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Abstract

The disproportionation reaction of xylenes, catalyzed by acidic zeolites, is investigated by means of periodic ab initio calculations. Two
relevant 10- and 12-membered ring (MR) frameworks are chosen: theta-1 (TON) and mordenite (MOR). As a first step, two bimolecular
mechanisms proposed for this reaction are investigated: the first one is assumed to occur through a one-step methyl shift and involves &
highly unstable methyl cation as a transition state. The second and energetically favored mechanism implies the formation of a benzylic-like
carbocation, subsequently converted into a trimethyldiphenylmethane, also called DPM intermediate. The energetics of this reaction path are
mainly governed by the different sterical constraints induced by the 10-MR or 12-MR zeolites on the DPM intermediates. Therefore, the
relative stability of the DPM inside the pores appears as the key parameter for understanding the selectivity observed experimentally.
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1. Introduction xylene is converted intgara and ortho, and vice versa.
However, this mechanism does not permit the direct inter-
The catalytic conversion of aromatic molecules via trans- conversion opara- to ortho-xylene, as observed experimen-
alkylation or isomerization is a very important process in the tally [5]. An alternative pathway, proceeding via a bimolec-
petrochemical industrial [1]. For this purpose, exclusively 5y reaction, is the disproportionation of two xylenes with

zeolite catalysts are industrially used nowadays. They offer 5 trimethyldiphenylmethane intermediate (called DPM in

numerous advantages as compared to the trgd|t|onal Fnedel—thiS paper), yielding toluene and trimethylbenzene (TMB) as
Crafts catalysts; e.g., they allow stereochemical control over

the reaction, and they are more environmental friendly. In- products. The disproportionation is followed by a transalky-

deed, zeolites are successfully used for hydrocarbon trans-l"’“Ion between TMB and the reactant, leading to a mix-

formations since a high selectivity for the desired product ture of xylenes ar_1d TMBS' The presence of this plmolec-
can be achieved. The shape selectivity originates from theirUla" Pathway for isomerization on large-pore zeolites was
microporous structure and depending on the zeolite pore sizecOnfirmed by numerous experimental studies [5,6]. For the
or topology, various product patterns are observed [2]. disproportionation reaction mechanism itself, two different
Xylene isomerization is a significant step in the syn- Scenarii are proposed in the literature, either it is mediated
thesis of thepara isomer, an important raw material for by a methyl shift reaction or it occurs via the formation
fibers, films, and packing materials [3,4]. Over acidic cat- of a DPM-like intermediate [3,5]. Isotope-labeling experi-
alysts, this transformation occurs mainly by an intramolec- ments during toluene disproportionation provided evidence
ular reaction involving a carbenium ion as an intermediate, that the DPM-mediated pathway is important even in the

which further undergoes a 1,2 methyl shift. Henoesta small channels of ZSM-5 [7]. The disproportionation reac-
tion of alkylated xylenes is also frequently used as a catalytic
* Corresponding author. test reactiop for dgtermining the topology and dimension of
E-mail addresspascal.raybaud@ifp.fr (P. Raybaud). intracrystalline void space of molecular sieves [8].
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Martens et al. [9] studied the conversionmfxylene in
various 10- and 12-MR zeolites. First, they found that the
isomerization/disproportionation (i/d) selectivity was very
high for 10-MR zeolites like ZSM-5 or ZSM-48, whereas
a much lower ratio was observed for 12-MR zeolites, like it is legitimate to restrict the Brillouin-zone sampling to
MOR or ZSM-12. However, for the 12-MR zeolites, no ob- the I'-point, using a modest smearing of the eigenvalues
vious correlation between the (i/d) ratio and the pore-size to improve total energy convergence. For structural re-
diameter was found. The high selectivity for isomerization laxation a conjugate-gradient algorithm is chosen. Except
in 10-MR zeolites was attributed to the bimolecular nature for the cell volume, which is fixed to the experimental
of the disproportionation reaction which would be sterically value, all lattice constants and all internal parameters are
unfavored in small pore sizes. Additionally, they observed allowed to relax. The SCF electronic convergence is fixed
that the distribution among the TMB products is mainly at 0.1 meVcell, while the geometry optimization is en-
dominated by the 1,2,4 isomer, whatever the pore-size geom-sured to have converged when forces acting upon ions are
etry or dimension of the studied zeolites may be. More pre- less than 0.07 eXA. For calculating reaction energy bar-
cisely, the selectivity in 1,2,4-TMB is 100% for 10-MR ze- riers, the nudged elastic band method is used [19]. In this
olites, whereas a significant decrease was found for largermethod, a string of images of the system is created and con-
12-MR structures, facilitating the formation of 1,3,5- and nected together with springs. An optimization algorithm is
1,2,3-TMB. Similar results were obtained more recently by then applied, relaxing the images downward the minimum
Adair et al. [10] and Jones et al. [11]. Martens et al. proposed energy path, constraining that they are only allowed to move
to explain this feature by the size of the different transi- in the direction perpendicular to the current hypertangent.
tion state complexes or intermediates, which accommodateThe image exhibiting a maximum in energy (transition state)
more or less easily in the zeolitic intracrystalline void spaces. is afterward optimized separately, till the forces acting on
However, no rigorous demonstration has been provided up tothe ions are less than 0.05 g&. The system that is finally
now. obtained corresponds to an estimate of the transition-state

Although an acid-catalyzed disproportionation mecha- complex (i.e., maximum energy with forces close to zero).
nism of alkylated aromatics has been the subject of theo-All transition-state structures are subjected to a frequency
retical studies [12,13], to our knowledge, the energetic prop- analysis to verify the presence of only one imaginary fre-
erties and local geometrical arrangement of the various ad-quency by a numerical evaluation of the force constants.
sorbed DPM isomers in relevant zeolitic void spaces remain It is well known that within DFT calculations, van der
to be explored. Thus, the main objective of the present paperWaals (vdW) contributions to the interaction energy are
is to evaluate pore-size effects in 10- and 12-MR frameworks generally not correctly taken into account [20]. Moreover,
on the reaction mechanism of thexylene disproportion-  the adsorption between alkylated aromatics and the zeo-
ation, and to understand the experimental (i/d) selectivity lite framework is dominated by dispersive interactions [21].
observed as well as the TMB product distribution. For this Thus, for calculating reliable absolute values of adsorption
purpose, we will first present and investigate the two pro- energies, it is required that vdW interactions be included.
posed reaction pathways in the 10-MR framework of theta-1 For this purpose, we calculate the vdW contributions act-
(TON), and afterward show how the energy profile is modi- ing on the final relaxed DFT geometries by means of the
fied, when occurring in a 12-MR environment, as the one of DISCOVER module [22] and the COMPASS force field
mordenite (MOR). The second part of the work is devoted to [22,23] within the Ceriu$software suite [22]. In a previous
the interpretation of the selectivity observed, and to establish study [24], the accuracy of this force field was successfully
a correlation with the destabilization energy for the adsorbed proven for studying adsorption phenomena of hydrocarbon
DPM intermediates. molecules within zeolitic systems.

