Ry and only
I'-point in the first Brillouin zone. All the atoms were relaxed
until the forces on atoms became less than 0.01 eV A",

For an isolated molecule in vacuum, the lowest energy
conformation was derived by performing the conformational
search, in which the stochastic search approach was adopted.
The molecular structures of the resultant conformations were
then optimized using the conjugate gradient (CG) method. To
get the equilibrium states for the explicit methanol-solvent
models, we performed ab initio molecular dynamics (AIMD)
simulations at room temperature (300 K) controlled by means
of a Nosé thermostat, a time step of 1 fs and duration of 1 ps.
Then, the resultant structures were re-optimized using the CG
method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The activation energies were estimated for the chemical
reactions described by eqn (1) and (2). To this end, we simu-
lated the two-molecular systems of furan + DMM, MMF +
methanol and MLA + water. For the reaction (1), the two-
molecular systems of furan + DMM and MMF + methanol
included in the supercells with vacuum (lattice constant 30 A)
and 25 and 40 methanol molecules (lattice constants 12, 14 A)
were optimized, whereas only the vacuum supercell was used for
the reaction (2). To calculate the activation energy with the
acceptable reaction pathway, the nudged elastic band (NEB)
method®® was applied by using our own python script in con-
nection with the SIESTA package, as employed in our previous
works.”’** The number of NEB images was set to be 11 or 15.
During the NEB run, all the atomic positions were relaxed and
the convergence threshold was set to be 0.05 eV A™".

2.3 All-electron AO calculations for cluster models

For the cluster models, we adopted the all-electron Gaussian-
type atomic orbital (AO) method as implemented in the
NWChem (version 6.6) package.> The geometry optimizations
and frequency calculations of all the reactants, products and
transitions states (TS) were performed with the B3LYP*®°%/6-
311+G* level. Different basis sets of cc-pVTZ and XC functionals
of M06-2X>® and PBE were also tested in the geometry optimi-
zation of furan. The zero-point correction (ZPC) and thermal
correction (TC) to the total energy were considered. The methanol
solvent effect was considered implicitly by applying the COSMO
method with usage of refinement and parametrization of COSMO
for real solvent (COSMO-RS)*” and the experimental dielectric
constant of methanol (32.6) as implemented in the NWChem
package. In the geometry optimizations, we used the DRIVER
module, which is based on the algorithm of quasi-Newton opti-
mization with line searches and approximate energy Hessian
updates. Here, the convergence criteria was set to be “tight”,
which can provide the highest accuracy for geometry optimization
among the possible selections in the package. The activation
energies and reaction pathways were also estimated by using
the NEB method with 10 beads, which was continued by running
the zero-temperature string calculation with 10 beads.

3 Results and discussion
3.1 Assessment of XC functionals

Firstly, the geometry of furan was optimized using different
XC functionals and basis sets with supercell and cluster
modelings. Table 1 shows the bond lengths, bond angles and
dipole moment of furan determined in this work. In the PAO-
DZP calculations with SIESTA for the supercell models, the PZ,
BLYP and PBE functionals were tested using the cubic supercell
with a lattice constant of 30 A, which contained only one furan
molecule. It was found that the PZ functional within LDA
underestimated the C-O bond length with a relative error of
—0.19% but overestimated the C-H bond length with a relative
error of 0.32%, when compared with the experimental values.>®
On the contrary, the BLYP and PBE functionals within GGA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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overestimated the C-O bond length with relative errors of
0.93% and 0.32% while underestimated the C-H bond length
with relative errors of —0.46% and —0.07%, respectively. For
the C-C bond lengths, the three XC functionals gave the
underestimation compared with the experimental value.>® On
the whole, the PBE functional can be regarded to give the most
reasonable geometry of furan. Therefore, we used the PBE
functional for further supercell calculations.

