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Abstract: A theoretical study of the alkylation reaction of toluene with methanol catalyzed by the acidic
Mordenite (Si/Al= 23) is reported. Cluster DFT as well as periodical structure DFT calculations have been
performed. Full reaction energy diagrams of the elementary reaction steps that lead to the formation of the
three xylene isomers are given. The use of periodical structure calculations allows one to account for zeolite
framework electrostatic contributions and steric constraints that take place in zeolitic catalysts. Especially the
steric constraint energy contribution has a significant effect on the energies and bond formation paths. The
activation energy barrier gf-xylene formation is found to be 20 kJ/mol lower than the corresponding values

for the formation of its isomers. Computed heguest binding energies according to the DFT method need

a correction due to the absence of the dispersive interaction with the zeolite wall. Apparent activation energies
obtained with this correction are in good agreement with experimental data.

1. Introduction For large pore zeolites such as Mordenite,fghea selectivity
. is less pronouncet.
Zeolites can be used as catalysts among others for the Nt only the structure of the zeolite but also its chemical
conversion of aromaticsElectrophilic aromatic substitution, composition (e.g. Al content) influences the selectivity. Paea

one of the reactions that we will discuss, can be carried out by selectivity over large pore zeolites is slightly enhanced when
a variety of reactants such as olefins, alcohols, and halogenatedhe strength of the acid sites increa3és.

hydrocarbons. If methanol is used for the toluene alkylation |n general, the observed selectivity can be attributed to a
over ZSM-5, selectivity forp-xylene of almost 100% is  combination of differences in (i) diffusivity, (i) adsorption
possible? behavior, and (iii) intrinsic reaction rate of the xylene isonters.

The observed selectivity partially originates from ZSM-5's  Whereas diffusivity and adsorption behavior may be better
specific pore size, which imposes steric limitations on the guest described by using classical dynamic or Monte Carlo simula-
molecules! Treatment of ZSM-5 with phosphoric acid reduces tions# quantum-chemical calculations offer the opportunity to
the pore size of the catalyst channel and thus increasgmthe ~ Study reactivity.
isomer selectivity Restrictions on the size of the transition state ~ Despite the fact that an explanation of the reaction mechanism
(transition state shape selectivity) inhibit polyalkylation, and the for the alkylation of aromatics is not only of fundamental interest
preferential desorption of products with high diffusivity (product and can also help to optimize reaction conditions and to find

shape selectivity) also enhances the yield of fihea isomer. better catalysts for the reaction, full details of the reaction
mechanism are not yet known.
* Address correspondence to this author. F&8l 40 245 5054. The actual carboncarbon bond formation in the alkylation
E-mall. toakur@chem. el of benzene or toluene can proceed in consecutive reaction steps
5 Sghu?t'fnsiim?évgfrs(':zt'alyi?s\fen' or via an associative reaction mechanfsm.
* Centre Europen de Recherche et Technique, TotalFina. Until some time ago, it was generally accepted that the
# Universita Wien.
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alkylation of aromatics over acid zeolites proceeds via methoxy framework2° The force field used in the molecular mechanics

intermediate formatio®? The methoxy intermediate can be

part and the method for coupling the quantum chemical and

generated by dissociation of methanol over an acid site resultingthe molecular mechanics part determine the quality of this

in water and a methyl group bound to a lattice oxygen. Proof method.

for the existence of such alkoxy species inside zeolites can be Quantum-chemical periodic structure calculations have the

found in experimental studies: (i) IR frequencies of 2980 to advantage of not requiring such embedding approaches. The

2977 cnT! are assigned to the asymmetric £3tretch vibration
in alkoxy specie¥ and (ii) 23C NMR studies reveal a chemical
shift of 53 to 59 ppm for the alkoxy carbdA.Furthermore,

theoretical calculations indicate that the alkoxy species are local

minima and thus stable intermediafés.

guantum-chemical periodic structure codes have become of even
more interest, since recently it has become possible to localize
approximate transition structuré’s.

Several groups investigated the effect of embedding cluster
geometries for transition states or charged speéielt has

The other possible reaction mechanism is the associativebeen shown that the zeolite framework stabilization of car-
reaction that proceeds via coadsorption of the aromatic andbonium or carbenium ion type transition states or intermediates

methanol. Ivanova et al. performed in sittC MAS NMR
experiments during toluene alkylation with metha®dVlethoxy

is mainly of electrostatic short-range nature due to the charge
screening effect of the zeolite framework. The embedding of

species were found to be very stable under reaction conditionstransition states leads to a decrease of the activation energy by
and not very reactive. The methanol species that adsorb in a20 to 50% compared with cluster results.

way that the hydroxyl of methanol interacts with the zeolite

Since the periodical quantum mechanical method is based

acid site (end-on adsorption complexes) are found to be moreon DFT methods, the van der Waals interaction is not properly
reactive. Cluster-based calculations confirm that the aSSOCiativecomputedZ_3 This is a severe problem, since the interaction of

mechanism circumventing alkoxy formation is more favordble.

aromatic adsorbates with the zeolite wall depends sensitively

Cluster calculations are very useful for the study of zeolite- on this contributior?* We will employ an approximate energy

catalyzed reactiond. They give a qualitative estimate of

correction scheme to overcome this shortcoming of the DFT

activation energies and can predict the favorable mechanismsmethod.

However, theoretical investigations of the electrophilic aromatic

substitution are rare.