Perdew and Wang 91 are used [16]. The calculations are
performed in a plane-wave basis set, using the projector-
augmented wave (PAW) method [17,18], and a plane-wave
cutoff of 400 eV. Due to the large unit cell of zeolites,

2.2. Zeolite structures of TON and MOR
2. Methods
The TON and MOR frameworks are chosen to study the
disproportionation reaction ofi-xylene since they exhibit
channels formed by 10- and 12-MR channels, respectively.

2.1. Total energy calculations

Ab initio total energy calculations are performed us-
ing the Vienna ab initio simulation package VASP [14,15].
VASP performs an iterative solution of the Kohn—-Sham
equations of density—functional theory, based on the mini-

Especially mordenite is frequently used as catalyst in the
petrochemical industry for hydrocarbon transformation re-
actions like isomerization or alkylation [25].

For TON, as represented by ZSM-22 within this study,

mization of the norm of the residual vector to each eigenstatethe main 10-membered ring channel, running parallel to the

and an efficient charge-density mixing. For the exchange-

correlation functional, gradient-corrected functionals in the
form of the generalized gradient approximation (GGA) of

[001] direction, measures5x 4.5 A, and has a framework
consisting of 5, 6, and 10 rings [26]. The structure includes
ferrierite sheets of the type also found in ZSM-5 and ZSM-
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11 and sheets of 6 rings. However, the small channels doprotonation the aromaticity of the xylene molecule is re-
not allow molecules to enter or diffuse and, thus, they are duced). Subsequently, the cleavage of the C1-C2 bond be-
not considered as pores. Purely siliceous TON crystallizes intween the methyl group and the fourfold coordinated carbon
the orthorhombic space gro@gmcmwith lattice constants  of the aromatic ring results in the formation of a methyl
a=1386 A, b=1741 A andc = 5.04 A. Despite the  cation. In the transition state geometry, the methyl ion is lo-
fact that it is necessary to use as supercell a tripled primitive cated in-between the two aromatic molecules (one toluene
monocline unit cell along the axis, so as to avoid artificial ~ and one xylene). Subsequently, the £3Hion reconnects
adsorbate—adsorbate interactions between neighboring imto the second xylene via a new C2—-C3 bond formation.
ages, the total number of atom¥4 = 108) in the supercell  Hence, the product configuration of the transalkylation re-
remains reasonable for performing DFT calculations based action corresponds to neutral toluene and an activated proto-
on periodic boundary conditions. The optimized lattice con- nated trimethylbenzene. Finally, the reaction issues in a pro-
stants for this cell arer = b = 1117 A, ¢ = 15012 A, ton backdonation from the charged TMB to an oxygen atom
a=7672, =9012, andy =89.98°. One acid site per  of the zeolitic framework. For proton transfers to unsaturated
supercellis considered, corresponding to @Aratio of 35. hydrocarbon molecules within zeolites, energy barriers are
Two types of different cavities are present in the crystal gpout 60-100 kdmol [28]. However, it is important to note
structure of mordenite: (i) a main elliptical channel (measur- that the rate-limiting step of the overall reaction is expected
ing 6.7 x 7.9 A), circumscribed by 12-membered rings and 4 pe the formation of the high-energy methyl carbocation
parallel to thec axis, (i) smaller channels surrounded by \hich is known to be energetically the least stable carboca-
8-membered rings running along theaxis and measuring  tjon as compared to primary or secondary carbenium ions.
2.6x5.7 A. Since these narrower channels allow for a“d|ffu- In a recent work, we have investigated the skeletal isomer-
sion of only small molecules, they are referred to as “small i, 44io reaction of an olefin molecule (2-pentene) catalyzed

sidlepr(:dketS" that cgm be entereq Ogly from thzlmain cr;an- by acidic TON [28]. It was shown that a pathway mediated
nel, _Llj_th ° nt(;t prr10w ;a cqtnne”ctl?n e(';weg;ns Jatchenlt (t:t' an'by an ethyl shift must be discarded due to its high activa-
nels. The orthorhombic unit cell of mordenite has the [atlice energy as compared with a mechanism only including

;)a:ﬁmeéertallz 18'092/:;’ b :h20'52t.A’.anth - ?tShz At(fort secondary carbenium ions. Thus, we focus our study on the
urther details see [27]). The optimization of the structure determination of the transition state involving the formation

yields lattice parameters af= b = 13.63 A, c = 1511 A, ) : . )
R . 5 of the methyl ion and its associated energy barrier. More-
a =96.74°, B =90.07°, andy = 90.02°. For the same rea- . . . . L
. over, in 10-MR zeolites, like TON, the benzenium ion is
sons as for TON a supercell was constructed doubling the . . .

. X X found to be a stable intermediate along the potential energy
unit cell along ther axis. The total number of atoms is 144 o o :
with a Si/Al ratio of 47, surface, as we verified it by a vibrational spectra analysis.

