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ABSTRACT: The strain energies of three trimethylated diphenylmethane (3mDPM) and
six tetramethylated diphenylmethane (4mDPM) isomers serving as the main reaction
intermediates of m-xylene isomerization and disproportionation over eight medium-pore
zeolites with different framework topologies have been determined theoretically in order to
elucidate the effects of zeolite pore structure on this aromatic transformation. Although the
strain energies of 3mDPM and 4mDPM derivatives in MCM-22, TNU-9, and NU-87, all of
which have large 12-ring cavities/channels, are always lower than 40 kJ mol−1, some of
them in cavity-free ZSM-5, ZSM-57, and TNU-10 are characterized by the strain energies
higher than 40 kJ mol−1. In particular, all the species in ZSM-22 and ZSM-23 with narrower
one-dimensional 10-ring channels have the strain energies much higher than 40 kJ mol−1.
On the other hand, the energy difference (<30 kJ mol−1) between the (dimethylphenyl)methylium ion and the transition state
for formation of the tetramethylated benzenium-type carbenium ions was calculated to be much lower than the energy barrier
(183 kJ mol−1) to the hydride transfer from the reactant molecule. The overall results of this study clearly show that transition-
state shape selectivity is responsible for the formation of 3mDPM derivatives, as well as of slightly larger 4mDPM ones, in
medium-pore zeolites.
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■ INTRODUCTION

Mechanistic investigations of the transformation of aromatic
hydrocarbons over acidic zeolite catalysts are still an active field
of research in that the knowledge from such studies is essential
not only for the refinement of already known concepts of shape
selectivity in heterogeneous catalysis but also for the develop-
ment of entirely new ones. Conversion ofm-xylene into its para-
isomer is of particular importance among the aromatic process
technologies because of the great industrial demand of p-xylene
for manufacturing polyester.1,2 In fact, remarkable advances in
p-xylene production from m-xylene have been achieved over the
last several decades.
The great success of zeolites as catalysts in the isomerization

and disproportionation ofm-xylene is largely due to their unique
shape selective properties.3−15 To clarify the nature of shape
selectivity on the product distribution of this aromatic conver-
sion, the reaction mechanisms hidden behind have intensively
investigated. Two major types of reaction pathways have been
proposed thus far: (i) the monomolecular 1,2-methyl shift mech-
anism and (ii) the bimolecularmechanismwhich involves trimeth-
ylated diphenylmethane (3mDPM) and tetramethylated diphe-
nylmethane (4mDPM) derivatives as reaction intermediates.
Although the existence of both groups of bicyclic organic species
has not been experimentally evidenced until a recent date,15 the
latter reaction pathway is much more space-demanding than the

former one. Without doubt, therefore, the mechanism of
m-xylene conversion over medium-pore zeolites has long been
considered to be monomolecular.
To gain new insights into the mechanisms of the zeolite-

catalyzed isomerization and disproportionation of m-xylene, we
have recently compared the catalytic properties of a total of 13
medium-pore and 3 large-pore zeolites with different frame-
work topologies for this aromatic transformation and the gas
chromatography−mass spectroscopy (GC-MS) results from all
used zeolite catalysts.15 The medium-pore zeolites employed
include those containing (i) large 12-ring cavities/channels ac-
cessible only through 10-ring windows (H-MCM-22 (frame-
work type MWW), H-TNU-9 (TUN), H-NU-87 (NES), and
H-EU-1 (EUO)), (ii) mutually intersection 10-ring channels
only (H-ZSM-5 (MFI), H-IM-5 (IMF), and H-ITQ-2), (iii)
intersecting 10- and 8-ring channels (H-ZSM-57 (MFS),
H-TNU-10 (STI), H-SUZ-4 (SZR), and H-ferrierite (FER)),
and (iv) one-dimensional (1D) 10-ring channels only (H-ZSM-
22 (TON) and H-ZSM-23(MTT)). Like large-pore zeolites, all
members of the first subgroup of medium-pore zeolites were
found to allow the formation of both 3mDPM and 4mDPM
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derivatives. However, this is not always the case for their other
three subgroups.
On the basis of the overall GC-MS results of our recent study,

we have proposed a new bimolecular mechanism in which both
3mDPM and 4mDPM derivatives are involved as reaction
intermediates in the zeolite-catalyzed m-xylene conversion.
As shown in Scheme 1, this mechanism starts with hydride

abstraction upon adsorption of m-xylene molecules (A) on the
Brønsted acid sites in zeolites to produce the cation (B), which
can in turn be converted to the alkoxide form of m-xylene.
Then, species B reacts with another m-xylene molecule (A) to
form the trimethylated benzenium-type carbenium ion (C)
that can be changed to a neutral 3mDPM derivative (D) by
the proton migration to nearby Brønsted acid sites and again
to another benzenium-type carbenium ion (E) on nearby but
unoccupied Brønsted acid sites. Subsequently, species E may
split off the (dimethylphenyl)methylium ions G and leave a
toluene molecule (F). Cations G further react with another
m-xylene molecule to produce the tetramethylated benzenium-
type carbenium ions (I andK) and a neutral 4mDPM species (J).
This is because the hydride abstraction and transfer (G to B)
have the highest energy barrier among the elementary steps in
Scheme 1.15 Therefore, the 3mDPM and 4mDPM species are
serving as the reaction intermediates of m-xylene disproportio-
nation and transalkylation with G, respectively. If such were the
case, then the type of reaction intermediates formed would be
strongly influenced by the pore shape and size of the zeolite
catalyst employed.