In this work the associative mechanism for the methylation
of toluene with methanol over acidic Mordersk¢H-MOR) type

Beck et al. used Density Functional Theory (DFT) calcula- zeolite will be studied.

tions on a cluster model to investigate the H/D -exchange of

Toluene can be alkylated in tloetho, metag or para positions

reaction!® They found a symmetric transition state and a one-
step concerted mechanism. The activation energy of 86.2 kJ/

mol agrees well with experimental values obtainedHyAS
NMR.
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different geometries for adsorbed reactants, transition states, and
adsorbed products are optimized.

Calculations with the cluster approach were done to assist
input transition state geometry choices of the periodical structure
calculations

2. Method

Cluster Approach. Within the cluster approach, the catalytic active
site model is a small neutral zeolite fragment, terminated with hydrogen
atoms or hydroxyl groups. This cluster aims to represent the Brgnsted
acid site in interaction with toluene, xylenes, water, methanol, or
reaction intermediates. Such a methodology has been extensively used
to study reactions where proton activation is involVetf2026 No
constraints have been used for the cluster and the molecules in
interaction with the cluster, as recommended befb?2’” A cluster
consisting of four tetrahedra (Al(OSi4(OHSiHs)(OH), T4) has been
chosen. This cluster presents three electronically equivalent oxygen
atoms that are used to model the catalytic active sites.

Cluster calculations have been performed v@thussian98 using
the 6-31g* basis sé&t and the density functional method with the
Perdew-Wang 1991 exchange functional as modified by Adamo and
Baroné® and the Perdew and Wang gradient-corrected correlation
functional (MPWPW91§!

Geometry optimization calculations have been carried out to obtain . R
a local minimum for reactants, adsorption complexes, and products andWaves: For the calculations, a cutoff of 300 eV and a Brillouin-zone
to determine the saddle point for transition states (TS). The frequencies.Samplm@I restricted to thB-point have been used. The augmentation
were computed by using analytical second derivatives to check that Sharges were expanded to 900 eV. o o
the stationary point found exhibits the proper number of imaginary The z_eollte stru_cture used to perform the perlodlca_ll calculations is
frequencies: none for a minimum and one for a transition state (first- Mordenite (see Figure . The geometry of the unit cell of the

order saddle point). Zero point energy (ZPE) corrections have been Mordenite cell has previously been defined by using VASP by Demuth
calculated for all optimized structures. et al*® To avoid artificial interactions of the molecules, the minimal
unit cell was doubled in the main channel direction. As a consequence
our simulation box contains 146 atoms, with dimensiars 13.648
A, b=13.672 A,c=15.105 A,a. = 96.792, = 90.003, andy =
90.022, whereas dimensions of the nonmodified Mordenite unit cell
area = 18.14 A,b = 20.43 A, andc = 7.55 A, in good agreement
with other theoretical studi€$.The unit cell contains two Brgnsted
gAcidic sites. The acidic site positions have been selected at the junction
of 12- and 8-membered rings. Demuth et%hnd Sauer et &f have
shown in their theoretical studies that aluminum atoms in these positions
(26) (a) Kramer, G. J.; de Man, A. J. M.; Van Santen, R.JAAm. are the most stable for this zeolite. The position of the proton is of less
Chem. Soc1991 113 6435-6441. (b) Kramer, G. J.; Van Santen, R. A.  importance due to its relatively high mobili#§?-3® Relaxation of
J. Am. Chem. S0d 993 115 2887-2897. (c) Rigby, A. M.; Kramer, G. adsorbed compounds and intermediates has been done employing a
3 \é?ngar?lten,UR: ’g] glata,lvllggl 170 Jl‘]_lpoh Chem. H997 10 quasi-Newton algorithm based on the minimization of analytical forces.
10(()35)_15053’ - Bradle, M., sauer, J2. Fhys. Lhem. 101, Convergence has been considered to be achieved when forces on the
(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, M. A.; Robb, Unit cell atoms were less than 0.07 eV/A. Our system, the Mordenite
M. A.; Cheeseman, J. R.; Zakrzewski; Montgomery, J. A.; Stratmann, R. unit cell, methanol, and toluene, consists of 167 atoms.
ﬁ gﬁggtd (é E:ﬁgéc% STO'\Q:EFI”JJ Igﬂééoagni?'?bﬁég-:'\ﬁ%g-mﬁi The VASP transition state search method employed was the nudged
R Menn’ucci, B Pomélli, C Adarﬁo,’C.; Cliffbrd,’ S, Oé:hte’rski, J.;’ glastlc band method (NEBj. The trgnSItlon S_tate_system geqmetry
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; ~'Mages were only allowed to move into the direction perpendicular to
Rabuck, D. K.: Raghavachari, K.; Foresman, J. B.: Cioslowski, J.; Ortiz, J. the current hypertangent, defined as the normal vector between the
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; neighboring images. In this study the initial number of images was 8.
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,  This number was reduced to the fourth closer geometry to the maximum
C. Y.; Nanayakkara, A.; Gonzales, C.; Challacombe, M.; Gill, P. M. W.; - of energy after several steps when the transition state geometry was

Johnson, B. G.; Chen, W.; Wong, M. W.; Andress, J. L.; Head-Gordon, : ;
M.: Replogle, E. S.; Pople, J. A, Gaussian 98 (revision A.1): Gaussian, more clearly defined. Finally, when only a few atoms presented forces

Figure 1. Mordenite unit cell. The smallest box is the unit cell that
has been used in our calculations.