The configuration of the reactants before the methyl ion for-
mation corresponds to an activated protonated xylene, the
proton being transferred to the C1 atom of the molecule
(see Fig. 1) with an increased covalent C1-H bond distance
of about 1.14 A. Due to activation, the C1-C2 bond dis-
tance increases to 1.54 A. The adjacent C1-C bonds of the

3. Results

Traditionally, two pathways are proposed in the literature:
either a one-step mechanism via a methyl-shift reaction or a e ;
pathway involving the formation of benzylic carbocations, arematic ring elongate to 1.45 A, and the next neighbor-
and a diphenylmethane-like intermediate. In the first three INd C~C distances reduce to 1.37 A in accordance to the
sections, we study in detail these two reaction pathways in Pond order conservation law [29]. The methyl group next
TON. Then, Section 3.4 is devoted to the MOR case. For {0 the protonated carbon tilts out by nearly 2gith respect
Sections 3.2 to 3.4, we focus on the mechanism involving the t0 the plane of the aromatic ring. The optimized transition
formation of the 2,4-dimethyl-1-(3-methylbenzyl)benzene State configuration is shown in Fig. 2. The newly created
(2,4-DPM) and leading to 1,2,4-TMB. Finally, Section 3.5 methyl ion lies in a position between the two molecules with
attempts to give an interpretation of the observed selectiv- @ slightly smaller C1-C2 distance of 2.70 A than the C2-
ities by comparing the stability of all relevant DPM-like ~C3 distance of 2.77 A. Due to the Shybridization of C2,

intermediates involved in the xylene disproportionation. ~ the methyl ion is planar with an average C-H distance of
1.08 A and intramolecular H-C2—-H angles close t0°120
3.1. Methyl-shift pathway Additionally, one observes a tilting of about 6or the two

hydrogens connected to the C1 and C3 atoms. The product
The first reaction scheme is depicted in Fig. 1. In the ini- configuration shows finally a neutral toluene and a proto-
tial reaction step, the acidic proton activates the physisorbednated 1,2,4-trimethylbenzene. The largest structural change
xylene molecule at the C1 atom (with respect to the methyl concerning the cationic species involves the hydrogen atom
group). Consequently, this leads to the formation of a ben- bonded to C3. The C3-H bond length increases to 1.15 A,
zenium carbocation intermediate, stabilized by the electro- and the hydrogen atom tilts out strongly by 20dth respect
static field of the anionic zeolite framework (note that upon to the aromatic ring. The smallest molecule-zeolite distance
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Fig. 1. Reaction mechanism of xylene disproportionation catalyzed by acidic zeolites via a methyl shift.
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Fig. 2. Transition state geometry for the disproportionation reaction via a
methyl shift.

of about 1.95 A is found between this hydrogen and the oxy-
gen to which the proton will be finally backtransferred.

The reaction energy diagram for the formation step of the
methyl ion in TON is depicted in Fig. 3. With respect to the
initial configuration (corresponding to the activated xylene),

the activation energy is estimated at 166rkdl. When cal-
culated with respect to two xylene molecules adsorbed at
acidic ZSM-22, a similar value for the barrier is found be-
cause the neutral and activated complexes exhibit a very
small energy difference (less than 5 kiol). Moreover, it is
seen that the reaction is exothermic-b§6 kJ/mol, indicat-

ing a higher degree of stabilization for the protonated TMB
than for the protonated xylene. The reason for the large bar-
rier originates from the formation of the high-energy methyl
ion. Rozanska et al. [12] studied the disproportionation re-
action of toluene and benzene in acidic mordenite with the
same theoretical methodology. For the direct transalkylation
route via a methyl shift, they found a barrier of 180 kbl,

with respect to the two physisorbed aromatic molecules. The
transition-state geometry in that case exhibited also a methyl
ion, similarly sandwiched between the two aromatic mole-
cules. However, due to the larger void space available in
the 12-MR of mordenite and due to the lack of additional
methyl groups, both aromatic molecules were found in an
upright position, with their aromatic planes orthogonal to the
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Fig. 3. Reaction energy diagram for the disproportionation reaction via a methyl shift in ZSM-22.

12-MR axis. Since the difference for the activation energies step. In TON, the reactant configuration exhibits two xylenes
between TON and MOR is around 14/kdol, we conclude  with one weakly adsorbed at the acidic proton of the zeolite
that the (de)stabilization effect of the anionic lattice on the (Fig. 4, step 1). The adsorption geometry is best character-
cationic transition state plays only a minor role. Whatever ized by an-like adsorption mode, with two nearly equal
the channel size, and whatever the number of methyl groupsdistances between the zeolitic proton and the carbon atoms
at the molecule, the large energy barriers found in TON and of the molecule (about 2.2 A). The main reaction step for
MOR are due to the intrinsic unstable character of the methyl the formation of the benzylic carbocation is the protonation
ion. As a consequence, the barriers involved in the formation at the C2 carbon atom of one methyl group (Fig. 5). Simul-
of the three different TMB isomers are expected to exhibit taneous with the transfer of the proton, one C2—H bond of
rather small energy differences, which hence cannot help tothe methyl group breaks heterolytically. Subsequently, due
explain the high selectivities found experimentally for the to the recombination between the zeolitic proton and the

1,2,4-TMB products in 10- or 12-MR pores [9-11]. hydride ion originating from the methyl group of xylene,
molecular hydrogen is formed as a by-product. The transi-
3.2. Formation of the benzylic carbocation in TON tion state geometry is shown in Fig. 5. The former hydroxyl