Quantum-chemical calculations are a useful means for
elucidating the mechanisms of zeolite catalysis, as well as for
developing new theories of its shape selectivity.20−30 Several
studies have already concerned the transformation of m-xylene.
Rozanska et al. have calculated the relative formation energies of
reaction intermediates in the xylene isomerization over H-
mordenite (MOR) and demonstrated that the monomolecular
1,2-methyl shift pathway is prevailing because of the steric
constraints within the 12-ring channels in H-mordernite.22,23,25

Clark et al. have theoretically investigated the m-xylene dispro-
portionation over zeolite Y (FAU), mordenite, and ZSM-5 and
found that not only transition state shape selectivity but also
product shape one plays a critical role in determining the
distribution of 1,2,4-, 1,2,3-, and 1,3,5-trimethylbenzene (TMB)
isomers.26,27 Demuth et al. have also calculated the relative
formation energies of reaction intermediates in the mono-
molecular 1,2-methyl shift and bimolecular DPM-mediated
mechanisms of m-xylene disproportionation over theta-1
(TON) and mordenite. They have reported that the mono-
molecular pathway is far less sensible to the size of zeolite pores
than the bimolecular one.28 To our knowledge, however, no
theoretical studies have focused on both isomerization and
disproportionation of m-xylene over zeolite catalysts simulta-
neously and thus on both 3mDPM and 4mDPM species as
reaction intermediates.
There are a total of 18 3mDPM and 21 4mDPM isomers with

different molecular dimensions that can be formed as reaction
intermediates of m-xylene disproportionation followed by
transalkylation. Among them, however, only three 3mDPM
and six 4mDPM isomers, as shown in Figure 1, can produce

1,2,4-TMB, the major product of m-xylene disproportionation,
through their split-off.15 In the present study, therefore, we cal-
culate the strain energies of these nine bicyclic aromatic species
in eight zeolites with different framework structures representing
the four subgroups of medium-pore zeolites described above, as
well as in the large-pore zeolite Y, in order to better understand
the effects of zeolite pore structure on the mechanisms of
the zeolite-catalyzed isomerization and disproportionation of

Scheme 1. Bimolecular Reaction Mechanism for the
Zeolite-Catalyzed Isomerization and Disproportionation
of m-Xylene, Where 3mDPM and 4mDPM Are Involved
as Reaction Intermediatesa

aAdapted from ref 15.

Figure 1. (a) Three 3mDPM and (b) six 4mDPM derivatives that can
produce 1,2,4-TMB, the major product of m-xylene disproportionation.
Their molecular dimensions in the gas state were calculated at the
ωB97XD/6-31G(d) level.
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m-xylene. We also calculate the relative energies of all species in-
volved in the bimolecular isomerization and disproportionation
of m-xylene over zeolite Y, TNU-9, and ZSM-23 which show
notable differences in the pore topology. The calculation results
obtained in this work are compared with the experimental ones
recently reported by us.15

■ COMPUTIONAL METHODS

The 84T, 96T, 64T, 62T, 72T, 121T, 70T, 126T, and 142T
cluster models, which were extracted from their crystallographic
data,31 were used to calculate the strain energies of 3mDPM and
4mDPM derivatives in zeolite Y, MCM-22, TNU-9, NU-87,
ZSM-5, ZSM-57, TNU-10, ZSM-22, and ZSM-23, respectively.

Figure 2. Side (left) and top (right) views of the structures of 2,2′,4,6′-4mDPM embedded in nine zeolites with different framework topologies
optimized at the ONIOM (ωB97XD/6-31G(d):MNDO) level of theory: (a) zeolite Y, (b) MCM-22, (c) TNU-9, (d) NU-87, (e) ZSM-5, (f) ZSM-57,
(g) TNU-10, (h) ZSM-22, and (i) ZSM-23.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs500186y | ACS Catal. 2014, 4, 1764−17761766



As shown in Figure 2, these models include the complete pore
structures of the corresponding zeolites so that the confinement
effects on the reaction intermediates of m-xylene isomerization
and disproportionation could be rationally considered. It is worth
noting that more than two layers of the zeolite framework can be
deformed when bimolecular 3mDPM or 4mDPM species are
introduced. In this study, however, we considered only one layer
of the zeolite framework in order to reduce the computational
cost. It has been repeatedly shown that this approach is good
enough to give theoretical results which are in excellent agree-
ment with experimental ones.26,27,34,35 The 84T, 64T, and 142T
models were also used to calculate the relative energies of the
reactant, reaction intermediates, transition states, and products
ofm-xylene isomerization and disproportionation over zeolite Y,
TNU-9, and ZSM-23, respectively.
The theoretical hybrid model (i.e., a combination of

ωB97XD/6-31G(d) and B3LYP/6-31G(d,p) methods with a
semiempirical MNDO level) was employed in all calculations.
The terminal Si atoms at each cluster edge were capped with
H atoms at a Si−H bond length of 1.47 Å oriented along the

direction of the corresponding Si−O bond. Although each ad-
sorbed molecule, as well as a portion of the zeolite framework,
was handled using a reliable density functional theory (DFT), the
less demanding remainder of framework T atoms were treated at
the MNDO level using the Gaussian 09 software package.32 The
ONIOM (ωB97XD/6-31G(d):MNDO) level of theory, where
theωB97XD function is the hybridmeta DFT developed byChai

