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Abstract

The elimination of methyl mercaptan from natural gas sources and many industrial
processes remains an actively investigated issue. The discovery that acidic zeolites are
efficient catalysts for the decomposition and conversion of methyl mercaptan to value-
added products has prompted the need for better understanding of the fundamental
reaction mechanisms. Periodic density functional theory calculations with empirical
dispersion corrections were employed in this work to investigate the mechanism of the
toluene formation from benzene and methyl mercaptan over acidic chabazite (H-CHA)
zeolite. The free energy surfaces (FESs) along the step-wise and the concerted mech-
anisms of mercaptan and methanol reagents are identified and compared. Although
mercaptan is the chemical analog of methanol, we found that mercaptan conversion is
possible only along the step-wise route, owing to the larger size of sulfur if co-adsorbed

with benzene in the H-CHA zeolite pore. Both reagents undergo their conversion via



the same rate-limiting steps, which are the formation of the surface-bound methox-
ide (step-wise route) and C-C bond formation from the co-adsorbed CH3XH (X = S,
O) and CgHg molecules (concerted route). The ab-initio molecular dynamics simula-
tions at the reactive temperatures revealed intra-molecular hydrogen transfer in the

toluenium cation that facilitates the H-back-donation for the catalyst regeneration.

Introduction

Methyl mercaptan (CH3SH), a harmful sulfur-containing volatile compound (SVOC), can
be efficiently converted into hydrocarbons over acidic H-ZSM zeolite catalysts.!™ Other thi-

ols (C1-C3 mercaptans) can also be decomposed on zeolites with acidic Brgnsted H-sites. "

Hulea et al.® reported high selectivity of H-ZSM-5, H-Y, H-Ferrierite, and H-SAPO-34 cat-
alysts in the conversion of mixtures of ethyl and methyl mercaptan into hydrocarbons and
H,S.? Mashkina et al.% developed processes for dimethyl disulfide transformation to methane
without other reagents over H-ZSM-5, Co-H-ZSM-5, and H-NaY catalysts. More recently,
the conversion of methyl mercaptan to value-added products was obtained by Cammarano et
al.* The authors were able to produce xylene from the methylation of toluene by CH3;SH over
H-ZSM-5 catalyst. The transformation of SVOCs over acidic zeolite catalysts is therefore
beneficial as it avoids the use of solvents or additional reagents, currently implemented for
the mecraptan removal in the industrial processes, and allows the complete decomposition of
mercaptan, or other thiols, into hydrocarbons and hydrogen sulphide (H,S).* % Moreover, the
high catalytic activity of H-ZSM-5 in Friedel-Crafts reaction of toluene alkylation by methyl
mercaptan to xylene,? paves the route for further developments of sustainable processes for
thiols conversion into value-added products.

Despite these benefits, the conversion mechanisms of methyl mercaptan to hydrocarbons
(M2TH) is still not resolved, different to the conversion process of methanol (the oxygen ana-
log of methyl mercaptan) to hydrocarbons (MTH).” Comparison between M2TH and MTH

over H-ZSM-5 zeolite catalysts under the same conditions revealed similarities, but also non-



negligible differences regarding the catalyst lifetime and the formation of products.® In the
M2TH process, CHy represents more than 90% of the products, whereas in the MTH process
a significant amount of olefins were formed in addition to aromatics BTX (benzene-toluene-
xylene) and alkanes.®'3 In the M2TH process, the olefins are absent. ¥ Furthermore, it
is well-known that the methanol and the methyl halides are efficient alkylation agents for
aromatics, whereas only one study* has hitherto reported on the methylation ability of
mercaptan to alkylate toluene. The high alkylation yield, obtained for CH3SH at 450°C
was attributed to the lower consumption of CH3SH in light hydrocarbons in comparison to
toluene alkylation by methanol.*

Few theoretical works, using density-functional theory (DFT), have been hitherto de-

1415 including our

voted to the mechanisms of CH3SH decomposition over acidic zeolites,
work.!* The comparison between the reaction pathways of methanol and mercaptan decom-
position over H-ZSM-5 without other reagents!* revealed similar basic reaction mechanisms.
Analogous conclusions were drawn from the mechanistic study of CH3SH and CH30H con-
version to ethene over acidic chabazite (H-CHA).'® Tt can be therefore assumed that also
the alkylation of aromatics by mercaptan might follow the same step-wise and concerted
reaction mechanisms (see Scheme 1), which have been accepted for methanol reagent in the
MTH processes. ®11:16-20