bond length is broken (Qs—H distance around 2.66 A), as

The alternative pathway occurs via the formation of well as the C2-H bond of the xylene’s methyl group (dis-
a benzylic carbocation followed by the formation of a tance about1.36 A). The formation oblit nearly complete
trimethyldiphenylmethane (protonated or not). The com- as indicated by the H-H bond distance, close to that of
plete mechanism is depicted in Fig. 4. The first step (de- molecular hydrogen (0.86 A). Concerning the geometrical
scribed in this section) occurs via the protonation of one distortions of the reacting xylene molecule, the C2—C1 bond
Xylene at the terminal C2 carbon atom of the methyl group. between the methyl group and the aromatic ring is strongly
In order to avoid a fivefold coordinated carbon, one methyl increased up to 1.47 A, and an asymmetric distortion pat-
C2-H bond breaks and leads to the first intermediate con-tern is found for the two remaining C2—H distances of the
figuration, viz. a methyl-benzylic cation interacting weakly former CH; group (1.10 vs 0.84 A). Within the products,
with the second neutral xylene. Additionally, this reaction three molecules are present, i.e., a benzylic carbocation (pri-
step creates molecular hydrogen, diffusing out of the chan- mary carbenium ion), a neutral xylene, and molecular H
nel. Inversely, it is known experimentally that hydrogen The hybridization of the C2 carbon atom changes fosp
inhibits the disproportionation reaction of toluene, which the C1-C2 bond length decreases to 1.37 A. Due to the sp
can be explained by this mechanism [30]. The formation of hybridization, both hydrogen atoms are relaxing back into
the methyl-benzylic cation is assumed to be the rate-limiting the plane of the ring with C1-C2—-H angles around°1 2t
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As shown by the reaction energy diagram in Fig. 6, the
barrier is evaluated at 212 kdol, with respect to the reac-
tant configuration (neutral physisorbed xylene molecule). As
expected, the formation of a benzylic carbocation is an en-
dothermic reaction; however, the energy difference between
reactant and product is about 87/kibl. The large value
for the activation energy must be attributed to the breaking
of a strong covalent C2-H single bond of the methyl group
catalyzed by the acidic proton. Consequently, the value for
this barrier only weakly depends on the pore-size radius of
the zeolite. Indeed, Rozanska et al. [12] found a very sim-
ilar activation energy of 221 Kinol for the formation of a
benzyloxy intermediate in mordenite achieved by the same
reaction step.

At this stage, the activation energy calculated for this ini-
tial step must be compared with the rate-limiting step of the
transalkylation reaction mediated via a methyl shift. Since
the barrier for the latter pathway is smaller by 4§ l,
we might conclude that the benzylic carbocation formation
would never be catalyzed by a Brgnsted acid site. However,
we suggest that this initiation step takes place at specific ac-
tive centers (defect sites, EFAL, etc.). It will be shown in the
next section that the further formation of the benzylic car-
bocation (during the catalytic cycle) can be achieved by a
hydride shift between a charged TMB and xylene.

3.3. Formation of the DPM intermediates in TON

The recombination reaction between the methyl-benzylic
cation and the second xylene molecule results in the for-
mation of a charged trimethyldiphenylmethane intermediate
(see Fig. 4, steps 3 and 4). Itis important to underline the dif-
ferent aromatic properties between a methyl-benzylic cation,
preserving the aromaticity and a benzenium-like carboca-
tion, which loses partially its aromatic character.

The configuration of the reactants shows that the ben-
zylic carbocation is stabilized by a weak interaction with the
neighboring xylene (C2—C3 distance about 2.56 A). Due to
this interaction, the hydrogen atom (Ht) of the former neu-
tral xylene, now attached to the C3 carbon atom involved
in the newly formed C2-C3 bond, tilts out by &vith re-
spect to the aromatic plane. This Ht atom will be transferred
subsequently to the oxygen of the zeolite framework. For
this recombination step, the total energy decreases linearly
as the C2-C3 distance decreases. As soon as the two mole-
cules approach each other they recombine spontaneously,
yielding the trimethyldiphenylmethane (called DPM) cation,
as depicted in Fig. 7a. The barrier for this step is hence
expected to be very small. It should be noted that this ben-
zenium ion preserves its aromaticity. The newly created

this stage, it is important to underline again that in the case C2—-C3 bond is weaker (1.60 A) than the adjacent single

of TON (or more generally in 10-MR zeolites) the product

C1-C2 bond (1.51 A). The C3—Ht bond elongatesto 1.19 A,

configuration as benzyloxy species (see Fig. 4, step 3) is sup-and the Ht atom tilts strongly out of plane. The Ht=®
pressed due to the strong electrostatic repulsion between thealistance is about 2.32 A. Due to the strong steric influ-

molecule and the zeolite lattice. We will come back to this
pointin the case of MOR.

ence of the small 10-MR channel, the protonated DPM is
strongly distorted, as compared to the gas-phase geome-
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Fig. 6. Reaction energy diagram for the formation of a benzylic carbocation in ZSM-22.

Fig. 7. Initial (a), transition state (b), and product configuration (c) for the formation step of a trimethyldiphenylmethane intermediate J2MAIRMVR2.

try. More precisely, the main geometrical change concerns  To proceed further with the reaction mechanism, the next
the C1C2C3 angle (Fig. 7a) characterizing the opening of intermediate configuration is formed via a proton backtrans-
the two aromatic planes. For the protonated DPM opti- fer from the DPM to a zeolitic oxygen atom (Fig. 4, steps 5
mized in the gas phase this angle is about®’l¥hereas for ~ and 6) leading to the neutral adsorbed DPM. The corre-
the one adsorbed in TON, this angle increases by approx-sponding transition state structure is displayed in Fig. 7b;
imately 17 leading to a rather flat geometry of the mole- the Ht proton is located in an intermediate position between
cule. the C3 atom of the DPM (1.36 A) and the oxygen atom of
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the framework (1.44 A). Concerning the DPM, the C2—-C3 cally stable or exist only as transition states on the potential
distance decreases from 1.60 to 1.57 A, together with the energy surface. Based on these considerations, it was sur-
neighboring C-C bond lengths in the aromatic ring (around prising for us to see that within the small pores of TON
1.43 A). The DPM configuration (see Fig. 7c) corresponds the neutral physisorbed configuration is less stable than the
to any-like adsorbed DPM on the Brgnsted site of TON. charged one (which is not the case for MOR). To our mind,
The two smallest distances between the acidic proton andthe only explanation is the large steric constraints in TON
the DPM carbon atoms are around 2.23 A; the hydroxyl acting on the molecule. Moreover, one should also keep in
bond length is about 1.02 A. The steric constraints acting mind that the disproportionation reaction in TON is proceed-
on the molecule are still large, as indicated by the large anding in a high-energy regime in a sense that the “adsorption
unchanged value of the C1C2C3 angle with respect to theenergy” of each configuration along the minimum energy

protonated species. path remains endothermic (we will discuss in more details
The corresponding reaction energy diagram is shown in this point in Section 3.5).
Fig. 8. Comparing the stability of the protonated DPM with In order to fully achieve the disproportionation reaction,