To consider the solvent effect, we treated the supercells
containing 25 and 40 methanol molecules with lattice con-
stants of 12 and 14 A, respectively, giving the mass densities
close to the experimental value of 0.791 g cm™>. These mole-
cular systems were denoted as Met-25 and Met-40. We kept a
cavity with certain size around the centre of supercells to
include the solute molecule later. The molecular systems were
equilibrated at 300 K by performing AIMD NVT simulations
during 1 ps with a time step of 1 fs and then optimized by
performing atomic relaxations. Then, one furan molecule was
included into the cavity of the supercells and the furan plus
methanol molecular systems were again equilibrated at 300 K
using 1 ps AIMD NVT simulations (see Fig. S1, ESIt). After the
equilibrations, the resultant molecular systems were optimized
by performing atomic relaxations with the PBE XC functional.
Fig. 1 shows the obtained configurations of Met-25 and Met-40
systems without and with a furan molecule. Table 1 lists the
optimized bond lengths and bond angles of furan. The bond
lengths were found to be enlarged by interaction with methanol
solvent molecules compared with those in vacuum.

In the AO calculations with cluster modeling, we tested two
different XC functionals, such as B3LYP hybrid functional and
M06-2X, and two different basis sets, such as Gaussian-type 6-
311+G* and numerical cc-PVTZ. The methanol solvent effect
was considered implicitly using the COSMO approach. As listed
in Table 1, the B3LYP/6-311+G* method gave more reasonable
bond lengths and bond angles of furan than the M06-2X/cc-
PVTZ method. Our results obtained with the B3LYP/6-311+G*
method were well agreed with the previous DFT works employing
the UB3LYP/6-311+G* method®" and MP2/cc-PVTZ method.*?
Therefore, we chose the B3LYP/6-311+G* method for further
calculations, although some reports indicated that BALYP was less
reasonable than M06-2X for dispersion interactions.”® When
including the solvent effect, the bond lengths were also found to
be slightly enlarged for both methods, being similar to the super-
cell calculations mentioned above. For the dipole moment, the
B3LYP/6-311+G* level gave the overestimated value of 0.76 D, while
the M06-2X/cc-PVTZ level yielded the underestimated value of 0.59
D, compared with the experimental value of 0.66 D. Again, the
dipole moment was found to be enlarged when including the
solvent effect. In addition, the PBE/6-311+G* method was found to
produce relatively larger bond lengths than the experimental values
(see Table S3, ESIt). We also calculated the frontier molecular
orbitals of furan, such as the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO),
which were —6.50 and —0.12 eV respectively (see Fig. S2, ESIT).
Accordingly, the HOMO-LUMO gap was found to be 6.38 eV in
good agreement with the previous DFT calculations of 6.37 eV with
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Table 1 The equilibrium geometry such as bond length (unit: A) and bond angle (unit: degree) and dipole moment (unit: Debye) for furan calculated
using different methods in comparison with experiment (Exp.).>° In the PAO-DZP supercell calculations, Met-25 and Met-40 denote the supercell
calculations with the inclusion of 25 and 40 methanol solvent molecules, respectively. In the AO cluster calculations, Vac. and Met. mean the vacuum and
methanol solvent environments, respectively. The right panel shows the molecular structure of furan optimized with B3LYP/6-311+G* method

PAO-DZP B3LYP/6-311+G* MO06-2X/cc-PVTZ
Pz BLYP PBE  Met-25 Met-40 Vac. Met. Vac. Met. Exp.” Molecular structure
Bond length (4)
0-C1 1.359 1.375 1.366 1.376 1.372 1.363 1.368 1.352 1.357 1.362
C1-C2 1.355 1.354 1.354 1.360 1.360 1.358 1.359 1.351 1.352 1.361
C2-C3 1.410 1.418 1.414 1.433 1.426 1.436 1.439 1.432 1.436 1.431 ®\ ;
C1-H1 1.078 1.070 1.074 1.082 1.081 1.078 1.078 1.075 1.076 1.075
C2-H2 1.076 1.069 1.071 1.086 1.083 1.080 1.080 1.075 1.076 1.077
Bond angle (degree)
C1-O-C1 105.5 105.2 105.4 106.7 107.7 106.9 107.0 107.0 107.2 106.7
C1-C2-C3 106.2 106.5 106.3 106.5 106.3 106.1 106.3 105.9 106.1 106.0
0-C1-C2 111.1 1109 111.0 110.1 110.9 110.4 110.2 110.6 110.4 110.7
O-C1-H1 121.0 120.4 120.7 116.9 119.1 115.7 115.8 116.1 116.1 115.9 G@// \®
C1-C2-H2 124.5 124.3 1244 1234 123.7 126.5 126.3 126.5 126.3 126.1
Dipole moment (Debye) 0.76 0.59 0.66
“ Ref. 50.
@) using the PBE functional for the supercell models and B3LYP/6-