In the step-wise mechanism, methanol dehydrates onto a Brgnsted acid site of the zeolite
leading to the formation of surface-bound methoxide (methoxy) species. Consequently the
methoxy species methylate aromatics following the Eley-Rideal-type reaction.!! In the con-
certed mechanism, methanol and aromatics are co-adsorbed onto a single acid site and then
react in a concerted step. The extensive mechanistic research did not yet lead to a conclu-
sive preference of the methanol alkylation mechanism, being still a matter of debates.®16720
A possible reason for the inconclusive mechanistic research is the complexity of the MTH

process involving a large variety of intermediates, active complexes and products that may

depend on the zeolite topology, the local structures and density of the acid sites. Despite
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Scheme 1: Schematic presentation of a) the step-wise and b) the concerted mechanism

the complexity of MTH processes, the involvement of surface methoxide species has been
confirmed by various spectroscopic and kinetic studies as a key reactive intermediate in
methanol conversion and methylation processes by methanol over zeolite catalysts.?!™3°

In this theoretical work we address the question of the reaction mechanisms of benzene
methylation by methyl mercaptan over H-CHA zeolite by comparing the free energy surfaces
(FES) of the reaction along the step-wise and the concerted pathways. A comparison with
methanol reagent over the same zeolite model is also provided. The methylation of benzene
by methanol is another well-known technologically important process that offers the produc-
tion of chemical precursors, such as ethylbenzene, diethylbenzene, toluene and xylenes for
production of many fine chemicals.?! Zeolites with CHA topologies (SAPO-34 and SSZ-13)
have been established to be among the best performing catalysts for methanol transformation
to aromatic polymethylbenzenes and their corresponding carbenium ions as valuable inter-

32-34

mediates in the production of olefins. Mercaptan might be an alternative to methanol

for benzene methylation that would enable the transformation of harmful mercaptan into



value-added chemicals. The mechanistic studies reported in this work, obtained with a peri-
odic DFT-D3 approach, demonstrated that methyl mercaptan can methylate benzene on a

model H-CHA catalyst as efficiently as methanol in the step-wise reaction process.

Methods and Computational Details

DFT Computational Details

A periodic DFT-based approach was used to carry out a full geometrical optimization (atomic
positions and unit-cell parameters) and numerical frequency calculations of the minima and
maxima states along the reaction paths (step-wise and concerted routes), using the Crys-
tall7 program, based on atom-centered Gaussian orbitals.?® The stationary points on the
potential energy surfaces (PES) that correspond to adsorbates (A), intermediates (I) and
activated complexes (transition state complexes, T'S) were searched by geometry optimiza-
tion algorithms. For the location of the minimum energy structures, we performed ana-
lytic geometry optimization of the atomic coordinates and cell parameters with the Broy-
den—Fletcher-Goldfarb—Shanno (BFGS) Hessian update algorithm.3¢ The maximum energy
structures were located using the distinguished reaction coordinate algorithm?3” with Schlegel
Hessian update Model 2.3® The minimum energy states were confirmed by the absence of
imaginary frequencies and the maximum energy structure by the presence of one imaginary
frequency. The imaginary frequency values for the transition state structure, located along
the step-wise and concerted pathways are reported in Tables S1 and S2, respectively, in the
Supplementary Information (SI) section. The convergence criteria for the root mean square
gradients and coordinates displacements were set to 1073 a.u., and the convergence crite-
rion for the total electronic energy was everywhere set to 10719 a.u..A shrinking factor of
3x3 was used to generate the commensurate k-points grid in the reciprocal space within the
Monkhorst-Pack method.? Increasing the shrinking factor up to 4x4 and 6x6 did not lead to

different adsorbate and transition state structures, or energies. The vibrational frequencies



were computed at the I' point 404!

All-electron basis functions of triple ¢ (pob-TZVP) quality were used for all the atoms (H,
C, O, Al, Si and S).*? A comparison between PES, obtained with double-¢ (pob-DZVP) bases
of the conversion of CH3SH and CH3OH to methoxy intermediate is presented in Figures
S1 and S2, respectively. As follows, the pob-DZVP and pob-TZVP energy profiles show the
same trends, however the pob-DZVP bases produced larger AFE 4, and smaller AErg values.
Moreover, bases of double ¢ quality may produce larger basis set super position errors (BSSE)
when applied to zeolites in combination with hybrid DFT functionals.*® Other problem of
using pob-DZVP bases is the larger numerical errors in the vibrational frequency calculations,
leading to an increased number of spurious imaginary frequencies in comparison with the
pob-TZVP results, as reported in Tables S1 and S3. Therefore, we have chosen triple ( bases
for the present study. Three approximations for the exchange-correlation functionals were
tested: the generalised gradient-corrected PBE,**% the hybrid B3LYP*%47 and the meta-
generalised gradient-corrected M06*® approximations. The benchmark results were carried
out again for the step-wise mechanism and are presented in Figs. S3 and S4, and in Table S4
of the SI section. The difference between the three functionals is not significant for the final
conclusions and therefore the results, presented in the main text, are those obtained with the
PBE approximation. The empirical London dispersion (D3) term with the Becke-Johnson

4951 wwas included in all the calculations.

damping function
The Gibbs free energy G (T') of each state, labeled as i, of the FESs is computed using

the following relation:
G(T) = BY + B, + EY(T) + (PV)@D — TSO(T) (1)

where Eg), E(Z@E, Eg)(T), denote, respectively, the electronic energy, the zero-point cor-
rected energy, and the thermal contribution to the vibrational energy, and P, V, T, and

S(T') denote, respectively, the pressure, the volume, the temperature, and the entropy.