Periodical Approach. Periodical ab initio calculations have been
performed by using the Vienna Ab Initio Simulation Package (VABP).
The total energy is calculated by solving the Ket8ham equations,
using the exchange-correlation functional proposed by Perdew and
Zunger®® Results are corrected for nonlocality in the generalized
gradient approximation with the Perdew Wang 91 functiGhMASP
uses plane waves and ultrasoft pseudopotentials provided by Kress
and Hafnef® allowing a significant reduction of the number of plane

Inc.: Pittsburgh PA. 1998. above the conve_rgence_criteria, a quasi-Newton a_lgorithm relax_ation
(29) (a) Petersson, G. A.; Al-Laham, M. A. Chem. Phys1991, 94, based on force minimization was performed on the highest energy image
6081-6090. (b) Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Al-Laham, to speed up convergence and to release transition state geometry from
M. A,; Shirley, W. A.; Mantzaris, JJ. Chem. Physl988§ 89, 2193-2218. constraints due to the elastic band. Due to the knowledge of the
(30) Adamo, C.; Barone, VChem. Phys. Letl997 274 242-250. transition state geometries from the cluster approach results and also
(31) (a) Perdew, J. P.; Wang, Phys. Re. B 1992 46, 12947°12954. due to the complexity of the mechanisms involved, the initial image
(b) Levy, M.; Perdew, J. PPhys. Re. B 1993 48, 11638-11645. (c) _ piexity of 1S Involved, . g
Perdew, J. P.; Burke, K.; Wang, Phys. Re. B 1996 54, 16533-16539. geometries were not defined by automatic linear interpolation between
(32) (a) Kresse, G.; Hafner, Phys. Re. B 1993 48, 13115-13126. product and reactant but adapted from the cluster calculation transition
(b) Kresse, G.; Hafner, Phys. Re. B 1994 49, 14251-14269. (c) Kresse,
G.; Furthmier, J. Comput. Matter. Sci1996 6, 15-50. (d) Kresse, G.; (36) Demuth, T.; Hafner, J.; Benco, L.; Toulhoat, H.Phys. Chem. B
Furthmiler, J. Phys. Re. B 1996 54, 11169-11186. 200Q 104, 4593-4607.
(33) Perdew, J. P.; Zunger, Rhys. Re. B 1981, 23, 5048-5079. (37) Brandel, M.; Sauer, JJ. Am. Chem. S0d.998 120, 1556-1570.
(34) Perdew, J. P.; Burke, K.; Wang, Phys. Re. B 1996 54, 16533~ (38) Sich, I.; Gale, J. D.; Terakura, K.; Payne, M. Chem. Phys. Lett.
16539. 1998 283 402-408.
(35) Kresse, G.; Hafner, J. Phys. Condens. Mattet994 6, 8245 (39) Mills, G.; Jmsson, H.; Schenter, G. ISurf. Sci.1995 324, 305

8257. 337.
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Figure 2. Mechanisms of the alkylation reaction of toluene with methanol catalyzed by acidic zeolite. The geometries between squared brackets
are the geometries of the transition states as obtained from the cluster approach results (see Figure 3b).

state geometries. This approach optimizes CPU cost criteria. Cluster ~ Stich et al“2 assumed in their ab initio dynamic simulation of
calculations help to validate the transition state from the periodical methanol in acidic zeolites that the dispersive contribution may not
structure calculations, since frequency calculations of systems of sizeslead to modifications of the gueshost geometry. In our study we
similar to ours are not yet possible. used the same assumption: the van der Waals energy contribution of
van der Waals Energy Correction. DFT methods present the  the guesthost system has been evaluated by using the VASP optimized
drawback of not properly describing the van der Waals dispersive unit cell geometries. Periodic boundary conditions have been applied
contribution2 Pelmenschikov et &% have shown, using DFT and MP2  on the unit cell. A cutoff of 7.5 A has been used to truncate this energy
calculations, that for an aromatic species adsorbed on a neutral claycontribution. In a classical dynamic simulation of benzene and toluene
surface the dispersion contribution is of the order-@5 kJ/mol. The within Y zeolite pores, Klein et df decomposed the guedtost energy.
Coulombic contribution was only half this value. Until now no They showed that the van der Waals contribution remains almost
calculations of large periodical zeolite systems at the MP2 level have constant along the minimum energy pathway and that the electrostatic
been reported. Therefore a van der Waals energy correction has beercontributions, mainly Coulombic, could better explain the preferred
applied on the toluene adsorption energy by using the parametersadsorption site of aromatic species in zeolites. The importance of this
defined by Deka et &P for aromatic species within zeolites. The electrostatic interaction is enhanced when acidic sites are present.

expression of the computed van der Waals energy contribution is: The van der Waals correction has been applied to the periodical
12 12 structure adsorption energy of toluene. Its energy and that of all
(AA) (BB) consecutive intermediates and transition states have been shifted by
VdwW = z 12 - 6 ) the same value. The corrected van der Waals adsorption energy is
o] . .

[ [

] ] ) ] (41) In the empirical expression used repulsive and dispersive contribu-
where the sum runs on i, toluene hydrogen, aliphatic carbon, or aromatictions cannot be decomposed as the sets of parameters A and B have been

carbon, and o, zeolite oxygen and silicon atorfis* optimized in correlation. For this reason both terms in the expression have
been used to correct for the dispersive interaction.
(40) (a) Deka, R. C.; Vetrivel, Rl. Catal.1998 174, 88—97. (b) Deka, (42) Sich, I.; Gale, J. D.; Terakura, K.; Payne, M. L. Am. Chem. Soc.