the benzylic carbocation interacting with xylene, the former an acidic proton activates the DPM at the carbon atom on
one is stabilized by 60 Kinol. The activation energy forthe the second aromatic cycle. Subsequently, the DPM dissoci-
proton backdonation is around 70/kdol. Moreover, the fi- ates via a C1-C2 cleavage to one neutral toluene, and one
nal configuration of the adsorbed DPM is by 1Q'tabl less charged trimethylbenzene (dimethyl-benzylic carbocation).
stable than the charged species. This is a surprising resultAt this stage, and as suggested in previous publications [5]
since normally in zeolite frameworks, charged species (tran- the creation of a new methyl-benzylic carbocatioghigh)
sition states or stable intermediates) are energetically muchcan be catalyzed by this charged TWB

less stable than the corresponding neutral complex [29]. In

the case of TON, the situat?on is o%viously the rgversFe. ']I'he CgHi0+TMB™ — CgHg™ + TMB. 1)
attractive Coulomb interaction is much too small to account Reaction (1) occurs via a hydride transfer from the neutral
for the unstable character of the charged hydrocarbon mole-compound to the charged species. Since the disproportion-
cules (which is especially the case for primary and secondaryation reaction is a cyclic reaction, the continuation of the
carbenium ions). Actually, there is still a debate in the liter- cycle can be ensured by the TMB carbocation itself. For
ature whether these ionic configurations are thermodynami-the proposed reaction an activation energy of 20mdl is
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3.4. Formation of the DPM intermediates in MOR

We did not calculate transition states in MOR; however,
from a comparison of the intermediate configurations and
energies, significant insights are obtained for the reaction
mechanisms and effect of pore sizes. It is interesting to
compare the geometry and energy of the most relevant in-
termediate configurations along the minimum energy path
of the m-xylene disproportionation reaction catalyzed by

! o _ _ __acidic mordenite. One difference between MOR and TON
Fig. 9. Transition state geometry for the formation of a benzylic carbocation _ . . . . .
in ZSM-22 via a hydride shift from neutral xylene to charged TMB. prlglnates from the possible format!on of ben_zyloxy speges
instead of the free charged benzylic carbenium (see Fig. 4,
step 3), which is sterically hindered in 10-MR channel ze-
olites. The final optimized configuration of a surface ben-
found, and the product and reactant configuration are veryzyloxy for m-xylene is shown in Fig. 10a. However, it is
close in energyA E ~ 5 kJ/mol). For the TS geometry (see important to note that only one type of aluminum site, fac-
Fig. 9), the hydride ion is located in-between the two mole- ing the 8-MR side pockets, allows this formation, since the
cules (C—H distances around 1.35 A). Subsequently, a neu-upper methyl group points inside the 8-MR side pockets. For
tral TMB is formed, simultaneously with a benzylic carbo- other aluminum sites along the main 12-MR, as in the case
cation (methyl-benzylion). Such an alternative lower energy of TON, the benzyloxy formation is not possible. The pro-
pathway allows this mechanism to be less energy demandingtonated DPM configuration and the final adsorbed DPM in
and more easily conceived, assuming that the formation of aH-MOR are displayed in Figs. 10b and 10c. It is seen that
benzylic species must be initiated once, probably at a defectthe steric constraints in the 12-MR channel are far less pro-
site (as proposed in Section 3.2). nounced than in TON; e.g., the molecular C1C2C3 angle

(a)

C

Fig. 10. Geometries of the intermediate configurations for the benzyloxy compound (a), the neutral DPM (b), and charged DPM molecule (c) in mordenite.
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Fig. 11. Energetic stability of the various intermediate configuratioms-gflene disproportionation in mordenite (energies ifirkdl with respect to the most
stable intermediate, i.e., neutral DPM).

increases only by% as compared with the gas-phase value. tion must be formed and the direct recombination of the
As in TON, this angle is similar for the charged and neutral benzylic carbocation leading to the charged DPM without
DPM. At the same time, the distance between the acidic creating the benzyloxy species is thermodymically favored,
proton and the oxygen atom of the framework is around since a further transition state, corresponding to the break-
2.14 A, indicating a similar amount for the Coulomb inter- ing of the benzyloxy covalent C-O bond, can be avoided.
action between the acidic proton and the aromatic ring. For For the disproportionation reaction of toluene and benzene
the charged DPM, as in TON, the C3—Ht distance is around in mordenite, Rozanska et al. [12] found that the charged
1.15 A (see Fig. 10c). DPM is less stable than the benzyloxytoluene species
The energetic stability of the intermediate configura- by about 33 kJmol. Thus, the presence of one additional
tions is displayed in Fig. 11. The benzyloxym-xylene methyl group on the benzyloxy implies that due to larger
species are only by 19 kthol more stable than the benzylic  sterical constraints acting on the molecule, the energetic or-
carbocationt+ m-xylene and about 11 Kol less stable  dering is the reverse.
than the charged DPM. This implies that even if the spe- A further important concern is the relative energy of the
cific position chosen for the aluminum atom facilitates the charged and neutral DPM species. In the case of MOR, as
benzyloxy formation, this species remains energetically un- expected, the adsorbed neutral configuration is more sta-
favorable with respect to the charged DPM. In any case, ble (by 83 kJmol) with respect to the charged compound
following the reaction path, the charged DPM configura- (see Fig. 11). This corroborates our former argument that in
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TON, the steric constraints are mainly responsible for the 1.3.5TMB

leveling effect on energies of charged and neutral DPMs.