Table 1. Structural Features of Zeolites with Different Framework Topologies Employed in This Study

zeolite IZA code pore topology pore sizea (Å) Di
b (Å)

zeolite Y FAU 3D, 12-ring 7.4 × 7.4 11.18
MCM-22 MWW 2D, 10-ring + large cages 4.0 × 5.5, 4.1 × 5.1 9.63
TNU-9 TUN 3D, 10-ring +12-ring cavities 5.5 × 5.6, 5.4 × 5.5 8.40
NU-87 NES 2D, 10- and 12-rings 4.8 × 5.7, 5.3 × 7.8c 6.98
ZSM-5 MFI 3D, 10-ring 5.1 × 5.5, 5.3 × 5.6 6.30
ZSM-57 MFS 2D, 10- and 8-rings 5.1 × 5.4 (3.3 × 4.8) 6.75
TNU-10 STI 2D, 10- and 8-rings 4.7 × 5.0 (2.7 × 5.6) 6.23
ZSM-22 TON 1D, 10-ring 4.6 × 5.7 5.65
ZSM-23 MTT 1D, 10-ring 4.5 × 5.2 6.13

aThe values in parentheses are the size of 8-ring channels in the corresponding zeolite structure. bThe maximum included sphere diameter defined as
the diameter of the largest sphere among the spheres that could be included within intracrystalline void spaces, whereas their radii are the same as the
distances between an arbitrary point in such spaces and its closest framework atom. For details, see ref 47. c12-Ring pore size.

Figure 3.GC-MS total ion chromatograms of the CH2Cl2 extracts from
nine zeolites with different framework structures after the isomerization
and disproportionation of m-xylene at 523 K and 5.2 h−1 WHSV.
Adapted from ref 15.

Figure 4. Strain energy of (a) 2,2′,4,6′-4mDPM in the gas state and of
(b) the TNU-10 framework itself and (c) total strain energy of 2,2′,4,6′-
4mDPM in TNU-10 vs number of high-level treated T atoms. Closed
and open circles indicate the numbers of T atoms fixed and relaxed at the
ωB97XD/6-31G(d,p) level, respectively.
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and Head-Gordon,33 was applied to optimize the geometries of
intrazeolitic 3mDPM and 4mDPM derivatives. It has been
repeatedly shown that this level describes the long-range dis-
persive interactions between the adsorbate and zeolite frame-
work better than the traditional DFT methods, allowing the
calculated strain energies to correlate nicely with the experi-
mental results.34,35 During the geometric optimization, in
general, the 24 T atoms surrounding the adsorbed molecule
within the zeolite framework, as well as the adsorbed molecule
itself, were treated at the highωB97XD level. The rest of T atoms
in the theoretical model were treated at the lowMNDO level and
kept fixed at their crystallographic positions. The single-point
energy calculations were further refined at the ωB97XD/
6-31G(d,p) level using the optimized structures. Frequency cal-
culations were not carried out here because of the high com-
putational cost.
Unlike the case of strain energy calculations, the ONIOM

(B3LYP/6-31G(d,p):MNDO) level of theory was applied to
calculate the relative energies of all species that can be formed
during the bimolecular isomerization and disproportionation of
m-xylene over some zeolites. Although theωB97XD functional is

more effective for describing the long-range dispersive inter-
actions between the adsorbate and zeolite framework than the
B3LYP one, the latter functional has also proved to accurately
predict the structures of adsorbed hydrocarbon molecules in
zeolites and their relative energies.26,27 The organic molecule and
the 8 T atoms in the zeolite framework surrounding the adsorbed
species were treated at a high level and allowed to relax during the
geometric optimization.
The adsorption energies of adsorbed molecules in zeolites are

derived from a combination of two contributions: one due to the
hydrogen bonds and dispersive interactions with the zeolite
framework and the other due to the deformation of both adsor-
bate and zeolite framework.34,36 The total strain and adsorption
energies are therefore

= Δ + ΔE E Estr str
ads

str
zeo

(1)

Δ = Δ +E E Eads int str (2)

where ΔEstr
ads and ΔEstrzeo are the strain energies of the adsorbate

and the zeolite framework, respectively, and ΔEint is the inter-
action energy between them. ΔEint, ΔEstrads, and ΔEstr

zeo are

Figure 5. Structures of (a) 2,3′,4-3mDPM, (b) 2,3′,6-3mDPM, (c) 3,3′,5-3mDPM, (d) 2,2′,4,4′-4mDPM, (e) 2,2′,4′,5-4mDPM, (f) 2,3′,4′,4-4mDPM,
(g) 2,2′,5,5′-4mDPM, (h) 2,3′,4′,5-4mDPM, and (i) 3,3′,4,4′-4mDPM in the gas state (1st column) and in zeolite Y (2nd column), TNU-9 (3rd
column), and ZSM-23 (4th column). The angles of their central sp3 carbons are also given. The zeolite framework was removed after structural
optimization at the ONIOM (ωB97XD/6-31G(d):MNDO) level.
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Δ = − −E E E Eint complex zeolite
c

adsorbate
c

(3)

Δ = −E E Estr
ads

adsorbate
c

adsorbate (4)

Δ = −E E Estr
zeo

zeolite
c

zeolite (5)

where Ecomplex is the energy of the adsorption complex consisting
of the adsorbate and the zeolite framework. Also, Eadsorbate

c and
Ezeolite
c are the energies of the adsorbate and the zeolite frame-

work, respectively, extracted from the adsorption complex with-
out further optimization.

■ RESULTS AND DISCUSSION
Experimental Background. Table 1 shows the structural

features of all zeolites employed in this work, and Figure 3 com-
pares the GC-MS total ion chromatograms of CH2Cl2 extract
from eight different zeolites representing the four subgroups of
medium-pore zeolite catalysts classified by the structural criteria
stated above, as well as from the large-pore zeolite Y, after the
m-xylene isomerization and disproportionation at 523 K for 30 h
on stream, which were adapted from ref 15. It can be seen that the
number and relative intensity of the observed 3mDPM and
4mDPM GC-MS signals vary significantly with the size, shape,
and/or dimensionality of zeolitic void spaces. For example, five,

three, and two 3mDPM signals are observable in the GC-MS
chromatograms from H-TNU-9, H-ZSM-5, and H−Y, respec-
tively. However, no detectable signals were found in the chro-
matograms from H-ZSM-22 and H-ZSM-23 with narrower 1D
10-ring (4.6 × 5.7 and 4.5 × 5.2 Å, respectively) channels. This
clearly shows that the pore structure of medium-pore zeolites is a
crucial factor governing the mechanisms of m-xylene isomer-
ization and disproportionation.