R. C.; Vetrivel, R.; Miyamoto, ATop. Catal.1999 9, 225-234. (c) Deka 1999 121, 3292-12360.

et al. defined separate parameters for zeolitic oxygen and silicon atoms  (43) Klein, H.; Kirschhoch, C.; Fuess, H. Phys. Chem1994 98,
and for hydrogen atom and aromatic and sarbon atoms. No parameters ~ 12345-12360.

were defined for Brgnsted acidic site aluminum atoms and acidic protons.  (44) (a) Schider, K.-P.; Sauer, J.; Leslie, M.; Catlow, C. R. A.; Thomas,
The van der Waals contribution to the interaction between the protonic site J. M. Chem. Phys. Letl992 188 320-325. (b) Sauer, Jl. Phys. Chem.
and the guest atoms of toluene has been assumed to be the same as that 4987 91, 2315-2319.

the siliceous part of the zeolite. Such approximation has been successfully  (45) Brandel, M.; Sauer, J.; Dovesi, R.; Harrison, N. 8.Chem. Phys.
used in the pastt 1998 109, 10379-10389.
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Figure 3. (a) Cluster approach reaction energy diagram and geometries of the intermediates and transition state of the alkylation reaction of
toluene with methanol catalyzed by acidic zeolite leading to the formatigmnxylene and water. The atom labels that are used in Table 1 and
geometries of the adsorbed reactaie_(p), transition stateTs_p), and adsorbed productBr(_p) are displayed. (b) Geometry of the transition

state that leads to the formation pfxylene and waterTs_p). The vectors are the normal mode components of the imaginary frequency of
vibration.

expressed as: complex. This will react to fornp-, m-, or o-xylene and water.
These products have to desorb to give the final products. The
Este = Eags+ Evaw (2) energy profile of this reaction for the formation piylene is
given in Figure 3.

The optimized structure for the adsorbed reactants leading
to p-xylene Re_p) is shown in Figure 3. Differences in
geometries for the intermediates that lead to formatiometa
3. Results and Discussion andortho-xylene Re_m andRe_0) can be found in Table 1.

. . The labels used for the atoms are shown in Figure 3.
3.1. Cluster Approach.This part concentrates on theoretical ) ) ) )
results obtained from the cluster approach. The level of Methanol is adsorbed in an end-on adsorption mode and is

calculation, MPWPWO1 in combination with the 6-31g* basis Stabilized by two H-bonds with the clustérThe acid proton
set, was chosen to make comparison possible with the periodical®f the cluster is at a distance of 1.47 A of the oxygen atom of
structure calculations. In their recent QM/MM studies Sauer et Methanol. The proton of methanol is in interaction with a
al#4 have shown that vibrational frequencies obtained in the Pridging basic oxygen atom of the cluster (distance around 1.77
cluster approach are close to the corresponding QM/MM ones.A). Toluene is coadsorbed and the methyl of methanol is
They demonstrated that their QM/MM method produces results interacting with the aromatic ring.
comparable to periodical calculatioffs. We found three different transition structures leading to the
The methylation of toluene is considered to proceed via an three different products. The geometry of the transition state
associative mechanism (see Figure 2). Toluene and methanoleading top-xylene can be seen in Figure 39_p) and the
coadsorb on the acid site of the cluster to form an adsorption geometry differences between the other transition st@itesrf

whereE.gsis the adsorption energy obtained by the periodic structure
calculation ancEvgw the van der Waals energy correction according
to (1). More details are provided in the discussion.
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Table 1. Geometry of the Adsorbed Reactan®e(_p, Re_m, Re_o0), Transition State for Formation @FXylene (Ts_p), m-Xylene
(Ts_m), ando-Xylene (Ts_o), and Adsorbeg-Xylene and WaterAds_prod) in the Cluster Approach
Re_p Re_m Re_o Ts_p Ts_m Ts_o Ads__prod
OH, 1.06 1.06 1.06 1.84 1.83 1.80 0.99
AIOH, 110.0 109.8 110.3 106.4 106.5 106.4 130.9
AISiOH, 132.9 1325 133.7 157.1 153.8 157.7 171.8
AlCn, 4.41 4.43 4.39 3.45 3.44 3.50 4.63
HaOm 1.47 1.47 1.47 1.00 1.00 1.00
HmaOs 1.76 1.77 1.77 1.81 1.84 1.84 2.08
O;Hw 2.09
OmCnm 1.44 1.44 1.44 2.25 2.28 2.25 3.67
CnCty 3.96 3.96 3.98 1.98 1.95 1.97 1.51
CyHt; 1.09 1.09 1.09 1.10 1.11 1.10 2.86
Ht,0, 2.70 2.74 2.83 2.12 2.08 2.25
OmCinCty 99.8 98.5 101.9 170.5 170.2 170.7 85.0
CtuCt:Cny 83.6 75.2 775 110.4 111.2 105.5 178.8
HmiHm2HmsCnm 35.2 35.2 35.4 —14.5 —15.9 —15.1 —38.0
Ct,Ct:Ct,Cny 87.1 78.9 82.6 111.2 111.8 109.0 178.9

aThe names of the atoms are as indicated in Figure 3. Distances are given in A, angles and dihedral angles in deg.

andTS—_O for formation of m- ando-xylene, respectively) are  taple 2. Adsorption Energies and Activation Barrier Energies
shown in Table 1.

In the transition state, the acid proton of the cluster becomes
attached to the oxygen of methanol (thgOH distance is 1.00

(a) Adsorption Energies of Toluene and Methanol
within the Cluster Approach (in kJ/mol)

A). The methyl group of methanol is moving toward toluene. Re_p Re_m Re_o
The Q,Cn, distance is between 2.25 and 2.28 A, which is larger  Eags —88.5 —88.8 —89.3
than in the case of the adsorbed reactants (1.44 A). Moreover 2292% —82-32 —85-52 —82-58
H 2983ads 9. <. 9.
the methyl is not yet completely bonded to toluene. The toluene At 2689 0871 2780

carbon atom, which the methyl group will bind, has a distance
between 1.95 and 1.98 A to the carbon atom of the methyl (b) Activation Barrier Energies for Alkylation Reaction of Toluene
group. This is still larger than the 1.51 A of the final product. by Methanol within the Cluster Approach (in kJ/mol)