Simultaneously, the benzylic carbocatignn-xylene com- ‘\/‘\ 3,5-dimethyl-1-(3-methyl-benzyl)-benzene
pound is by 113 kdmol less stable than the final neutral O O

DPM intermediate, whereas for TON, the energy difference

was 50 kJmol only (Fig. 8). This is again an insight reveal-
ing how the sterical hindrances modify the energy profile. 1,2,3 TMB

3.5. Selectivity in TON and MOR l i !] i
We have studied so far the reaction path implying the

formation of the 2,4-dimethyl-1-(3-methylbenzyl)benzene,
called 2,4-DPM, and yielding 1,2,4-TMB. To further in-
vestigate the experimental selectivities observed in iso-
merization/disproportionation and TMB by-products, it is 1,2,4 TMB

mandatory to extend the investigation to all possible iso-

mers of the trimethyldiphenylmethane intermediates. As this

would imply a study of about 50 isomers, we have decided O O O O O O
to focus on the disproportionation reaction involving two

xylenes, with at least one of them tmeetaisomer. Ten
different DPM-like intermediates only are formed, leading

either to 1,2,4-TMB or 1,2,3-TMB or 1,3,5-TMB, simul-
taneously with one toluene molecule. All these possible
isomers are summarized in Fig. 12. One notes that there O O O

exists only one DPM-like isomer (viz. the 3,5-dimethyl-1-

(3-methylbenzyl)benzene) leading to the final 1,3,5-TMB  #.6-dimethyl 3.4-dimethyl 4/5-dimethyl
mOIeCUIe'_ while thr_ee dlﬁ.erent DPMs yield 1,2,3-TMB, and Fig. 12. Various trimethyldiphenylmethane isomers and conformers formed
six DPM intermediates yield 1,2,4-TMB. It must be noted quring the disproportionation reaction betweem aylene and a second
that the 2,3-DPM and the 5,6-DPM are actually conform- pl/o/m-xylene molecule and grouped according to the final TMB isomer.
ers. This is also the case for the 2,4-DPM and 4,6-DPM, as

well as for the 3,4- and 4,5-DPM, and for the 2,5- and 3,6- the lowest energy among all DPMs. The energetic ordering
DPM. We decided to simulate separately these conformers,is correlated with the number of short H—H distances either
because in their adsorbed states, two conformers may lead tdetween hydrogen atoms of neighboring methyl groups or
different potential energy surfaces due to the methyl group between H atoms of the central®sg2 carbon atom and
orientations with respect to the void space available in the hydrogen atoms of adjacent methyl groups. For instance,
framework. In the gas phase, the relative energy stability of DPMs yielding 1,2,3-TMB are all less stable, whereas the
the 10 isomers is given by theEgasvalues in Table 1. The  3,5-DPM is energetically strongly disfavored.

largest energy difference of about 23/kibl is found be- From a statistical point of view, the high selectivity
tween the 2,6- and the 4,5-DPM,; the latter one also exhibits for 1,2,4-TMB might be expected. However, this approach

2,3-dimethyl 2,6-dimethyl 5,6-dimethyl

2,4-dimethyl 2,5-dimethyl 3,6-dimethyl

Table 1
Adsorption energies and geometrical parameters of the various DPM intermediates adsorbed in acidic TON
TMB DPM AEgas EadsDFT AEadsDFT Evaw Eads AEgds AC1C2C3 N
product type (kdmol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (deg)
1,35 3,5-DPM 5 2432 1385 -1261 1172 1791 144 17 (3/4)
12,3 2,3-DPM 14 2193 1146 —1287 906 1525 164 16 (3/3)
2,6-DPM 229 1959 912 —1390 569 1188 149 11 (2/2)
5,6-DPM 88 1829 782 -1271 558 1177 100 12 (3/0)
12,4 2,4-DPM e 1473 426 —1581 -107 511 177 12 (0/3)
4,6-DPM 89 1806 759 —1237 569 1188 126 14 (3/1)
2,5-DPM 115 1813 766 —1487 326 945 179 13 (0/4)
3,6-DPM 15 2094 1047 —1312 782 1401 75 13 (1/3)
3,4-DPM Q8 1711 664 —1384 327 946 112 15 (0/3)
4,5-DPM 0 1047 0 —1666 —619 0 134 10 (0/0)

N stands for the number of close contactsd§Hmo distances smaller than 2.5 A) with the zeolite framework: the values for the two methyl groups branched
on the same aromatic ring are bracketad values represent variations with respect to the most stable isomer.
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would assume that all adsorbed DPMs are thermodynami-and the formation of 1,2,3- and 1,3,5-TMB is thus strongly
cally equally possible, which is not a priori true. Indeed, dif- disfavored. The vdW contributions allow one to obtain re-
ferent sterical constraints acting on the various DPM isomers liable absolute values of adsorption energies in order to
may modify the thermodynamic stability ranking and dis- distinguish between endothermic and exothermic regimes.
place a purely statistical distribution. So far, it was believed Furthermore, the absolute values are crucial for a consis-
that DPM exists only as a transient intermediate along the tent quantitative comparison of different frameworks and
minimum energy path leading to restricted transition state pore sizes. In any case, these levels of the calculated adsorp-
selectivity. However, as we have shown in this study, the tion energies enable an explanation of why the experimental
various DPM isomers (protonated or not) are stable interme- selectivities observed among the various TMB isomers are
diates, which is also in agreement with a recent theoretical strongly pronounced (almost exclusively) in favor of 1,2,4-
study of Clark et al. [13]. Since a transition state search TMB within 10-MR zeolites [9-11]. The highly endother-
along the pathways involving all DPM isomers in TON and mic adsorption energies found for the DPM-like intermedi-
MOR is beyond the available computational resources, our ates leading to 1,3,5- and 1,2,3-TMB thus give a quantitative
analysis focuses on the adsorption step of the ten DPM-like argument of these experimental observations.

intermediates in both zeolites. To better understand the nature of the DPM zeolite in-
teraction, it is worth decomposing the adsorption energy in
3.5.1. Selectivity in TON various terms according to the deformation of the mole-

The results for TON are reported in Table 1. All geomet- cule as well as of the zeolite. The deformation energy for
rical parameters correspond to the neutral physisorbed DPMthe zeolite is calculated as the difference between the total
in acidic TON. TheEaq4sprT Values correspond to adsorption  energy of the energy value of the zeolite framework after
energies as calculated within the DFT approach and after full optimization with the adsorbate subtracted by the optimized
geometry optimizationA Eadsprr Stands for the relative en-  zeolite structure (without adsorbate). For the DPM mole-
ergy difference with respect to the most stable DPM isomer. cule, the deformation energy is the difference between the
As observed in Table 1, DFT calculated adsorption energiesmolecule configuration in the adsorbed state and the gas-
are endothermic with a very large dispersion according to the phase state. For the 3,5-DPM (least stable intermediate), the
various isomers. As a very first remark, it can be underlined framework deformation energy is equal to 58 tbl, while
that the relative and absolute valuesof .45t differ sig- for the molecule it is 62 kimol. Hence, a global amount of
nificantly from those ofA Egas revealing the key role of the 120 kymol is paid for the deformation of the system upon
framework. The most stable configuration corresponds to theadsorption. The remaining part of the adsorption energy (i.e.,
4,5-DPM isomer, and the least stable corresponding to the123 kJmol) corresponds to the balance between the attrac-
3,5-DPM lies 138 kdmol higher in energy. Moreover, we tive part (electrostatic and hydrogen bond interactions) and
found that the five most stable configurations (viz. 4,5; 2,4; the large repulsive part arising from Coulomb repulsion be-
3,4;4,6; and 2,5) lead to the 1,2,4-TMB isomer. tween the H atoms of the molecule and the framework atoms