The electronic energies of the zeolite — molecule(s) complexes are corrected for BSSE. The
counter-poise approach was used to compute the BSSE corrections by considering the op-
timized geometries of the reagents in the zeolite — molecule(s) complexes according to the

following equations.

i)(CP i M, Z;
EPP) = BY) — Efpkse — Bt psse (2)
M; M;)(C;—basis M;)(M;—basis
Ef phsp = By 070 — gt ) (3)
Z Z;)(C;—basis Z:)(Z;—basis
Efpssp = By it — gt (4)

In the above equations Z; and M; label, respectively, the zeolite (H-CHA or CH3-CHA)
and the molecule(s) in each complex (C;), and Z;-basis, M;-basis, and C;-basis denote, re-
spectively, the basis set of the zeolite, molecule(s), and molecule(s)-zeolite complex.

The entropy S(7') and the thermal contribution to the vibrational energy Er(T) were
computed from the vibrational frequencies according to the double harmonic approximation

using the following formula implemented in the Crystall7 program:3®

hw,;

S(T) = ks Y 2 o (1- ) 5
7| kpT <ew - 1)

J

ersT —1

Ep(T) = hw

1 1
5t m—] (6)

where R represents the reduced Planck constant, w; = 2mv; the circular frequency of the
vibrational mode v; and kp the Boltzmann constant. The pressure P was taken as P =
1 bar and the volume V of the system was taken as the product of the optimised cell
parameters in A®. These formulas are defined only for positive vibrational modes (v; >0
cm ™). We have corrected the entropy (5) and the thermal contributions (6) for few spurious
negative frequencies (< 100 cm™1) due to the imprecision of the numerical calculations of the

vibrational modes,?? by setting the small negative frequencies equal to 10 cm~! and adding



them into eq. (5) and eq. (6). These corrections for one spurious imaginary frequency
amount to -2.23 kcal/mol (T = 673 K) and -2.87 kcal/mol (T = 823 K).
The Gibbs free energies of adsorption AG qs(7T), of transition state AGrs(T'), of forma-

tion AGr(T') and of desorption AG 4.s(T") were computed using the following relations:

AGags(T) = Gags(T) = [Geryxu(T) + Ga—cua(T)] (7)
AGrs(T) = Grs(T) — Gaas(T) (8)

AGR(T) = G1(T) — Gaas(T) (9)

AC;des (T) = Gdes (T) - GI(T) (1())

where Gads(T); GCHgXH(T); GH—CHA(T)7 GTs(T), G](T), Gdes(T> denote the Gibbs free en-
ergy, respectively, of the adsorbate state, the reagents (CH3 X H and H-CHA), the transition
state, the intermediate state, and the desorbate state. The sum Gog,xy(T)+Gr_cua(T)+

Gogng(T) is taken as a reference and corresponds to the point 0 of the FESs (see below).

BOMD Computational Details

Born-Oppenheimer Molecular Dynamics (BOMD) simulations were carried out in order to
qualitatively examine the short-time stability (and evolution) of the structures at the station-
ary points on PES at T = 673 and 823 K, that correspond, respectively, to the experimental

reaction temperature of the conversion of methanol and methyl mercaptan.® We used the

53,54 55,56

open-source code Quantum Espresso based on plane waves and pseudopotentials.
The wave-function and charge density energy cut-offs were set to 60 Ry and 720 Ry, respec-
tively. The PBE functional and ultra-soft-pseudo-potentials®® were used in the electronic
structure calculations. D3 type of correction for the London dispersion was added. We used

the Berendsen thermostat’™® for rescaling the atomic velocities during the dynamics. The

selected thermostat ensures rapid thermalization to the reaction temperature, preventing



high instantaneous temperatures that might cause unphysical structural distortions in the
zeolite. In this algorithm, the classical equation of Newton applied to the nuclei is modified

according to the following relationship:

T

where m; is the mass of the nucleus i, F; is the force applied to each nuclei, v; and v; are,
respectively, the velocity and acceleration, Ty is the target temperature of the thermostat,
T is the temperature of the system, and v is the damping constant, which represents the
strength of the coupling. At each time step At of the dynamics, the atomic velocities are
rescaled proportionally with the parameter A according to the change in the temperature.