The attacking methyl group is almost planar and is in a staggered Ts_p Ts_m Ts_o
conformation relative to toluene. The methyl group adopts a g_, 167.3 173.2 164.4
n?(HH) configuration with the Lewis basic oxygen atoms. AsogH? 162.20 172.47 161.89
The toluene proton that after methylation will be given back AzG* 190.05 187.75 178.23
to the cluster has not moved much yet: its distance from the A20sS’ —93.4 -51.2 —54.8

toluene carbon atom remains almost steady (1.09 to 1.11 A).” =g, values are zero-point corrected energies. Other data are
The reason of this is clarified in Figure 3b. This figure displays calculated for a temperature of 298.15 K.
the normal mode components corresponding to the imaginary
frequency of vibration of the transition state. It can be seen that  3.2. Periodical Approach. (a) Adsorption of ReactantsThe
protonation of methanol and proton back-donation to the zeolitic first part of this report on results obtained with periodical
cluster from the aromatic species are consecutive steps. structures focuses on the adsorption of the reactants. A variety
The geometry of the products has only been calculated for of adsorption modes exist inside the zeolite micropore. The local
formation ofp-xylene and water and can be found in Figure 3 minima for adsorption modes that are geometrically close to
and Table 1. The water molecule is adsorbed by two hydrogen the transition states are quite different from each other dependent
bonds with the basic oxygen atoms of the cluster (preton on whetherp-, m-, or o-xylene will be formed (seéds_p,
oxygen distances are 2.09 and 2.08 A, respectively). The oxygenAds_m, and Ads_o, respectively in Figure 4).
atom of water is in interaction with the slightly positively In an IR spectroscopy study of alkylation of toluene by
charged methyl protons gi-xylene (QiCn is 3.67 A). The methanol within acidic ZSM-5 zeolite, Lercher et*aidemon-
p-xylene molecule is adsorbed on the acid site of the cluster in strated that toluene and methanol are present as an associated
an?(CC) adsorption configuration mode. complex. Toluene is proposed to be in interaction with the
The activation energiesEf) for formation of p-, m-, and hydrogen atom of the alcohol group, while methanol is strongly
o-xylene with respect to the energies of adsorbed reactants areadsorbed via the oxygen atom to the acidic site proton. The
given in Table 2. As expecteh; of o-xylene formation is the initial adsorption geometry of methanol and tolue@e, ads
lowest andE,; of m-xylene formation is the highest. Since has been taken similar to this experimental result (see Figure
cluster calculations do not reproduce steric constraints of the 5). This geometry corresponds to the global minimum of this
cavity, the same relative order is observed as for homogeneoussystem.
reactions. The preferred positions for electrophilic substitution  The position of the zeolitic Al connected via O to the proton
follow the orderortho > para > metal that will catalyze the reaction has been chosen at the intersection
The energy difference between the adsorbed reactants antf the 12- and 8-ring channel. The acid proton points inside
the adsorbed productai,—) is — 39.9 kd/mol for the formation  the 12-ring channel. Upon interaction with an adsorbing
of p-xylene. According to the calculation, the adsorption molecule the geometry of the acid site will change. Before
enthalpy for methanol and toluene coadsorbed on the acid clusteradsorption, the @H, distance is 0.98 A. The AlQdistance is
(AHagd is around—86 kJ/mol (see Table 2). :
To get better insight into the influence of the zeolite lattice (b)(ﬂﬂ?tﬁ‘)e'\’_';“the'FSH;'EeJr_CTEj T Q'I_Fl’ggz ﬂ‘%"l“g%g_lzgg'_ ?533;%?45:;
on the adsorbed molecules as well on the transition states itself paiomares, J. G.; van Ommen, J. G.. Lefferts, L. Lercher, J. A. In
periodical crystal calculations are necessary. preparation.
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Figure 4. VASP geometries of the adsorbed reactants, toluene and methanol, within acidic Mordesitev((a), Ads_m (b), andAds__o (c),
respectively). These geometries are the local minima reached by the system before the toluene alkylation reaction step.
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Figure 5. VASP geometry ofCo_ads coadsorption of toluene and
methanol within acidic Mordenite.

around 1.70 A for oxygens not connected to the acid praton (
=2, 3, or 4) and 1.91 A for the bridging hydroxyl group. After
adsorption the @H; bond weakens: the distance increases to
around 1.09 A forAds_p, Ads_m, and Ads_o. The bond
weakens even more in the case @b_ads (1.14 A), in
association with a small weakening of the alcohol OH bond
(0.98 to 0.99 A). This is in agreement with the experimental

Table 3. Geometry of the Adsorbed Molecules for the Periodical
Approach

Co_ads Ads_p Ads_m Ads_o
HaOm 1.30 141 1.41 1.70
OmHm 0.99 0.97 0.98 0.98
OmCnm 1.45 1.47 1.47 1.46
CnCty 3.27 3.32 3.24
CtHt, 1.09 1.09 1.08
Ht:0, 2.79 3.18 2.64
OmHa 1.30 141 1.41 143
OmCmCt; 156.1 159.2 152.2
CuCti,Cny 91.9 85.0 100.2
Ct,Ct:CtiC 86.5 89.2 90.2

a2 The three different adsorption states for toluene and methanol are
Ads_p, Ads_m, and Ads_o. The names of the atoms respect the
labels that have been defined in Figure 3. Distances are given in A,
angles and dihedral angles in deg.

alcohol IR band when toluene is added, suggesting an interaction
with the alcohol proton and toluerieAs a result of the observed
changes in @H; the bonds AlQ and QSi; are altered as well.
Furthermore, the angle and dihedral angle of the bridging
hydroxyl group are also modified.