(d)

Fig. 1 Configurations of (a) 25 methanol molecules and (b) 25 methanol
plus one furan molecules included in the 12 A supercell, and (c) 40
methanol molecules and (d) 40 methanol plus one furan molecules
included in the 14 A supercell, obtained by 1 ps NVT equilibration in AIMD
and subsequently atomic relaxation using the PBE functional. Dashed lines
indicate hydrogen bond and blue circles show the furan molecule.

B3LYP/6-311G(2d,p)*° and 6.00 eV with B3LYP/TZVPP.*" We calcu-
lated the harmonic frequencies of furan in good agreement with
the previous calculation and experiment (see Fig. S8, ESIt). No
imaginary frequencies were obtained, indicating that the optimized
geometry (see Fig. S10, ESIt) is acceptable.

3.2 Geometrical features

Then, we optimized the geometries of other relevant molecules
under study, such as DMM, MMF, MLA, methanol and water,

5598 | Mater. Adv, 2024, 5, 5595-5605

311+G* method for the cluster models. For the case of DMM,
among several conformations including TT, TG and GG (T and
G mean trans and gauche), the GG conformation was found to
have the lowest energy.*® Therefore, the GG conformation was
used for DMM molecule in this work. Fig. 2 shows the opti-
mized geometry of DMM in GG conformation and the HOMO
and LUMO calculated with B3LYP/6-311+G*. The HOMO-
LUMO gap was calculated to be 7.81 eV (see Fig. 2(b)). The
bond lengths and bond angles of DMM calculated with differ-
ent methods are listed in Table 2.

(b)

LUMO: 0.18 eV

Fig. 2 (a) Geometry of DMM with a GG conformation, (b) frontier mole-
cular orbitals including HOMO and LUMO, and configurations of (c) 25
methanol plus one DMM molecules and (d) 40 methanol plus one DMM
molecules included in the 12 and 14 A supercells, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For all the methods, the C1-O1 and C3-02 bond lengths at
the edge were found to be larger than the C2-O1 and C2-02
bond lengths at the centre of DMM, in agreement with the
previous calculation.®® This can be attributed to the n—cf
anomeric interaction for the interior C-O bond, originated
from the delocalization of oxygen lone pair into a low lying
anti-bonding o}, orbital.*® For the PBE/DZP calculations, the
inclusion of solvent methanol molecules into the supercell
(Met-25 and Met-40) was found to symmetrize the molecular
structure around the C2 central carbon atom, like the B3LYP/6-
311+G* cluster calculations. Also, the C-O bond lengths were
enlarged when considering the solvent effect implicitly for the
cluster calculations.

For the MMF and MLA molecules, we performed the con-
formational searches to find their lowest energy conformations
by applying the stochastic search algorithm that uses random
generation of conformational parameters. Then, geometry opti-
mizations were performed for the vacuum supercell models
and the cluster models. For the explicit methanol solvent
supercell models, the NVT equilibrations at 300 K and subse-
quent optimizations were performed as well. Fig. 3 shows the
results for MMF and MLA (see Tables S1 and S2 for their bond
lengths, bond angles and dipole moments, ESIt). The HOMO-
LUMO gaps were found to be 6.08 and 6.14 eV for MMF and
MLA, respectively, with the B3LYP/6-311+G* calculations. The
dipole moments were calculated to be 1.29 and 1.27 D for MMF,
and 5.68 and 6.51 D for MLA, in vacuum and methanol solvent
environments, respectively. We also calculated the harmonic
frequencies of DMM, MMF and MLA, confirming no imaginary

Table 2 The optimized bond lengths (unit: A), bond angles (unit: degree),
and dipole moment (x) of DMM in comparison with the previous (Prev.)
calculation.>® Denotation of atoms is referred to Fig. 2(a)

PBE/DZP B3LYP/6-311+G* Prev.?
Vac. Met-25 Met-40 Vac. Met. Vac.