Effect of Zeolite Framework Deformation on the Strain
Energy. In general, the zeolite framework is deformed when the
guest molecules are adsorbed.35 If all atoms in the theoretical
model are relaxed during the optimization process, this would
then be an ideal case. A serious problem of this approach is that in
addition to its quite high computational cost, the unique struc-
tural features of each zeolite cannot be preserved during the
strain energy calculations.34 Therefore, a portion of the zeolite
framework T atoms, together with the adsorbed molecule,
should be treated at a high level.37−44 In fact, we found that the
strain energy of the adsorbate is strongly altered according to the
number of high-level relaxed T atoms (see below).
To investigate the effects of the number of high-level relaxed T

atoms on the strain energies of the adsorbate and zeolite frame-
work, as well as on their total strain energies, we have selected
2,2′,4,6′-4mDPM and TNU-10 as the model reaction inter-
mediate and the model zeolite framework, respectively. Although
the split-off of 2,2′,4,6′-4mDPM can producem-xylene and 1,2,4-
TMB, the reactant and the major product of this aromatic
conversion, respectively, medium-pore zeolites with intersecting
10- and 8-ring channels like TNU-10 have a greater influence
on the structure of bicyclic aromatic reaction intermediates than
those containing cavities/channels larger than 10-ring pores.
Furthermore, H-TNU-10 was found to be more selective to
p-xylene formation than H-ZSM-5, one of the commercial xylene
isomerization catalysts.15 By contrast, the structure of such bulky
molecules can be excessively modified upon adsorption on
zeolites with narrow 1D 10-ring channels only. In this subsection,
we will refer to all strain energies as their abbreviations (ΔEstrzeo,
ΔEstr

ads, and Estr) in order to avoid any possible confusion. After
relaxing all T atoms at the low MNDO level, the number of T
atoms treated at the highωB97XD level increased gradually from
zero to 32. Then, we calculatedΔEstr

zeo,ΔEstr
ads, and Estr while fixing

the rest of T atoms at the low MNDO level in the TNU-10
framework at the same level of theory. All capped H atoms at the
cluster edge were fixed during the calculations, and the structures
of 2,2′,4,6′-4mDPM in TNU-10 with different numbers of T
atoms relaxed at the ONIOM (ωB97XD/6-31G(d):MNDO)
level can be found in Supporting Information Figure S1.
As shown in Figure 4, ΔEstr

ads was calculated to be 62 kJ mol−1

when all T atoms are relaxed at a low level. No noticeable changes
in theΔEstrads value were caused by increasing the number of high-
level treated T atoms from zero to 32. As this number increased
up to 12,ΔEstr

zeo decreased dramatically from 178 to 99 kJmol−1. A
quite similar trend was also observed for Estr. However, a further
increase of high-level treated T atoms to 32 gave no significant
changes in the ΔEstr

zeo or Estr value. When most of the zeolite
framework T atoms are treated at a high level during the geo-
metric optimization, therefore, ΔEstr

ads appears to become practi-
cally independent of the number of high-level treated T atoms.
This is not unexpected because the dispersive interactions
associated with zeolite framework deformation have already been
reflected on the intrazeolitic structure of the adsorbate. However,
if the number of high-level treated T atoms were smaller than the
critical value, the extent of zeolite framework deformation should

Figure 6. Structures of 3,3′,4,4′-4mDPM in (a) zeolite Y, (b)
TNU-9, and (c) ZSM-23 optimized at the ONIOM (ωB97XD/
6-31G(d):MNDO) level.
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then be influenced strongly by the volume of adsorbed
molecules, yielding notable changes in the ΔEstrzeo value.
Figure 4 also shows that when most of the framework T atoms

were fixed and treated at a high level, ΔEstr
ads decreased gradually

from 121 to 56 kJ mol−1 with increasing the number of high-level
treated T atoms up to 24 and remained almost unchanged at a
larger number of 32. However, ΔEstr

zeo began to increase at a
number of 8 and became 72 kJ mol−1 at the final number of 32.

We should note here that as the numbers of fixed and relaxed T
atoms at a high level increased, respectively, all the ΔEstrzeo, ΔEstr

ads,
and Estr values were converged on the particular values because of
the size of the adsorbed molecule. Thus, the deformed area of the
zeolite framework should differ according to the size of the
adsorbed organic species. Of particular interest is that whenmost
of framework T atoms were fixed, Estr remained almost un-
changed over the number range for high-level treated T atoms

Table 2. Strain, Interaction, and Adsorption Energies of Three 3mDPM and Six 4mDPM Isomers Embedded in Zeolites with
Different Framework Topologies Calculated at the ωB97XD/6-31G(d,p) Level of Theory

strain, interaction, and adsorption energy (kJ mol−1)

3mDPM and 4mDPM derivatives

zeolite
2,3′,4-
3mDPM

2,3′,6-
3mDPM

3,3′,5-
3mDPM

2,2′,4, 4′-
4mDPM

2,2′,4′,5-
4mDPM

2,3′,4′,4-
4mDPM

2,2′,5,5′-
4mDPM

2,3′,4′,5-
4mDPM

3,3′,4,4′-
4mDPM

zeolite Y aΔEstrads 1 2 3 2 1 4 2 4 3
bΔEstrzeo 1 5 2 1 1 4 3 5 4.5
cEstr 2 7 5 2 3 8 4 9 7
dΔEint −126 −141 −130 −134 −142 −131 −145 −135 −132
eΔEeds −124 −134 −125 −131 −139 −122 −141 −126 −124