The new atomic velocities then become v; = Av; and the relation of the parameter A reads

=2 () 1

where 71 corresponds to the time constant of the coupling. The time constant 7 was set

to 4At for all the calculations. The Velocity-Verlet®%%0 algorithm was used for integrating
the equations of motion at each iteration and the default integration step At = 0.96 fs in
the Quantum Espresso software was used. The energy convergence threshold was set to
10~7a.u.. The atomic velocities were taken initially as a random thermalised distribution for
all the dynamic simmulations. The simulation length of each state amounts to 20 ps. The
target temperature for all the structures was reached within less than 1 ps as illustrated in
Fig. S5, where the temperature evolution as a function of the simulation time is plotted for

a representative case.



Chabazite Model

The DFT calculations and BOMD were carried out on a periodic CHA model, depicted in

L on proton mobility in

Fig. 1, and taken from the theoretical work of Sierka and Sauer®
acidic chabazite. The unit-cell of the acidic chabazite (H-CHA) contains 37 atoms. In this
study we considered only one acidic site in the zeolite, that corresponds to a Si/Al ratio of
11. According to the International Zeolites Association (IZA) structure database,%* CHA is

a material with rhombohedral unit cell and belongs to the R3m symmetry group. It is built

of two composite units called d6r and cha units.

>

Figure 1: Representation at different levels of the crystalline structure of H-CHA (left:
Bronsted acid site, middle: 8-MR ring dimensions in A, right: periodic structure of H-
CHA).

The largest 8 member rings (8-MR) of the CHA topology can include a sphere with a
maximum diameter of 7.37 A that is slightly larger (by 1 A) than the 10 MR in ZSM-5
zeolite, %% hitherto pointed out to be the most active catalyst in the conversion of methyl
mercaptan to hydrocarbons.® The optimized cell parameters and atomic positions of the
H-CHA crystal as obtained with the PBE functional are: a = 9.558 A, b = 9.513 A, ¢ =
9.490 A, a = 94.5° B = 94.6° and v = 96.7°. These values are close to the cell parameters
of pure chabazite CHA reported in the IZA structure database®? : @ = b = ¢ = 9.420 A and
a = 3 = v = 94.47°.%3 This reveals that the presence of one acidic site in the chabazite does

not have a large influence on the chabazite structure. All T-positions in CHA are symmetry

10



equivalent, which makes it an appealing structure to use in theoretical study of acidic site

reactivity, independently on the Al-position in the 8-MR ring.

Results and discussion

The production of xylene from toluene methylation by methanol and mercaptan was the
main reaction observed in the temperature range of 623 - 823 K over H-ZSM-5 catalyst.*
The typical temperature regime for the conversion of methyl mercaptan to hydrocarbons

16,9 whereas methanol converts in the 523 -

over acid zeolites is between 673 and 823 K,
723 K temperature interval. We have, therefore, chosen to compute the entropies and the

thermal corrections to the Gibbs free energies (eqs. 5 and 6) at T = 673 and 823 K.

Step-wise mechanism

The zero-point corrected energies (T = 0 K) and AG at T = 673 and 823 K of adsorption,
activation, formation of intermediates, and product desorption processes (computed from
eqs. 7 - 10) are collected in Table 1. The relative Gibbs free energies at T=673 K are
plotted in Fig. 2. The zero reference is set to the sum of the total Gibbs energies of all
the involved reagents: H-CHA, two molecules of mercaptan and methanol in gas-phase (g),
respectively, and one benzene molecule in gas-phase. The step-wise mechanism involves three
main reactions: (i) the adsorption of CH3XH, (X = S, O) on a Brgnsted proton site (Al,
A’l in Fig 2); (ii) the dehydration of methanol/mercaptan via an activation complex TS1
(TS’'1) (Fig. 2) to form surface-bound methoxy species (-OCHj3)(I1, I'l in Fig. 2), and (iii)
the interaction of the methoxy intermediate with benzene molecule to form a methylated
benzene, which then desorbs from the zeolite surface (see Scheme 1). The reactivity of
methanol and methyl mercaptan as methylating agents is therefore comparable only in the
first two steps (i) and (ii).

The comparison between the reaction pathways of CH3SH and CH30H to the formation

11



of -OCHj3 intermediate (I1, I'1 in Fig. 2) reveals a TS1 and TS’1 energy barriers of ~50
kcal/mol for the conversion of CH3SH and CH3OH. This is generally in line with previous
PBE-plane wave results, reporting ~ 50 kcal/mol energy barrier for the CH3SH conversion
to -OCH3 in H-CHA, being higher by ~ 5-6 kcal/mol of the energy barrier for methanol

tranformation to methoxy intermediate.