C1-01 1.433 1.439 1.430 1.423 1.431 1.426
C2-01 1.410 1.402 1.416 1.404 1.409 1.406
C2-02 1.413  1.402 1.417 1.404 1.409 1.407
C3-02 1.428 1.439 1.429 1.423 1.431 1.426
C1-H3 1.138 1.094 1.126 1.098 1.096 1.100
C1-H4 1.129 1.094 1.107 1.094 1.093 1.096
C1-H5 1.112  1.093 1.109 1.089 1.089 1.092
C2-H1 1.116 1.097 1.111 1.096 1.094 1.098
C2-H2 1.123 1.118 1.108 1.096 1.094 1.098
C3-H6 1.111  1.103 1.156 1.098 1.096 1.100
C3-H7 1.098 1.088 1.101 1.089 1.089 1.092
C3-H8 1.114 1.104 1.127 1.094 1.093 1.096
C1-01-C2 112.0 111.7 111.3 113.9 114.0 113.9
01-C2-02 111.8 113.2 112.6 114.1 113.8 114.1
C3-02-C2 111.3 1109 110.1 113.9 114.0 113.9
H1-C2-02 107.5 107.3 107.5 105.2 105.6 105.2
H2-C2-02 110.2 107.0 107.0 110.9 110.5 110.9
H6-C3-02 109.6 108.4 111.9 110.8 110.5 110.8
H7-C3-02 109.7 104.7 107.0 106.7 106.8 106.6
H8-C3-02 111.8 114.7 112.9 111.6 111.4 111.6
H3-C1-01 108.7 1104 109.6 110.8 110.5 110.8
H4-C1-O01 111.6 111.0 111.3 111.6 111.4 111.6
H5-C1-O1 106.9 107.8 109.1 106.7 106.8 106.6

u (D) 0.22 0.16 0.26

% B3LYP/6-31++G** calculation.®®
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frequencies (see Fig. S9 and S10, ESIt)). For the methanol and
water molecules, the same procedure was carried out (see Fig.
S3 and Tables S3, S4, ESIt).

In order to identify the reactivity species in the individual
molecules, we calculated the Fukui functions describing the
sensitivity of charge density with respect to the electron loss or
gain. The B3LYP/6-311+G* method was used for this aim,
together with the cluster models in vacuum. Fig. 4 depicts the
isodensity surface view of Fukui functions mapped on the
isosurface of total electron density at the value of 0.2|¢| A~%,
representing the chemical reactivity sites with respect to elec-
trophilic and nucleophilic attacks for the major reactant mole-
cules of furan, DMM and MMF (see Fig. S4 for methanol and
water molecules, ESIt). According to the Fukui theory, an
electrophile (nucleophile) accepts (donates) a pair of electrons,
forming a new chemical bond. In the case of furan, the C atoms
bonded to oxygen atom (C1 and C4) were found to be reactive
species as their Fukui indices for electrophilic and nucleophilic
attacks had the greatest values (0.204 and 0.226 for C1 atom)
among the atoms (see Table S6, ESIT). The Fukui indices for
electrophilic attack ( f~) of C2 were obtained to be 0.10 and 0.13
from the Mulliken and Hirshfeld population analysis, being
close to the value of 0.14 in the previous work.’* For the case of
DMM, the O2 atom has the greatest value of Fukui index for
electrophilic attack (0.215) among the atoms and the C2 central
carbon atom has the higher value than those of the edge carbon
atoms, indicating that the O2 and C2 atoms should be reactive
species. In the MMF molecule, the carbon atoms of the furan
heterocycle (C1-C4 atoms) show larger Fukui indices than the
branch carbon atoms (C5 and C6 atoms), and the C6 atom of
the methyl group has the negative Fukui index, indicating that
the main reaction should occur in the furan heterocycle.