MCM-22 ΔEstrads 4 1 3 3 4 5 4 4 5
ΔEstrzeo 2 1 1 2 3 2 2 2 1
Estr 6 3 4 5 6 7 6 6 6
ΔEint −130 −112 −120 −128 −139 −138 −138 −139 −133
ΔEeds −123 −109 −116 −123 −133 −131 −132 −133 −127

TNU-9 ΔEstrads 6 13 10 3 7 5 7 13 11
ΔEstrzeo 1 2 3 −1 1 1 1 1 2
Estr 8 15 13 3 8 5 8 14 13
ΔEint −156 −132 −133 −176 −165 −176 −176 −171 −156
ΔEeds −148 −117 −120 −173 −157 −172 −168 −157 −143

NU-87 ΔEstrads 9 21 7 21 26 33 28 27 8
ΔEstrzeo 2 20 7 7 6 6 5 5 4
Estr 12 41 14 27 32 38 33 32 12
ΔEint −171 −84 −156 −148 −158 −149 −158 −153 −179
ΔEeds −159 −43 −142 −121 −126 −111 −126 −121 −167

ZSM-5 ΔEstrads 14 34 14 87 114 44 67 133 74
ΔEstrzeo 19 13 8 44 25 23 25 25 43
Estr 33 47 22 131 139 68 92 158 117
ΔEint −143 −96 −186 23 −47 −57 −60 15 62
ΔEeds −110 −49 −165 154 92 10 32 173 180

ZSM-57 ΔEstrads 18 35 54 46 33 33 19 27 9
ΔEstrzeo 16 25 57 19 23 18 17 20 15
Estr 34 59 111 65 55 51 37 47 25
ΔEint −152 −131 55 −146 −160 −137 −168 −141 −218
ΔEeds −118 −72 167 −82 −104 −86 −132 −94 −194

TNU-10 ΔEstrads 30 36 39 35 73 12 43 67 36
ΔEstrzeo 15 23 31 70 30 18 38 47 15
Estr 45 59 70 105 102 30 81 113 51
ΔEint −152 −115 −78 −61 −50 −201 −82 −65 −164
ΔEeds −107 −56 −8 43 53 −171 −1 48 −113

ZSM-22 ΔEstrads 79 69 47 66 60 61 73 105 98
ΔEstrzeo 59 60 36 37 40 38 35 59 47
Estr 138 129 83 103 99 98 108 164 145
ΔEint 9 −36 −109 −111 −91 −122 −24 32 −11
ΔEeds 148 93 −26 −8 8 −24 83 196 134

ZSM-23 ΔEstrads 19 60 48 54 50 44 45 44 58
ΔEstrzeo 47 45 59 43 42 44 24 66 61
Estr 66 104 107 96 93 88 69 110 118
ΔEint −131 −26 −15 −100 −93 −80 −92 −37 −74
ΔEeds −65 78 91 −4 −1 8 −23 73 44

aΔEstrads = Eadsorbate
c − Eadsorbate.

bΔEstrzeo = Ezeolite
c − Ezeolite.

cEstr = ΔEstrads + ΔEstrzeo. dΔEint = Ecomplex − Ezeolite
c − Eadsorbate

c . eΔEads = ΔEint + Estr.
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studied here and was practically identical with the value
calculated using the high-level relaxed zeolite framework. This
indicates that the Estr value calculated using the fixed zeolite
framework is also reliable, regardless of the number of high-level
relaxed T atoms utilized in calculations. Apparently, the use of
the fixed zeolite framework instead of the relaxed one in the
strain energy calculations can reduce the computational cost
largely. However, Figure 4 shows that at least 24 T atoms need to
be relaxed at a high level to obtain reliableΔEstr

zeoandΔEstr
ads values.

In this study, therefore, we have relaxed 24 T atoms of each
zeolite framework while fixing the rest of its T atoms at a low
level.
Strain Energies of 3mDPM and 4mDPM Derivatives in

Zeolites with Different Framework Topologies. Figure 5
shows the structures of three 3mDPM and six 4mDPM isomers
studied in this work, which were optimized at the ωB97XD/
6-31G(d) level, with and without the zeolite Y, TNU-9, or
ZSM-23 framework present. Their central sp3 carbon bond
angles (C−C−C angle) in these three zeolites, as well as in the
gas state, are given in Supporting Information Table S1. The
angles of their central sp3 carbons when present in the gas state
were calculated to be in the range of 113.1−116.4°. These values
are larger by 3.6−6.9° than the ideal angle (109.5°) of sp3

hybridization,45 probably due to the steric hindrance of two
neighboring phenyl groups. As shown in Figure 5, however, the
sp3 carbon bond angles of 3mDPM and 4mDPM derivatives in
zeolite Y deviate slightly from those of the corresponding
aromatic compounds in the gas state: differences are not larger
than 1.6°. The structure of 3,3′,4,4′-4mDPM, which has the
largest dimensions among the 3mDPM and 4mDPM species in
Figure 1, located within the supercages in zeolite Y through the
van der Waals (vdW) interactions is shown in Figure 6. All H
atoms in this 4mDPM derivative were calculated to be farther
than 2.48 Å from the zeolite framework, indicating the weak
nature of their interactions. Given that the supercages with a
diameter of 13.0 Å in zeolite Y, connected with one another via
12-ring (7.4× 7.4 Å) windows, are large enough to accommodate
3,3′,4,4′-4mDPM, this is reasonable.
The structural results in Figures 5 and 6 also reveal that