60 TS1
' =—CH3SH
= ---CH30H
—DMS
i -=-DME
gy = H-CHA
© -
E 2(CHXH (g)
T 20 +
2]
= CeHs ) =
X
2 10
© A1l
(U} 13
4 9 L
————— D2
10 A 71-::.;;- tion ,— X ’.2-— Z— orptic 14
dsorptio Methoxy lDesorpiion;ﬁ\dsorption Benzene Desorption
CH,XH Foraten ‘ HoXe) CeHs | methylation _ Hydrogen transfert processes i

Figure 2: BSSE corrected free energy (AG) surface of the step-wise mechanism of the
methanol (solid line) and methyl mercaptan (dashed line) methylation of benzene over H-
CHA at T = 673 K. The orange solid and dashed lines represent FES of dimethyleter and
dymethylsulfide formation (see text), respectively. The zero reference energy is taken as the
sum of the gaseous reactant CH3XH (X = O, S) and CgHg, and the solid H-CHA zeolite.
The geometries of the stationary states are depicted in Fig. 3

Both reagents adsorb at the Brgnsted site of H-CHA zeolite with methanol adsorbing
strongly by 4 kcal/mol (see Table 1), similarly to the relative adsorption strengths of both
reagents in H-CHA'® and H-ZSM-5 catalyst. !4 The inclusion of the entropy and the thermal

corrections, computed from the harmonic vibrational frequencies, have little to negligible

12



Figure 3: Key geometrical parameters and structures of the adsorbates (A1, A’1l, and A2);
transition states (TS1, TS'1, TS2, TS3 and TS4), and intermediates (I1, I'1, 12, 13 and 14),
located along FES of the step-wise mechanism in the benzene methylation by mercaptan and
methanol (structures with primed notations). The distances are given in A and the color
code used for the atoms is the following: Si: dark blue, Al: light blue, O: red, C: brown, S:
yellow, H: pink. The atoms coloured in light grey correspond to the atoms of the zeolite.

effect on the energy barriers AFErg at T = 0 K as follows from their comparison with AGrg
at T = 673 and 823 K in Table 1. The entropy and thermal corrections, however, weaken
significantly the adsorption energies as already pointed out previously.!4!5 The adsorption

energies are also the most sensitive to the BSSE corrections, whereas the transition state

13



energies, change by a maximum of ~4-5 kcal/mol as follows from the comparison with the

uncorrected for BSSE energies, reported in Table S4.

Table 1: BSSE corrected zero-point energies (T = 0 K) and Gibbs free energies at T = 673
and 823 K along FESs of benzene methylation with CH3SH and CH3OH (primed notations).
Al (A’1) and A2 label the adsorbate states of methyl mercaptan (methanol) over H-CHA
and of benzene over CH3-CHA, respectively. TS1 (TS’1), TS2, TS3, TS4 are the transition
states in Fig. 2. The intermediate and desorbate states are labelled as follows: methoxy
intermediates (I1, I'1), toluenium cations (12, I3), toluene (I4), HoX (X = O, S) desorption
(D1, D’1) and toluene desorption (D2). The indexes DMS/DME label the states along FESs
of DMS/DME formation. All values are in kcal/mol.

TK) | AlAD TSI (TS'T) (D D1 (D'1)
0 -23 1 (-27.6) 47.0 (47.6) 515 (13.2) 6.6 (7.4)
673 ( 8) 51.0 (50.9) 17.9 (47) | -14.5 (-8.3)
823 2 (5.0) 51.9 (51.5) 169 (2.3) | -18.8 (-11.5)
CHg—CHA + CGH6 — H-CHA + C7H8
TKE | A2 | TS2 | I2 TS3 3 [ TS4 | 4 | D2
0 -15.3 20.9 -14 8.5 -20.4 7.6 -24.2 27.5
673 14.7 24.9 -0.8 11.9 -22.6 | 14.8 |-27.3 1.8
823 21.0 25.8 -0.7 12.6 -23.0 ] 164 | -28.1 -3.31
CH3;-CHA + CH3XH — H-CHA + CH3-X-CHj
T (K) | Apms (Apme) | TSoms (TSome) | Inms (Ipme) | Dovs (Do)
0 -14 6 (-11.4) 278 (331) | 244 (-16.1) | 312 (29.3)

673 9 (9.7) 35.7 (42.3) | -20.3 (-11.3) | 3.4 (2.9)
823 12 4 (14.0) 377 (44.7) | -19.2 (-10.0) | -2.5 (2.7)

In the step-wise mechanism, the methoxy intermediate methylates benzene after its ad-
sorption in the zeolite pores. The shapes of benzene adsorbate (structure A2 in Fig. 3)
and activation complex (structure TS2 in Fig. 3, Fig. S6) closely resemble those reported
for benzene methylation in other zeolites, such as H-ZSM-5, H-ZSM-11 and H-£ zeolites,
obtained in previous DFT (PBE-D3) calculations. In the TS2 complex CHjs is co-planar to
CgHg. The methyl carbon aligns with the center of the benzene ring as illustrated in the
Fig. S6. The adsorbed benzene (A2) in the CH3-CHA 8MR pore is rather along the chan-
nel, similarly to its orientation in the TS2 and 12 (toluenium ion) configurations.%% The
formation of C-C bond is an endothermic reaction with AGrg = 24.9 kcal/mol at T=673 K

(see Table 1), which is nearly half of the energy barriers TS1 and T'S’1 to methoxy formation

14



from mercaptan or methanol, respectively. This is in line with the mechanistic DFT results
of benzene methylation by methanol along the step-wise mechanism.%% Other mechanistic
theoretical studies of benzene methylation by mercaptan have not been hitherto conducted,

to the best of our knowledge.