The adsorption energies reported so far are based exclu-at short distances. Concerning the most stable intermediate,
sively on DFT calculations, and as we noted previously, this i.e., the 4,5-DPM, the deformation energies are significantly
methodology does not take dispersive interactions into ac-reduced: 48 kdmol for the molecule and 15 kol for the
count. Dispersive forces, however, dominate the interaction framework. In both cases, about half of the value of the en-
between an aromatic and a zeolite. It is thus required to cor- dothermic adsorption energy results from the deformations
rect the DFT values for vdW contributions (for technical de- of the system. Besides, it must be stressed that the frame-
tails, see Methods). The corresponding energiggw, are work deformation energy is more sensitive to the DPM type
reported in Table 1, together with the total correctBgys than the molecule deformation energy itself.

Obviously, dispersive contributions are exothermic and ex-  The destabilization energy is correlated with the amount
hibit a scattering of about 43 kihol, significantly smaller  of steric constraints acting on the adsorbates. These con-
than that of DFT contributions. In particular, the order of straints can be expressed by the number of closest con-
adsorption energies of the two most and three least stabletacts (smaller than 2.5 A, according to the chosen criterium)
DPMs in TON remains unchanged after including vdW con- between the hydrogen atoms of the adsorbed intermediate
tributions. This is due to the fact that the differences in and the oxygen atoms of the framework, as summarized in
energy are mainly governed by electrostatic contributions Table 1. For the least stable configuration (3,5-DPM), the
rather than dispersive forces. However, the latter cannotnumber of closest contacts is the highest, whereas the most
be neglected. With respect to the final TMB products, the stable configuration (4,5-DPM) exhibits the smallest num-
adsorption energies are ordered as followggg1,3,5) > ber of such distances. Additionally, one can note that the
Eadd1,2,3) > Eagg1,2,4). According to the adsorption en-  destabilization energy is found to be the highest when the
ergies including vdW corrections, one notes that the two contacts are located on the two methyl groups belonging to
DPM configurations, which exhibit an exothermic adsorp- the same DPM’s aromatic ring. In this case, the aromaticity
tion, lead to the observed 1,2,4-TMB product. All remaining of the ring is strongly perturbed, implying the highest energy
adsorbed DPMs exhibit endothermic adsorption energies,destabilization. For the energetically least stable adsorption
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mode (3,5-DPM), three short distances at ones@itbup

and four contacts at the other methyl group are present, /
whereas no such constraints are found for the most stable P
adsorption geometry. If one GHyroup only is affected, the
configuration is generally more stable (2,5-DPM versus 2,6- \
DPM). One relevant structural deformation of the adsorbed t
DPM molecule concerns the angle between the two aro-

matic planes, called C1C2C3 in Fig. 7a. These values with /
respect to the gas phase are reported in Table 1 for the dif- |
ferent DPMs. However, it must be stressed that there is no e,
direct correlation between the destabilization energies and
the C1C2C3 angle deformation. If we compare the two ex-

treme cases represented by the 3,5-DPM and the 4,5—DPM,b

the C1C2C3 angle differs by only 1This corroborates our
aforementioned result, showing that the deformation energy

of the molecule is less sensitive to the DPM than the frame- Fig. 13. Optimized adsorption geometry of 3,5-DPM in acidic mordenite
work deformation. with aromatic rings perpendicular to theaxis.

3.5.2. Selectivity in MOR for the 2,4-DPM formation mechanism. In this case, the
Although MOR is regarded as a zeolite exhibiting a one- Al4-010(H) acid site is chosen as an active center. The
dimensional channel system, due to the existence of 8-MR adsorption energies for the different DPMs in H-MOR are
side pockets several possible adsorption modes for the DPMreported in Table 2. First, one notes that the energy disper-
isomers exist. So far we have concentrated our analysis to arSion, A Eadsprt, as Well asA Eaqs (around 55 kdmol), is
adsorption geometry, where the DPM molecule is adsorbedmuch less pronounced than in TON. After applying the vdwW
along the main 12-MR, with the planes of the two aro- correctionterm, adsorption energies are all negative; i.e., the
matic rings mostly perpendicular to theaxis (see Fig. 10b adsorption process becomes generally exothermic. The two
and 10c). However, due to the presence of side pockets, theMost stable adsorption modes (3,4- and 2,4-DPM) indicate
DPM intermediate may also adsorb with the planes of the that the 1,2,4-TMB yield must be the highest. This can be
two aromatic rings perpendicular to theaxis, as repre- ~ clearly explained by the reduced number of close contacts
sented in Fig. 13 for the 3,5-DPM. The investigation of such &S compared to the TON framework. This result is again
an adsorption geometry is motivated by the fact that the hy- IN agreement with the experimental TMB product pattern
drogen atoms of the DPM methyl groups can point toward °Pserved in MOR where 70% in 1,2,4-TMB is found ex-

the 8-MR side pockets, which may significantly modify the perimeqtally, as r'eported in [9—11]. Based on the calculated
DPM stability. In what follows, we will discuss the two pos- adsorption energies, the two isomers (1,2,3-and 1,3,5-TMB)
sible adsorption modes in detail. can be formed, but they are thermodynamically less favored.

As shown in Table 2, the deformation of the C1C2C3 angle
is significantly smaller (4—) than in the TON framework.
3.5.2.1. Adsorption with rings perpendicular to theaxis Furthermore, the differences in the destabilization energies
This adsorption mode is the one already used in Section 3.4,are rather small.