3.3 Reaction energetics

We then calculated the DFT total energies of the relevant
reactant and product molecules under study in this work to
evaluate the reaction energies (see Table S7, ESIt). Table 3 lists
the reaction energies evaluated by the total energy differences
between the reactant and product molecules with different
modelings and simulation methods. For the reaction (1), the
reaction energy was calculated to be positive in vacuum as
being 0.22 and 0.02 eV with PBE/DZP supercell and B3LYP/6-
311+G* cluster methods, indicating that the reaction is
endothermic in vacuum. However, when considering the
methanol solvent effect either explicitly or implicitly, the reac-
tion became exothermic as the reaction energies became nega-
tive both in the explicit supercell and implicit cluster
calculations. In the supercell calculations, the reaction energy
with Met-40 models (—0.04 eV) was found to be smaller in
magnitude than that with Met-25 models (—0.28 eV). This is
possibly due to the stronger interaction between the neighbour-
ing furan molecules at the shorter distance (12 A) in the latter
case. We note that the value of —0.04 eV in the Met-40 case is
close to the value of —0.07 eV obtained by cluster calculations
without zero-point and thermal corrections, implying that the
explicit method with the 40 methanol molecules might give

Mater. Adv., 2024, 5, 5595-5605 | 5599
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Fig. 3 Optimized geometry with HOMO and LUMO calculated with B3LYP/6-311+G* method for (a) MMF and (b) MLA, and configurations of 25
methanol molecules plus one (b) MMF and (e) MLA molecule in the 12 A supercell and 40 methanol molecules plus one (c) MMF and (f) MLA molecule in
the 14 A supercell, equilibrated at 300 K and optimized with PBE/DZP method.

-0.016
Furan

-0.009

-0.002

Electrophilic

Nucleophilic

Fig. 4 Isodensity surface view of Fukui functions depicting the chemical
reactivity to electrophilic and nucleophilic attack for major molecules,
mapped on isosurface of total electron density at the value of 0.2]e| A=3.

more reliable result in agreement with the implicit cluster
method. For the reaction (2), the reaction energies were found
to be negative by all the different methods, indicating the
exothermicity of this reaction. In contrast to the reaction (1),

5600 | Mater. Adv, 2024, 5, 5595-5605

Table 3 Reaction energies for the chemical reactions described by eqn (1)
and (2), calculated with PBE/DZP method using supercells in vacuum and
explicit methanol solvent environments (Met-25 and Met-40) and with
B3LYP/6-311+G* method using clusters in vacuum and implicit methanol
solvent environments (unit: eV)

PBE/DZP B3LYP/6-311+G*

Vac. Met-25  Met40  Vac. Met.
Reaction (1) 022  —0.28 —0.04 0.02 —0.11
Reaction (2)  —1.62  —3.10 ~1.11 -1.35 ~1.36

the methanol solvent barely affects the reaction energy for the
B3LYP/6-311+G* cluster calculations. However, the reaction
energy could be lowered by methanol solvent, except for the
case of Met-40 model.

Then, we determined the activation barriers for these reac-
tions by applying the NEB method. To do this, the reaction
pathways were presumed previously. For the initial state (IS)
and final state (FS) of the reactions, we prepared the bimole-
cular systems of furan + DMM, MMF + methanol and MMF +
water molecules. In each bimolecular system, the two mole-
cules were placed at a long distance over 2.5 A with proper
orientations according to the reactivity sites identified by Fukui
functions (see Fig. 4) and the geometry optimization was
performed. For the supercell modeling, the AIMD simulations
were performed to equilibrate the systems at 300 K and subse-
quently atomic relaxations were performed. Also, the breaking
chemical bonds of the reactant molecules and the newly
formed chemical bonds of the product molecules were sug-
gested by considering the Fukui functions. Scheme 6 shows the
chemical reactions schematically with the movement direction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic processes for reactions of (a) furan + DMM to MMF + methanol and (b) MMF + water to MLA. Dashed arrows indicate a direction
of atom movement to make a new chemical bond. Crosses denote a dissociation of chemical bond.

of the principal atoms of the reactants (red-coloured arrow). In
the reaction (1), the hydrogen cation (proton) attached to the C1
atom adjacent to the O atom in furan is firstly dissociated and
then reacted with the oxygen atom of DMM to create MMF,
while forming a methanol molecule by bonding the proton with
the CH3-O- residue group, as depicted in Scheme 2(a). For the
second reaction (2), the oxygen atom of water is reacted with
the C2 atom of MMF and the hydrogen atoms of water are
bonded to the C1 atom, leading to breaking and creation of
several chemical bonds to form a MLA molecule, as depicted in
Scheme 2(b).