T=823 K
(a) C1...Cg' _ (b) |
H Co.H" ——
Cg..H" ——
R 13
=$ 6
3
c 5
ko)
@ 4
a
3 3
2 \7\\73 2
T e 1
0 0.25 0.5 0.75 1 1 3 5 7 9 11 13 15 17 19
Time (ps) Time (ps)

Figure 4: Time evolution of selected C-C and C-H distances in toluenium ion at T = 823 K
showing (a) the H* intramolecular transfer and (b) the deprotonation of C;Hg™. The color
code used for the atoms is: Si: dark blue, Al: light blue, O: red, C: brown, H: light pink.
Dashed vertical lines correspond to the time instant, at which the H*-transfer occurs from
Cs to Cj ring carbons (a) and from toluenium ion to the zeolite (b).

After the formation of the toluenium ion I2 at T = 823 K an intramolecular H-transfer
between ring carbons in C;Hg™ was observed along the dynamics simulations after 0.18 ps,
followed by the hydrogen back-donation to the zeolite. These H-transfer processes are illus-
trated in Fig. 4 where the transferred hydrogen of interest is labelled as H*. The subsequent
transition state search of the intramolecular H-transfer reaction yielded an energy barrier
AGrg (TS3 in Fig. 2) of 11.9 and 12.6 kcal/mol at T = 673 and 823 K, respectively, be-
tween the intermediates 12 and I3 in Fig2. The H back-donation to regenerate the catalyst

(structure 14 in Fig. 3) overcomes the TS4 energy barrier of ~ 15 kcal/mol. An intramolec-

15



ular H-transfer in C;Hg™ was not considered in the previous mechanistic studies of benzene
methylation by methanol. Instead, it is commonly accepted® that C;Hg™ overcomes rota-

67 around the C2-molecular axis in order to displace in a proper geometry,

tional barriers
allowing a direct H back-donation to O,.,. The dynamics simulations at the reactive tem-
perature of mercaptan conversion (823 K), however, evidenced the intramolecular H-transfer

as a preferred route for the hydrogen back-donation.

Methoxy-intermediate to dimethysulfide (DMS) and dimethylether (DME)

The DMS and DME products are typically formed below the temperatures at which the
transformation of methanol and mercaptan occurs. %% Nevertheless, we found it of interest
to evaluate the energy barriers for DME/DMS formation and compare them with the barriers
of benzene methylation in order to establish whether the benzene methylation in the step-
wise route would concur with the DMS/DME production. Only the dissociative (step-wise)
mechanism to CH3-X-CHj over CH3-CHA is considered here, because it is the preferred
reaction mechanism at T > 570 K and pressure of 1 bar.%® The enthalpies and free energies
are reported in Table 1 and their structures with the characteristic geometrical parameters
of the minima and activation complexes are depicted in Supplementary Fig. S7.

We first note that the energy barriers of the CH3XH conversions to the methoxy intermediate
are significantly higher than AGrgs to DME/DMS, which indicates the formation of the
surface methoxy species as the rate- limitting step. The reactions of methanol and methyl
mercaptan reagents follow again the same trend, which is depicted in Fig. 2, with nearly
equal AGugs ((see Table 1, but different energy barriers. The methylation of CH;OH by
the surface methoxy proceeds with an energy barrier of 42.3 kcal/mol at T = 673 K and of
44.7 kecal/mol at T = 823 K, being higher by ~6 kcal/mol than AGrg in the reaction of
CH3SH to DMS formation. The transition state complexes TSpyss and TSpy g at the three
temperatures (0, 673 and 823 K) are higher in energy than the TS2 state to the formation

of the tolouenium ion (see Table 1). The entropy and thermal corrections at the reaction
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temperatures raise AGrg of TSpys and TSpy g by ~8 keal/mol. The benzene methylation
by mercaptane proceeds therefore with lower energy barrier than the formation of DMS

species.

Concerted mechanism

According to the concerted (also known as direct) route, the methylation reaction proceeds
first with a co-adsorption of CH3XH (X = O, S) and benzene molecule on the zeolite pore,
followed by an interaction of the methyl group in CH3XH with the benzene molecule in the
mobile phase that finally leads to the formation of toluene and HyX molecule. The free
energies of the states along the reaction coordinates are depicted in Fig.5 and their charac-
teristic geometrical structures are presented in Fig. 6. In this mechanism, the surface-bound
methoxy species are not formed and the C-C bond is directly created between the methyl
group in CH3XH and benzene. The proton transfer from toluene to the CHA catalyst is

mediated now by the H,X molecule.