Table 2
Adsorption energies and geometrical parameters of the various DPM intermediates adsorbed in acidic MOR with aromatic rings perpendicalgisto the
T™B DPM EadspFT AEadsDFT Evaw Eads AEqags AC1C2C3 N
product type (kdmol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (deg)
1,35 3,5-DPM 564 557 —-1269 —705 521 51 9
1,2,3 2,3-DPM 2% 250 —1003 —74.6 479 6.2 11
2,6-DPM 313 306 —1301 —987 238 6.9 7
5,6-DPM 273 26.6 —1365 —1092 133 33 6
1,2,4 2,4-DPM 1% 189 —1320 —-1124 101 6.4 7
4,6-DPM 172 165 —-1261 —1088 136 46 7
2,5-DPM 511 505 —1248 —736 489 6.5 7
3,6-DPM 452 446 —1262 —80.9 416 34 7
3,4-DPM Q6 00 —1232 —1226 0.0 5.4 8
4,5-DPM 324 317 —708 —384 841 37 12

N stands for the number of close contacts with the zeolite framewokkvalues represent variations with respect to the most stable isomer.
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Table 3

Adsorption energies and geometrical parameters of the various DPM intermediates adsorbed in acidic MOR with aromatic rings perpendicalgisto the

Final Adsorbed EadsDFT AEadsDFT Evaw Eagds AEgads AC1C2C3 N

TMB molecule (kJmol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (deg)

1,35 3,5-DPM 2B 00 —1216 —94.2 0.0 55 10

1,2,3 2,3-DPM vy 174 —1065 —617 325 54 12
2,6-DPM 1802 1528 —583 1219 2161 6.1 18
5,6-DPM 1376 1103 —90.7 469 1412 41 14

1,2,4 2,4-DPM 82 598 —96.0 —-88 854 31 13
4,6-DPM 692 419 —-1116 —423 519 47 10
2,5-DPM 585 312 —1053 —46.7 475 51 14
3,6-DPM 1317 1043 —-939 378 1320 51 11
3,4-DPM 798 525 —994 —195 747 45 11
4,5-DPM 469 196 —-1191 721 221 25 8

N stands for the number of close contacts with the zeolite framewokkvalues represent variations with respect to the most stable isomer.

3.5.2.2. Adsorption with rings perpendicular to theaxis uctis the 1,2,3-TMB, followed by the 1,3,5-TMB. However,
The AlI2—-O2(H) acid site leading to this different orienta- since the 1,3,5-TMB is found experimentally as the second
tion of the adsorbed molecule is chosen in this case. Sinceproduct [9—11], this means that the Al2—0O2(H) site can also
the mean distances between the acidic proton and the carbe an active center for the disproportionation reaction. By
bon atoms of the aromatic ring are very close to those found stabilizing the 3,5-DPM with its two methyl groups enter-
in the previous adsorption mode (around 2.2 A), we expect ing the 8-MR, the higher amount of 1,3,5-TMB can thus be
roughly the same amount of attractive electrostatic interac- explained.

tions.

The final optimized geometry of the physisorbed 3,5- 3.5.2.3. Consequences for the (i/d) ratiRegarding the
DPM is shown in Fig. 13. One notes that two methyl groups isomerization/disproportionation (i/d) ratio observed experi-
of the aromatic rings are located inside two neighboring mentally [9-11], it is known thatin 10-MR frameworks such
8-MR side pockets. The adsorption energies of the DPMs as ZSM-5 and ZSM-11, the selectivity is strongly in favor of
in this configuration are compiled in Table 3. The 3,5- theisomerization (i/d ratio greater than 20). On the contrary,
DPM yields the highest exothermic adsorption energy (aboutin 12-MR zeolites such as MOR or MAZ, the (i/d) selec-
—94.2 kJ/mol). Compared to the previous adsorption mode, tivity is inverted with a ratio lower than 2. At this stage of
this geometry is favored by 24 kdol. For all other DPMs, our calculations, this can be explained by the stability of the
the adsorption yields higher values for the heat of adsorp- DPM-like intermediates, which are strongly destabilized in
tion. It is important to note the much larger differences of 10-MR (—62 < Eads< +117 k¥mol) in comparison to 12-
the adsorption energie\(E5g9 around 216 kdmol, than MR (—122< Eags< —70 kJmol). To a certain extent, this
for the previous configuration (about 122/kdol). Due to may be a rational argument explaining why the dispropor-
the small diameter of the side pocket (around 5.7 A), methyl tionation pathway is less favored in 10-MR. It must be un-
groups located in the close vicinity of the carbon atom con- derlined that the (i/d) selectivity cannot be explained within
necting the two aromatic rings cannot find a stable position a methyl-shift mechanism, since the methyl cation energy is
within the center of the 8-MR. This consequently leads to far less sensible to the pore size.
strong steric constraints and explains the high endothermic
adsorption energies particularly for the 2,6- and 5,6-DPM.

As a consequence, the experimentally observed product4. Conclusion
pattern for the TMB isomers in MOR can only be understood
if one takes into account the two previously described ad- We have presented a detailed study of the pore size ef-
sorption modes. As the relative distributions of Al4—O10(H) fects on the disproportionation reactionmfxylene in 10-
as well as AI2—0O2(H) sites remain unknown, it is difficult to and 12-MR zeolites. Two reaction mechanisms have beenin-
predict quantitatively the TMB pattern. Furthermore, a pre- vestigated. An energy barrier of 166/kdol is calculated for
vious ab initio study [27] has shown that both sites exhibit the rate-limiting step for the reaction occurring via a methyl
very similar values in energy stability and OH-stretching fre- shift in TON. This value, comparable to previously reported
guencies. As a consequence, both sites are equally possiblealculations in MOR, reveals that it depends weakly on the
candidates for active centers, so that the following semiquan-pore size. Hence, such a pathway fails to explain the dif-
titative interpretation can be given. On the Al4-O10(H) site, ferent selectivities observed in 10-MR and 12-MR zeolites.
the 1,2,4-TMB is clearly produced in the majority, resulting The second reaction scheme is initiated by the formation of
from the energetically favored corresponding DPM interme- a benzylic carbocation. This initiation step cannot be cat-
diates. According to our calculation, the next favored prod- alyzed by an acidic proton because of the too high energy
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