The adsorbed molecules are located completely inside the
12-ring channel. In Table 3 some distances and angles for these
molecules are given. The oxygen atom of methang)(i® in
close interaction with the acid proton {H the HO, distance
is between 1.41 and 1.70 A. In the cas&of_ads this distance
is even smaller (KD = 1.30 A). This relates to the observed
weakening of the @H, bond#®

For Ads_p, Ads_m, and Ads_o, the Q,Cy bond of
methanol is in the same direction as the axis of the main channel,
with the methyl group pointing toward a toluene carbon ).C
The Q,C\Ciyp angle is 152.2159.2. The distance between,C
of methanol and @ of toluene is around 3.3 A. The toluene
ring is positioned almost perpendicularly to the axis of the main

data of Lercher et al.: they observed a downward shift of the channel. This is needed to allow the alkylation step, as was
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Figure 7. VASP geometry of the charge@-xylene and water
consecutively formed after the methylation of tolueRe_{nt).

with the periodical structure approach are compared with the
ones obtained with the cluster approach. In the cluster approach,
a single step mechanism is found for the alkylation reaction of
toluene: the Brgnsted site proton attacks the methanol oxygen,
followed by the jump of the methyl group between methanol

y ] and toluene, which then back-donates a proton to the cluster.
Figure 6. VASP geometries of the transition states that lead from In the case of the periodical structure model such a reaction
toluene and methanol to the formation of xylene and water (from top Pathway cannot be achieved in a single step. Protonated xylene
to bottom: Ts_p, Ts_m, andTs_o). is found to be a stable reaction intermediate, be it is activated

(seeP_.int in Figure 7). A small rotational barrier has to be

calculated from the transition states structures in the cluster overcome to obtain the proper geometry for proton back-
study. The @GCuCn angle is around 90 This position gives donation. It is well-known that toluene or methanol cannot exist
rise to interactions between the toluene hydrogen atoms andas stable protonated species within a zeolite due to a too weak

the framework oxygen atoms (see Figure 5). acidity of this solid acid® However, experimental observations
Co_ads is the most stable geometry due to the strong of long lifetime charged species have been obtaifiethese

interaction between methanol and toluekgq{= — 101.3 kJ/ are explained by zeolite steric constraints that prevent fast

mol). Aromatic species prefer to position their ring in coplanar reorientation of the charged speci#s° or by the association

orientation with respect to the zeolitic wah4347 Ads_p is of the charged species with other molecufési®c9

more stable thakds_m and Ads__o with Eggs= — 67.5 kJ/ Another difference with the free cluster situation is found

mol. For Ads_m andAds_0, Eggsare — 50.0 and— 49.1 kJ/ for the transition states. The hydrogen atom bonded to the

mol, respectively, due to larger steric hindrance of toluene. toluene carbon atom that is being alkytated is not in direct
(b) Transition States. For the three alkylation reaction interaction with a Lewis basic oxygen atom. Toluene could

modes, two different orientations of the attacking methyl group interact directly with a more basic oxygen atom of &Si-Al

have been studied. From cluster results it appears that the methybridge as obtained from the cluster results. However, this results

group adopts g3(HH) configuration with respect to the Lewis  in large steric constraints if toluene keeps a favorable orientation

base oxygen atoms (see Figure 3). In contrast, in the periodical . , . .

structure calculations g* configuration has been found to be Sofffgég) ﬂiw'zg'slzzizgég.rc(%)l'|-|Sai§/vL,6}]Z.oF'.’;\lN%ﬁ jggfﬁ; é\..];AXAlT.TC.;hg?(;k,

more favorable (see Figure 6). The labels used to design the| w.; Ferguson, D. BAcc. Chem. Re4996 29, 259-267. (c) Jeanvoine,

transition states that lead to the three different products are theY.; Angyan, J. G.J. Phys. Chem. B99§ 102 7307-7310. (d) Paukshtis,

i E. A;; Malysheva, L. V.; Stepanov, V. QReact. Kinet. Catal. LetfL998
same as the ones used in the cluster approach part. 65, 145-152,

The periodical structure calculations take into account the = (49) (a) PazeC.: Sazak, B.; Zecchina, A.; Dwyer, J. Phys. Chem. B
zeolite electrostatic contribution and steric constraint contribu- 1999 103 9978-9986. (b) Bordiga, S.; Civalleri, B.; Spoto, G.; Pagg;

i i ithi i Lamberti, C.; Ugliengo, P.; Zecchina, A. Chem. Soc., Faraday Trans.

tions and allow a full rel_axatlon of all atoms _Wlthln the unit 1007 21, 3563-3898- (&) Auquetil. R . Saussey. J.: Lavalley. JFBYs.

cell. Th(_a steric constraints lead to Iar_ge differences V\_/hen Chem. Chem. Phy&999 4, 555-560. (d) Nicholas, J. BTop. Catal.1999

geometries of the alkylation of toluene with methanol obtained 9, 181-189. (e) Haw, J. F.; Xu, T.; Nicholas, J. Rature1997, 389, 832

835. (f) Gorte, R. JCatal. Lett. 1999 62, 1—-13. (g) Sakany, J. Appl.
(47) Henson, N. J.; Cheetham, A. K.; Stockenhuber, M.; Lercher, J. A. Catal. A1999 188 369-379. (h) Kazansky, V. BTop. Catal.200Q 11—

J. Chem. Soc., Faraday Trank998 94, 3759-3768. 12, 55-60.
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Figure 8. VASP reaction energy diagram of the reaction of alkylation of toluene with methanol catalyzed by acidic Mordenite that leads to the
formation of p-xylene and water (all values in kJ/mol). The values correspond to energies at 0 K.