although the central sp3 carbon bond angles of 3mDPM and
4mDPM derivatives in TNU-9 deviate by 3.2−8.6° compared
with those of the corresponding compounds in the gas state, all
H atoms in 3,3′,4,4′-mDPM are farther than 2.31 Å from the
TNU-9 framework. This medium-pore zeolite has two slightly
wider and narrower 10-ring (5.5 × 5.6 and 5.1 × 5.5 Å) channels
down the b-axis, together with the 12-ring cavities with
dimensions of 5.3 × 10.9 × 15.7 Å limited by the wider channel
down the b-axis and by the short bridging 10-ring channel in the
third direction.46 When the 3mDPM and 4mDPM species are
introduced within ZSM-23 with a 1D 10-ring channel system, the
range (5.3−11.2°) of deviation of their sp3 carbon bond angles
with respect to the gas state becomes larger again. Also, the
closest distance between the H atoms in 3,3′,4,4′-mDPM and
this zeolite framework is 2.16 Å. As expected, therefore, it is clear
that the extent of deformation of 3mDPM and 4mDPM
derivatives upon their adsorption on zeolites becomes more
severe within zeolites with narrower void spaces.
To obtain more quantitative evidence that supports the above

conclusion, we calculated the strain energies of three 3mDPM
and six 4mDPM isomers in eight medium-pore zeolites with
different pore structures, as well as in zeolite Y. As listed in
Table 2, their strain energies in zeolite Y, TNU-9, and MCM-22,
all of which contain large cavities are always lower than ca. 9, 15,

and 7 kJ mol−1, respectively. When embedded in ZSM-5 free of
such large cavities, however, 3mDPM and 4mDPM species are
characterized by considerably higher strain energies (21−47 and
67−158 kJ mol−1, respectively). Moreover, their strain energies
in ZSM-22 and ZSM-23 are higher than 65 kJ mol−1, suggesting
that the formation of bicyclic aromatic molecules in these zeolites
with narrow 1D 10-ring channels are severely limited due to
steric hindrance, in excellent agreement with the GC-MS results
in Figure 3.
Very recently, Willems et al. have demonstrated that the

maximum included sphere diameter (Di), which is defined as the
diameter of the largest sphere among the spheres that could
be included within intracrystalline void spaces, while their radii
are the same as the distances between an arbitrary point in such
spaces and its closest framework atom, is an efficient geometrical
parameter for quantitatively describing the channel/cavity of
crystalline porous materials such as zeolites, metal organic
materials, and zeolitic imidazolate frameworks.47 This has led us
to pay attention to the relationship of theDi value of zeolites with
different framework topologies employed in our work with the
extent of deviation of the central sp3 carbon bond angles and the
strain energy of 3mDPM and 4mDPM derivatives embedded in
the corresponding zeolites. As shown in Figure 7, the extents of
deviation of the sp3 carbon angles are somewhat larger for
4mDPM species than for 3mDPM ones. This is not strange

Figure 7. (a) Extent of deviation of the central sp3 carbon bond angles
and (b) strain energy of three 3mDPM and six 4mDPM isomers in eight
medium-pore zeolites with different framework topologies and (c)
percentage of bimolecular isomerization in the formation of o-xylene
from p-xylene over the corresponding zeolites15 vs maximum included
sphere diameter (Di)

44 of each medium-pore zeolite.
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because the former aromatic compounds have one more methyl
group and thus experience slightly more severe steric hindrance.
An interesting observation is that the extents of angle deviation
for both types of reaction intermediates increased suddenly at Di

values below 7.0 Å, which is also the case of their strain energies.
One obvious reason for this may be that the dimensions of some
4mDPM derivatives (e.g., 3,3′,5-4mDPM and 2,2′,5,5′-4mDPM
with dimensions of 6.2 × 5.3 Å and 6.7 × 3.6 Å along the b- and
c-axes, respectively; Figure 1), are quite close to 7.0 Å.
Figure 7 also shows a plot of the Di value of nine zeolites with

different framework topologies used as m-xylene isomerization
and disproportionation catalysts versus their percentage of
bimolecular isomerization in the formation of o-xylene from
p-xylene determined from isotope labeling experiments using an
equimolar mixture of normal and hexadeuterated p-xylenes at
523 K.15 It can be seen that zeolite catalysts with Di < 7.0 Å
exhibit negligible percentages (<4%) of bimolecular isomer-
ization, although the percentage becomes considerably larger
with increasing Di. This suggests that zeolites with Di values
around 7.0 Å are situated at the threshold of the bimolecular
reaction pathway of m-xylene isomerization and disproportiona-
tion. There are at least eight medium-pore zeolites with Di ≥
7.0 Å (Supporting Information Table S2). Therefore, the

prevailing mechanism of m-xylene conversion over medium-
pore zeolites cannot always be regarded as monomolecular.
Figure 8 compares the interaction and adsorption energies

of three 3mDPM and six 4mDPM isomers in nine different
zeolites studied here. These data reveal that while most of them
show positive adsorption energies in ZSM-22 and ZSM-23, all

Figure 8. (a) Interaction and (b) adsorption energies of three 3mDPM and six 4mDPM isomers in nine zeolites with different framework topologies.