With these expected reaction pathways, we performed the
NEB simulations to evaluate the reaction barriers. Fig. 5 shows
the energy profile for reaction of furan + DMM into MMF +
methanol with the geometries of the bimolecular system
corresponding to IS, transition state (TS) and FS, calculated

it

INg

s b0 o4& FS T

Energy (eV)
N
I

0 1
0

N -
A
»
oo

10
Path

Fig. 5 Energy profile for reaction of furan + DMM to MMF + methanol
calculated with PBE/DZP and 30 A supercell in vacuum environment.
Atomistic structures corresponding to the initial state (IS), transition state
(TS) and final state (FS) are shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry

by using PBE/DZP method and the 30 A supercell in vacuum.
Through the geometry analysis during NEB run (see Fig. S5,
ESIY), it was confirmed that as the furan molecule approached
the DMM molecule, the H atom of C1-H bond in furan was
firstly dissociated and bonded to the O2 atom of DMM, leading
to the dissociation of DMM into CH3;-O1-CH,- and CH;-O2H
(methanol). This indicates that in this reaction the furan and
DMM act as Brgnsted acid and base as they donate and receive
the proton (H'), respectively. Then, the furan anion (C,H;07)
was combined with the remaining CH;-O1-CH,- group by
forming a new chemical bond between C1 of furan and C2 of
DMM to form a MMF molecule as expected before. The activa-
tion barrier for this reaction was calculated to be as high as
3.5 eV, as shown in Fig. 5.

For this reaction, we considered the methanol solvent effect
explicitly using both the Met-25 and Met-40 models. The same
reaction pathway was suggested. Fig. 6 shows the calculated
energy profiles with the revealed supercell structures corres-
ponding to IS, TS and FS (see Fig. S6, ESIf). Although some
interacting methanol molecules existed around the reactant
molecules, the reaction pathway and geometries were found
not to be quite different from those in vacuum mentioned
above. The activation barriers were also somewhat similar to
that in vacuum as being about 3.3 and 3.7 eV in the Met-20 and
Met-40 models, respectively. It should be noted that in these
models the ISs were not the lowest energy states, which were
found at the third and first NEB images for the Met-20 and Met-
40 models, respectively. Also, the energy profiles resembled
each other in overall shape as being mount-like, although being
sharper in vacuum and wider bases in methanol solvents. This
indicates that the methanol solvent barely affects the reaction
pathway, and therefore only the results in vacuum will be
considered hereafter.

Fig. 7 shows the energy profile for the second reaction (2) of
MMF + water to MLA, calculated by using the PBE/DZP method
and the 30 A supercell in vacuum. The geometries of the

Mater. Adv,, 2024, 5, 5595-5605 | 5601
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Fig. 6 Energy profile for reaction of furan + DMM to MMF + methanol
calculated with (a) 12 A supercell in 25 methanol and (b) 14 A supercell in
40 methanol solvent environments. The solvent methanol molecules are
depicted by stick and the reactant or product molecules are shown by
ball-and-stick view.

molecules corresponding to IS, TS and FS are shown together
(see Fig. S7, ESIY). In this reaction, water and MMF molecules

i ~—_ Q 7
81 M =
TS o

0 2 4 6 8 10 12 14
Path

Fig. 7 Energy profile for reaction of MMF + water to MLA calculated with
PBE/DZP method using the PBE functional and 30 A supercell in vacuum
environment, together with the molecular geometries corresponding to
the initial state (IS), transition state (TS) and final state (FS).
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could also act as Brensted acid and base as they donate and
receive two protons, respectively. When compared with the first
reaction, many chemical bonds can be expected to be broken
including the dissociation of furan heterocycle in MMF, while
many chemical bonds can also be newly formed. Therefore, the
activation energy might be higher. As shown in Fig. 7, the
activation energy for this reaction was calculated to be 8.4 eV,
being over twice higher than that for the first reaction. To make
the reaction realistic, therefore, a certain catalyst is needed as
the solid acidic resin catalyst of D008 was used in the real
experiments.*’