Table 2: BSSE corrected zero-point energies (T = 0 K) and Gibbs free energies at T =
673 and 823 K of adsorption (A1_C and A’1_C), transition states (TS1_C, TS1'_C, TS2_C,
TS2'_C, TS3.C, TS3’_C), formation (I1_C, I'1_C, 12_C, I'’2_C, I3_C and I’3_C) and desorption
(D1-C and D’1_C) of toluene and HoX (X = O, S). All values are in kcal/mol.

CH3XH + C6H6 + H-CHA — H-CHA + C7H8 + HoX
T(K) | ALC | TSI.C | II.C | TS2.C | I2.C | TS3.C | B.C | DILC
(A1.C) | (TS'1.0)| (r'1.C) | (TS2.C) (12.C) | (T$'3.C)| ('3.C) | (D'1.C)

0 -52.1 85.7 23.6 20.4 6.5 324 3.1 41.7
(-57.8) | (50.6) | (18.0) | (17.1) | (2.1) | (21.0) | (-12.4) | (51.2)

673 -1.4 100.3 27.3 26.9 0.8 45.2 11.6 | -14.1
(-38) | (55.6) | (195) | (17.2) | (-24) | (323) | (-9.4) | (-2.2)

823 9.2 (7.8) | 104.22 28.1 28.8 -0.7 48.5 13.6 | -25.9
(56.7) | (19.7) | (17.4) | (-3.8) | (35.3) | (-8.6) | (-13.8)

We first note that the BSSE corrected A G4 of the co-adsorbed CH3XH and benzene
in H-CHA are again very similar, however the co-adsorption of CH3OH and CgHg after

the BSSE and thermal corrections is obtained weaker than the computed AG.4, at the
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same temperature in H-ZSM-5 and H-73 zeolites.% Our results showed significant dispersion
contributions into AFE 4 at T= 0 K, amounting to -40.3 kcal/mol in the co-adsorption of
CH3SH + CgHg and -38.1 kcal/mol in the co-adsorption of CH3OH + CgHg. This points to
a strong confinement effect (as computed with D3 dispersion correction) that enhances the
co-adsorption of the reagents in H-CHA pore. At T= 0K, i.e. without the contributions of
the entropy and thermal contributions, the adsorption energies are -52.1 kcal/mol (CH3SH)
and -57.8 kcal /mol (CH3OH) and decrease down to -1.4 kcal /mol (CH3SH) and -3.8 kcal/mol
(CH30H) at T=673 K.

120
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80

60

(kcal/mol)

40

AG_673K

-20

CO-adsorptiOH‘ Carbenium ion formation | second carbenium ion Toluene formation Desorption
CH;XH + + HoX formation C7Hg g
CeHs N \ - +tHX

-40

Figure 5: BSSE corrected free energy (AG) surface of the concerted benzene methylation
mechanism over H-CHA catalyst at T = 673 K for methanol (dashed line) and methyl
mercaptan (solid line) as reactant. The prime symbols denote the states involving the
CH3OH reagent. The reference energy (0) is taken as the sum of benzene and CH3XH in gas
phase, and H-CHA in solid phase. A1_C denotes the co-adsorbed reagents, TS1_C, TS2_C
and TS3_C label, respectively, the transition state to form the C-C bond in a toluenium ion
intermediate (I1.C), the toluenium intramolecular H-transfer to the intermediate 12_C, and
the H-transfer between toluenium ion and HoX mediating the H back-donation to the zeolite
(I3_C). D1_C is the desorption of the products (toluene + HyX) in gaseous phase.

As follows from Fig. 5, the C-C bond formation is the rate-limiting step, in line with all
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Figure 6: Key geometrical parameters of the optimised structures of adsorbate states (A1_C
and A’1_C), transition states (TS1.C, TS'1.C, TS2.C, TS2.C, TS3_.C, TS’3.C) and in-
termediates (I1.C, I'1_C, 12_.C, I'2_C, 13_C, I’3_C) in the concerted mechanism of benzene
methylation by mercaptan (a) and by methanol (b) on the free energy surfaces, depicted in
Fig. 5. The distances are given in A and the color code used for the atoms is the following:
Si: dark blue, Al: light blue, O: red, C: brown, S: yellow, H: pink. The atoms coloured in
light grey correspond to the atoms of the zeolite.

the previous theoretical studies on methanol catalytic methylation over acidic zeolites.3!:64:6
In the case of CH3OH reagent, the energy barrier (T'S’1_C in Fig. 5) to the formation of the
C-C bond is commensurable with A Grg to methoxy reaction (T'S’1 in Fig. 2). In the case of