Figure 9. Adsorption energy of 3mDPM and 4mDPM derivatives in
nine zeolites with different framework topologies vs their strain energy.
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derivatives are characterized by negative ones in zeolite Y, TNU-9,
andMCM-22. A positive linear relationship is observed when the
adsorption energies in Figure 8 are plotted against their
corresponding strain ones (Figure 9). Therefore, it is most likely
that the size of void spaces in medium-pore zeolites governs the
extent (i.e., strain energy) of deformation of bicyclic aromatic
reaction intermediates formed during the isomerization and
disproportionation of m-xylene and then their adsorption
energies. The strain energies of three 3mDPM and six
4mDPM isomers in a series of zeolites with different framework
topologies are compared in Figure 10. The strain energies of all

the bicyclic reaction intermediates in zeolite Y with a degree of
bimolecular isomerization of 82% were calculated to be lower
than 19 kJ mol−1, suggesting the ease of their formation. When
embedded in MCM-22, TNU-9, and NU-87 containing 12-ring
cavities/channels, on the other hand, their energies became
higher (<40 kJ mol−1). Also, some 3mDPM and 4mDPM
derivatives in cavity-free ZSM-5, ZSM-57, and TNU-10 are
characterized by the strain energies considerably higher than
40 kJ mol−1. In particular, all species in ZSM-22 and ZSM-23
with narrower 1D 10-ring channels gave much higher strain
energies. These results are inversely correlated well with the
percentages of bimolecular isomerization in the formation of
o-xylene from p-xylene over different medium-pore zeolites.15

Relative Energies of All Species Involved in the
Bimolecular Isomerization and Disproportionation of
m-Xylene. Figure 11 shows the relative energy level diagram for
the reactant, reaction intermediates, and transition states of the
bimolecular isomerization and disproportionation of m-xylene
over zeolite Y, and Table 3 lists their relative energies. Although
the zeolite Y structure has only one crystallographically distinct
T-site, there are four crystallographically distinct O sites at which
the proton can be located upon Al substitution (Supporting
Information Figure S2). From a thermodynamic point of view,
site O4 is the most stable O site so that the adsorbed m-xylene

molecule can be easily changed to its alkoxide form.26 In the
relative energy calculations, therefore, this O site was selected as
the proton location of Brønsted acid sites in zeolite Y. Also, all the
energies in Table 3 are referenced relative to the energy of “the
threem-xylene molecules embedded in zeolite Y” which logically
satisfy the bimolecular reaction pathway in Scheme 1. Among the
bicyclic aromatic species in Figure 3, 3,3′,5-3mDPM and
2,2′,4,5′-4mDPM were adapted as the main reaction inter-
mediates of both disproportionation and transalkylation cycles in
Scheme 1, respectively. This is because their split-off produces
p-xylene and 1,2,4-TMB, respectively, the major products of
m-xylene conversion over most medium-pore zeolites we have
recently studied.15

Clark et al. have previously shown that the formation of the
m-tolylmethylium cation (B) by hydride abstraction has the
highest energy barrier (206 kJ mol−1) among the elementary
steps of m-xylene disproportionation over zeolite Y.27 In our
work, the energy barrier (TS1) to the formation of this cation was
calculated to be 183 kJ mol−1. While this value is still highest
among all the elementary steps in Scheme 1, the discrepancy with
our results can be attributed to the difference in theoretical model
of zeolite Y: our theoretical model includes two supercages,
whereas there is only one supercage in the model of Clark et al.
As described above, on the other hand, species B or its alkoxide
form can be converted to the benzenium-type carbenium ion (C)
by reacting with another m-xylene. Then, species C must
overcome two energy barriers or transition states (denoted TS2
and TS3) to produce toluene (F) and the (dimethylphenyl)-
methylium ion (G). TS2 was calculated to have an energy barrier
of 28 kJ mol−1. The structure of this transition state can be found
in Supporting Information Figure S3. The proton is located in
the middle of the C atom of the aromatic ring with a bond
distance of 1.41 Å and the O atom in the zeolite framework with a
bond distance of 1.30 Å. To further advance the disproportio-
nation of m-xylene, the proton of the Brønsted acid sites in
zeolite Y must be migrated to the other aromatic ring of a neutral
3mDPM species (i.e., 3,3′,5-3mDPM). As shown in Table 3,
however, this proton transfer (TS3) was found to have the
highest energy barrier (76 kJ mol−1) among all the transition
states except TS1 in Scheme 1. This led us to conclude that the
proton migration from Brønsted acid sites to the neural aromatic
species is thermodynamically less favorable than the reverse
reaction.
It is also remarkable that the split-off of species E can yield six

different types of (dimethylphenyl)methylium ions (i.e., G), as

Figure 10. (a) Percentages of bimolecular isomerization in the
formation of o-xylene from p-xylene over nine zeolites with different
framework topologies15 and (b) strain energies of three 3mDPM and six
4mDPM isomers in the corresponding zeolites.

Figure 11. Relative energy level diagram for the reactant, reaction
intermediates, and transition states of the bimolecular isomerization and
disproportionation of m-xylene over zeolite Y.
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well as F, depending on the position of proton abstraction in each
of three TMB isomers (Supporting Information Figure S4). The
relative energy calculation results in Table 3 indicate that the four
(dimethylphenyl)methylium ions generated from 1,2,4- and
1,3,5-TMB isomers have similar energy levels to one another.
However, we found that the energy levels (183 and 190 kJ mol−1,
respectively) of the other two cations produced from 1,2,3-TMB
are higher by at least 8 and 15 kJ mol−1 than those of the cations
from 1,2,4- or 1,3,5-TMB, probably due to the steric hindrance of
locally concentrated methyl branches. Upon their adsorption on
the Brønsted acid sites, these cations are converted to the
more stable alkoxide form as shown in Figure 11. The most
interesting result obtained from Table 3 is that the energy
barriers (<30 kJ mol−1) to TS4 are much lower than the barrier
(183 kJ mol−1) of hydride abstraction and transfer from species
G to B. When the G-1,2+,4-TMB cation with the highest relative
energy (173 kJ mol−1) among the cations yielding 1,2,4-TMB is
selected, for example, the energy barrier to TS4 was calculated to
be 12 kJ mol−1 only. This supports our recent proposal that the
transalkylation cycle in Scheme 1 is thermodynamically favorable
enough to operate by itself in order to produce a xylenemixture (L),
although it cannot start without m-xylene disproportionation.15