Then, the B3LYP/6-311+G* method was applied to the
cluster models in vacuum for determining the activation ener-
gies and reaction pathways for the two reactions. In these
calculations, the number of NEB images was set to be 10.
Fig. 8 shows the calculated energy profiles for the reactions
(1) and (2). The real path distances were measured in the
angstrom unit. We found that the reaction pathways and
geometries of the molecules during the NEB runs were similar
to those obtained by supercell calculations (see Fig. S8 and S9,
ESIt). As shown in Fig. 8(a), the activation energy for the first

= 2 1 ‘ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1

0 2 4 6 8 10 12 14 16 18

Path (A)
Fig. 8 Energy profile for reactions of (a) furan + DMM to MMF + methanol
and (b) MMF + water to MLA calculated with B3LYP/6-311+G* cluster
models in vacuum environment, together with geometries of molecules
corresponding to IS, TS and FS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Energy profile for reactions of (a) furan + DMM to MMF + methanol
and (b) MMF + water to MLA with a protonated methanol molecule,
calculated with B3LYP/6-311+G* cluster models in vacuum environment,
together with geometries of molecules corresponding to IS, TS and FS.

reaction was calculated to be about 3.9 eV, which was slightly
higher than that obtained with the Met-40 supercell calculation
(3.8 eV). The mount-like shape of energy profile was also similar
to those in the supercell calculation. For the second reaction,
the activation energy was found to be about 7.9 eV, being
similar to the case of the supercell calculation (see Fig. 8(b)).
We note that the reason for such slight differences in activation
energies might be slight differences in the optimized geome-
tries of the molecules corresponding to IS, TS and FS. We
performed the frequency analysis of TS. For the reaction (1), TS
has only one imaginary frequency of —137 ecm ™", while for the
reaction (2) TS exhibits an imaginary frequency of —230 cm ™.
To estimate the effect of different XC functional on the barrier
height, we also applied the PBE/6-311+G* method to the NEB
simulations for the reactions (1) and (2) (see Fig. S10, ESIY),
confirming the almost agreement with those obtained with the
DZP/PBE supercell as well as the B3LYP/6-311+G* method.

To consider the effect of solid acidic resin catalyst on the
reaction barriers, we added a protonated methanol molecule
into the original reaction systems®” and again performed NEB
simulations. The protonated methanol molecule was located at
the proper position between the reactant molecules with a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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certain distance over 3 A and fixed during the NEB simulations.
Fig. 9 shows the calculated energy profiles for the reactions,
together with the optimized geometries of molecules corres-
ponding to IS, TS and FS (see Fig. S11 and S12 for all the NEB
images, ESIt). The activation energies were found to be lowered
as 2.8 and 4.1 eV for the reactions (1) and (2) respectively,
compared with those obtained without a protonated methanol
molecule. This indicates the positive role of the acidic resin
catalyst in promoting the furan conversion into MLA.

4 Conclusions

In this work, we have studied the conversion of furan into
methyl levulinate using ab initio calculations within the DFT
framework. For modeling and simulation, we adopted two
different ways of PAO-DZP basis sets with supercell modeling
and 6-311+G* basis sets with cluster modeling. The methanol
solvent effect was considered explicitly by including 25 and 40
methanol molecules in the supercells with lattice constants of
12 and 14 A for the supercell modeling and implicitly by using
the COSMO approach for the cluster modeling. The geometrical
features of individual molecules of furan, DMM, MMF and MLA
were analyzed with comparison between those by different
methods and models. Through the analysis of the Fukui
functions, we identifies the reactive sites in the individual
molecules, being necessary for predicting the reaction pathways,
and verify the Brensted acid-base reaction fashions for these
reactions. With the calculated DFT total energies, corrected by the
zero-point and thermal energies for the cases of B3LYP/6-311+G*
cluster calculations, we determined the reaction energies for the
reactions of furan + DMM to MMF + methanol and MMF + water
to MLA. It was revealed that the first reaction was endothermic in
vacuum but became exothermic in methanol solvent, while the
second reaction was exothermic in both vacuum and solvent
environments. Using the predicted reaction pathways, we carried
out the NEB simulations to clarify the real reaction pathways and
determine the activation energies for these two reactions without
and with a protonated methanol molecule. Our calculations
provide the atomistic insight into conversion of biomass-derived
furan to MLA used as fuel additive with the detailed geometries
and frequencies of the intermediates.
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