CH3SH, it requires nearly two times more energy to methylate benzene than in the step-wise
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mechanism. In order to unravel the underlying reasons for the significant destabilisation of
the TS1_C activation complex we inspected closer its geometrical structure. An elongation
of S-H bonds in SH, moiety to 1.43 and 1.45 A is found, whereas in the TS’1_C state the
H,0 group remains intact with H-O distances of 1 A (see Fig. S8(a)). For comparison,
the HyS...CHj activation complex (TS1_C in Fig. 3 and Fig. S8(b)) in the mercaptane
to methoxy conversion reaction features S-H distances of 1.39 A and in an isolated H,S
molecules the S-H separation is 1.34 A. The larger S-H separation in the C¢Hg- - - CHj- - - SH,
activation complex is provoked by the presence of benzene in the pores that displaces the
mercaptan close to the zeolite pore walls. Consequently, the zeolite oxygens attract the
hydrogen atoms in H,S, causing partial S-H dissociation and a loss of energetic stability
of the CgHg- - - CH3- - - SHy activation complex. Other possible TS1_C structures have been
searched as well by reorienting the CHz in TS1_C with one H pointing to the center of
benzene ring, as shown in Fig. S8 (c¢). The converged transition state structure with this
orientation was found higher in energy. Other possible transition state configurations were
not observed during the 20 ps trajectories from the BOMD simulations starting either with
A1_C or TS1_C geometries.

Similar to the toluene formation in the step-wise route, the BOMD simulations revealed
a hydrogen transfer first within the toluenium ion, giving rise to a more stable intermediate
state [2_.C and I'’2_C (see Fig. 5 and Fig. 6 for their geometrical structures). This intramolec-
ular H-transfer is also found to be an endothermic process with AGrg = 26.8 kcal/mol for
mercaptan reagent and AGrg = 17.1 kecal/mol for methanol reagent at T=673 K (Table
2). The hydrogen back-donation to the zeolite is mediated by HyS and HyO molecules, re-
spectively, overcoming an energy barrier of 45.2 kcal/mol and 32.3 kcal/mol (T = 673 K).
Although AGrg values of optimized structures at the stationary energy points reveal rela-
tively high energy barriers (especially for mercaptan reagent) the H-transfer is a rapid event
at the reactive temperatures according to the short life-time in the order of a few picosec-

onds for 12 and I3 intermediates. The evolution with time of the characteristic distances to
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Figure 7: Time evolution of selected C-C and C-H distances in toluenium ion at T = 823 K
to show (a) the H* intramolecular transfer and (b) the deprotonation of C;Hg"). The color
code used for the atoms is: Si: dark blue, Al: light blue, O: red, C: brown, H: light pink.

evidence the H-transfer processes are plotted in Fig. 7, for mercaptan methylation.

Conclusion

The capacity of methyl mercaptan to methylate benzene over H-CHA zeolite catalyst was
investigated with DFT (PBE-D3) approach by assuming the step-wise and concerted mech-
anisms, accepted to be the two fundamental pathways for the methylation of benzene by
methanol. For comparison, methanol methylation of benzene was investigated at the same
theoretical basis. The basis-set-superposition errors were computed with the counter-poise
method and all energies are BSSE corrected. The energy barrier in the rate-limiting reac-
tion to the formation of surface-methoxy from CH3SH in the step-wise route is higher by 4
kcal/mol than A Grg in the same reaction with CH3OH reagent. This is qualitatively in line
with the experimental temperature of mercaptan conversion, established to be higher than

the reactive temperature of methanol conversion over H-ZSM-5 zeolite catalysts.*?
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The free-energy surface in the concerted mechanism revealed that benzene methylation
by mercaptan is unlikely to proceed through this pathway. The rate-limiting reaction in
the concerted mechanism, i.e. the formation of C-C bond from the co-adsorbed CH3SH and
CgHg, proceeds with an energy barrier that is nearly two-times higher than the activation
energy in the step-wise mechanism. This result is attributed to a stronger attraction of HyS
moiety by the zeolite pores when co-adsorbed with benzene causing a partial H-S dissocia-
tion. This is the main difference with the methanol reagent, whose conversion over H-CHA
catalyst to toluene is found possible along both mechanisms, featuring similar energy barri-
ers in the respective rate-limiting steps. The smaller and less-polarizable H,O moiety in the
CgHg- - - CH3- - - H,O activation complex remains intact in the concerted route.

The molecular dynamics simulations, coupled to DFT potential energy surface calcu-
lations in the BOMD approach, evidenced rapid intramolecular hydrogen transfers in the
toluenium ion to a more-stable intermediate in the step-wise and concerted routes for both
CH3XH (X= O, S) reagents. Moreover, in the concerted route, the hydrogen back-donation
to regenerate the H-CHA catalyst is mediated by HsX molecule. New intermediates and
transition states of these intra- and intermolecular H-transfer reactions were consequently

identified and considered in the both reaction mechanisms.
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