Figure 9. VASP geometries op-xylene and water (ajn-xylene and water (b), and-xylene and water (c) adsorbed within acidic Mordenite.

for the alkylation with methanol (see Figure 4). In contrast, achieve this reaction. Thxylene molecule reorients itself and
toluene adapts its position so it increases the number of hydrogermpresents its proton in excess to a Lewis base oxygen atom.
bonds it can form with the zeolite framework oxygen atoms of Without activation barrier, the proton is back-donated to the
Si—O-Si bridge. oxygen Q. This leads to the new configuration of the MOR
In the case of the-xylene formation the full reaction energy  unit cell. The position of the acidic proton in this MOR unit
diagram has been computed (see Figure 8). The chargedcell is slightly more favored energetically than in the initial

“pseudo” intermediaté_int is as one can expect less stable configuration, with aAE = — 14.5 kJ/mol in good agreement
than both reactant and product and or§0 kJ/mol lower than with the values of Demuth et &f.
the transition state energy level. Jobic et’aleported that the The lowest activation energy barrier is found for the reaction

activation energy barrier for the rotation around the molecular step which leads to the formation ofxylene, withEa¢ equal

axis C, of benzene was between 25 and 105 kJ/mol, with an tg 92 kJ/mol. The formation op-xylene andm-xylene corre-
average of 60 kJ/mol, insida 8 Asilicalite. In the case of the  sponds to activation energy barriers 1 and 8 kJ/mol higher. These
chargedp-xylene one can estimate, based on these values andyata are in agreement with the qualitative predictions of Corma
the energy levels dP_int and of water ang-xylene P_xy), et al.16 using the Pearson’s HSAB principle. They proposed
that the reorientation energy barrier should be of the order of {4t in the absence of geometrical constraints, the Coulombic
~15 kJ/mol. The PolanyiBransted relation has been used 10 ontribution preferentially directs alkylation to tloetho posi-
obtain this numbet*52This activation energy barrier is easy i

to overcome for the system at the temperature required to () Adsorbed Products. After alkylation of toluene, the

(50) VigneMalder, F.; Jobic, HChem. Phys. Lett199Q 169, 31—35. charged intermediate has to rotate to allow back-donation of
(51) According to the PolanyiBrensted relation, the change in activation  its excess hydrogen atom to the negatively charged lattice

energy is approximately proportional to the change of the energy difference oxygen atoms. After rotation, the back-donation mechanism
between reactant and product.

(52) (a) Tsai, T.-C.; Liu, S.-B.; Wang, Appl. Catal. AL999 181, 355— occurs without activation barrier energy. The adsorption ge-
398. (b) Fraenkel, D.; Levy, MJ. Catal. 1989 118 10—21. ometries and energies of the products of the three reactions have
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Table 4. Geometries of Water ang-Xylene (P_xy), Water and
m-Xylene M-xy), Water ando-Xylene (O_xy), and Water and the
Charged Aromatic Intermediate Reached after the Methylation of
Toluene Prior to the Formation @fXylene P_int)?2

P_xy M _xy O_xy P_int
HaCo 3.38 2.93 3.15
HaCrt 3.48 3.04 3.12
O,H.Cy, 153.9 160.9 170.0
O:H:CuCp1 —80.9 —-77.1 —96.4
Hw10:1 2.25 2.21 2.23 3.28
O1Hw10m 167.4 166.6 165.8 146.0
Hmt10m 2.42 2.31 2.57

aDistances in A, angles and dihedral angles in deg. The atom labels
are displayed in Figure 9

been computed (see Figure 9 and Table 4). No geometry
constraints have been used.

The geometries of adsorbes, m-, and p-xylenes in the
presence of water are very similar (see Table 4). We investigated
geometries that are relatively close to the geometries of the
system after the proton back-donation mechanism. Water is
interacting with Lewis base oxygen;@H,0O; = 2.21 to 2.25
A), and the proton of the acidic site is in close interaction with
an aromatic ring carbon atom that binds a methyl group.(C ‘ =
The distance kC, varies from 2.93 to 3.38 A. The acidic proton T
interacts also with the carbon atom of the methyl grougCg Figure 10. VASP geometry of methanol (a) and toluene (b) (using
= 3.04 to 3.48 A). Nevertheless 8, is equal to or smaller Ads_p t_oluene geometry as the input geometry) adsorbed within acidic
than HCch,. Xylene rings have been chosen coplanar with the Mordenite.
zeolite wall as supported by classical molecular dynamic studies
(see Figure 9594347Moreover, this orientation allows the xylene
aromatic ring (via @) to be in interaction with the acidic proton.
The oxygen atom of water is in interaction with a hydrogen
atom of the methyl group (kO distances between 2.31 and
2.57 A).

The adsorption energies gi-xylene and water R_xy),
m-xylene and waterN] _xy), ando-xylene and water@_xy)
are— 46.3,— 28.0, and— 19.3 kJ/mol, respectively.

The geometry of water in the three cases is very similar and
differences in adsorption energies are mainly due to xylene
adsorption geometries. As can be seen in Figurp-®ylene
experiences the smallest steric constraint effects. In the case o
m-xylene ando-xylene, the second methyl group interacts with
the zeolite wall, which leads to an increase in energy. The
o-xylene isomer experiences the largest steric constraints with
an adsorption energy that is 27.0 kJ/mol less than that of
p-xylene. Them-xylene adsorption energy occupies an inter-
mediate position between the two other isomers.