Finally, we calculated the relative energies of reaction
intermediates I−K in the transalkylation cycle in order to better
understand the effects of zeolite pore structure on their
formation. To save the computational cost, we selected only
three zeolites (i.e., zeolite Y, TNU-9, and ZSM-23) but with
notable differences in the pore size and/or dimensionality.
Among the 24 and 7 crystallographically distinct T-sites in TNU-9
and ZSM-23, respectively, one Al atom was located at the T-site
with the easiest access to 4mDPM species. The energy level
diagram for species I−K in zeolite Y, TNU-9, and ZSM-23 are
given in Figure 12, and their energies calculated relative to
the (dimethylphenyl)methylium ionG are compared in Table 4.
The relative energy of the cation I in zeolite Y was calculated to
be −42 kJ mol−1, which is even lower than the energy of the
smaller species G. This implies that the supercages in zeolite Y
are large enough to form 4mDPM derivatives without any severe
steric constraints. However, the energy difference between
species I and G in TNU-9 is only −4 kJ mol−1. In particular,
the difference in ZSM-23 is 153 kJ mol−1, indicating much
difficulty in the formation of bicyclic aromatic reaction

intermediates in this 1D medium-pore zeolite. Therefore, it is
clear that the monomolecular 1,2-methyl shift mechanism is
prevailing in the narrower 1D zeolites. In line with our recent
experimental work,15 in this regard, the key to determining
the reaction mechanism of m-xylene isomerization and dispro-
portionation over medium-pore zeolites may be the availability
of large void spaces which can accommodate bulky reaction
intermediates.

■ CONCLUSIONS
In an attempt to theoretically investigate the effects of zeolite
pore topology on the isomerization and disproportionation of

Table 3. Relative Energies of the Reactant, Reaction Intermediates, Transition States, and Products of the Bimolecular
Isomerization and Disproportionation of m-Xylene over Zeolite Y

speciesa energy (kJ mol−1) speciesa energy (kJ mol−1)

three m-xylenes in zeolite Y 0 G alkoxide-1+,2,4-TMB 124
TS1 183 G alkoxide-1,2+,4-TMB 123
B 167 G alkoxide-1,2,4+-TMB 123
B alkoxide 109 G alkoxide-1+,2,3-TMB 135
C 114 G alkoxide-1,2+,3-TMB 150
TS2 142 G alkoxide-1+,3,5-TMB 122
D 76 TS4 185
TS3 152 I 125
E 138 TS5 152
G-1+,2,4-TMB 160 J 85
G-1,2+,4-TMB 173 TS6 155
G-1,2,4+-TMB 167 K 130
G-1+,2,3-TMB 190 p-xylene and 1,2,4-TMB 2
G-1,2+,3-TMB 183 p-xylene and 1,3,5-TMB 1
G-1+,3,5-TMB 175 p-xylene and 1,2,3-TMB 9

aThe same as those given in Scheme 1.

Figure 12. Relative energy level diagram for species G, I, J, and K in the
transalkylation cycle of the bimolecular isomerization and disproportio-
nation of m-xylene over zeolite Y, TNU-9, and ZSM-23.

Table 4. Relative Energies of Species G, I, J, and K of the
Bimolecular Isomerization and Disproportionation of
m-Xylene over Three Different Zeolites

relative energy (kJ mol−1)

speciesa zeolite Y TNU-9 ZSM-23

G 0 0 0
I −42 −4 153
J −82 12 135
K −37 85 184
G′ −7 20 5

aThe same as those given in Scheme 1.
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m-xylene over medium-pore zeolites, we have calculated the
strain energies of three 3mDPM and six 4mDPM isomers, the
main reaction intermediates of this aromatic hydrocarbon
conversion, in eight medium-pore zeolites with different frame-
work structures, as well as in the large-pore zeolite Y. The strain
energies of these bicyclic aromatic reaction intermediates and the
extents of deviation of their central sp3 carbon angles were found
to become higher within zeolites with narrower void spaces. For
example, the strain energies of 3mDPM and 4mDPM derivatives
are always lower than 40 kJ mol−1 in zeolite Y, MCM-22, TNU-9,
and NU-87, all of which have 12-ring cavities/channels. When
imbedded in ZSM-22 and ZSM-23 with narrow 1D 10-ring
channels, all of them are characterized by the strain energies
much higher than 40 kJ mol−1. We have also calculated the
relative energies of all species associated with the bimolecular
isomerization and disproportionation of m-xylene over zeolite Y
in order to more quantitatively understand the mechanism pro-
posed based on the experimental results. The proton migration
from the Brønsted acid sites in zeolite Y to the aromatic ring
of a neutral 3mDPM species has the highest energy barrier
(76 kJ mol−1) among all the elementary steps after m-tolyl-
methylium cation formation. However, the energy barrier to form
4mDPM species by reaction of the (dimethylphenyl)methylium
ion with anotherm-xylene is not higher than 30 kJ mol−1 so that it
is much lower than that (183 kJ mol−1) to the hydride transfer
from the reactant m-xylene molecule, a competing step with the
formation of tetramethylated benzenium-type carbenium ions. On
the other hand, the relative energies of both 3mDPMand 4mDPM
species were calculated to become significantly higher when
embedded in ZSM-23 with narrow 10-ring channels. This again
confirms the importance of the size of zeolitic void spaces in the
formation of bulky aromatic reaction intermediates during the
bimolecular isomerization and disproportionation of m-xylene.
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