3.3. Comparison with Experimental Data.Tsai et al. and
Fraenkel et al. stressed that selectivity is governed by the zeolite
pore structure at the reactive centéHere, we have shown
how steric constraints affect the course of a reaction. The
alkylation reaction of toluene by methanol catalyzed by zeolite
constitutes a very good illustration of transition state selectivity

and has been used for this purpose for many ybars. calculated van der Waals energy correct®mw is —52 kJ/

A proper estimate of the adsorption energy is mandatory. ., "), adsorption energies are corrected by the same value
Indeed the apparent experimentally measured activation energy i 902
depends on the activation energy of the rate-limiting step as )
well as the adsorption energy. For a first-order reaction one (53) (a) Haag, W. OZeolites and Related Materials, State of the Art
derives easily: 1994 Weitkamp, H. G., Karge, H., Pfeifer, H., ttterich, W., Eds.; Elsevier

’ Science: Amsterdam, 1994; pp 1375394. (b) Narbeshuber, T. F.; Vinek,
H.; Lercher, J. AJ. Catal. 1995 157, 388-395. (c) Van Santen, R. A.;
_ ads Niemantsverdiet, J. WChemical Kinetics and Catalysi®lenum: New
+ (1= )5, ®) York, 1995; Chapter 6.
(54) (@) Dubinin, M. M.; Rakhmatkariev, G. U.; Isirikyan, A. Bull.
where E,¢ stands for the activation energy of the elementary Acad. Sci. USSR989 2419-2421. (b) Zygmunt, S. A.; Mueller, R. M.;
. Lo app L Curtiss, L. A.; Iton, L. E.J. Mol. Struct.1998 430, 9—16.
step that is rate limitingk,;; the apparent activation energy of (55) Ugliengo, P.: Ferrari, A. M.; Zecchina, A.; Garrone, E.Phys.

the overall catalytic reactio), the coverage of a specibson Chem.1996 100, 3632-3645.

the active site, an&ﬁdsthe adsorption energy of this spectés.
Lercher et al. reported that methanol exists in the form of a 1:1
adsorbed complex with the acidic sites, whereas a fraction of
toluene adsorbs on the acidic sifésupporting the assignment
of b to the methanettoluene coadsorbat€6__ads).

The application of (3) to our periodical results requires reliable
adsorption energy values. The adsorption energies of methanol
and toluene have been computed separately. The geometry of
adsorbed methanolhfls_meoh) is very similar to the geometry
of methanol as iMds_(p, 0, andm) configurations (see Table
3 and Figure 10)Ads_meoh adsorption energy is in good

greement with reported experimental valuEg{= — 87.9

J/mol)>* without any need to include dispersion correctén.
The geometry of adsorbed toluene has been defined using its
configuration as inAds_p (seeAds_t in Figure 10). For the
periodical structure calculation, the computed adsorption energy
is repulsive witht+22.2 kJ/mol. Experimentally, a value 6000
kJ/mol is reported® From these calculations one may deduce
the interaction energy between toluene and methanol using
Ads_p (see Table 4)Ads_meoh and Ads_t adsorption
energies. This interaction energy is about 0.9 kJ/mol. That means
that toluene is not affected by the presence of methanol.
Therefore the toluene and zeolite atom positions asds__p
have been used to get an evaluation of the van der Waals
contribution of the toluenezeolite guesthost system. The

EP=E

act — —act
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Figure 11. Dispersive energy corrected reaction energy diagram of the r
that leads to the formation gfxylene, m-xylene, oro-xylene and water (

When the adsorption energy @fo_ads is shifted by this
value its adsorption energy becomEg-"*= — 151 kJ/mol

and

para—Xylene

s ()}}l}()—Xylehe

sorbed Within H-MOR

all values in kJ/mol). The values correspond to energies at 0 K.

4. Conclusion
In this theoretical study, we shown how steric constraints in

with respect to the gas phase. The decomposition of this energyzeolites affect reactivity. Our results show that transition state

into its different contributions may be expressed as:

meOH
ads

toluene

+ Eads

ECo_ads _

ads

meOH-toluene
+ Eint

(4)

whereEq:"is the adsorption energy of methan&lf°" = —
87.9 kJ/mol), EX1" the adsorption energy of toluene, and
EnecH-toluenethe interaction energy between toluene and metha-
nol. ThereforeEX1 " plus ENEO™ e gquals —63 kd/mol.
One may assume thadgneo™ e ~ —10 kJ/mol®® which
leads toEX1"®"® ~ — 50 kJ/mol. This value is in reasonable
agreement with the adsorption energy of toluene adsorbed within

large pore zeolite$
The Co_ads energy, which is closer to the thermodynamic

minimum, has been used as a reference for the determination
of activation energies of the elementary reaction step (see Figure

11).

These activation energy data relate well to experimental
data316.17.46The experimental apparent activation energy of this
reaction has been reported to480—90 kJ/mol#62 This value
is in good agreement with our computed apparent activation
energies when a coveragi between 0.5 and 1 is assumed.
However, activation energies fpr, m-, ando-xylene formations
show large differences that issue from steric constraints. The
activation energy op-xylene formation is 127 kJ/mol and the
activation energies ah- ando-xylene are~20 kJ/mol above.
Such activation energy differences have been reported to be
large enough to explain the relatively small changes irptra/
ortho selectivity observed experimentally on large pore zeo-
lites 17

_(56) we tookEMEOH ke ey 3] to the DFT computed valli s>* —
E (see Figure 8).

ads

selectivity is induced within Mordenit& Quantitatively, this
selectivity can be estimated by the comparison of the activation
energies: the activation energy differences are of the order of
20 kJ/mol. The order of the activation energies of xylene
changes completely when the activation energies are considered
in the presence and absence of steric constraints. In the absence
of steric constraints the ordera@tho < para < metg in good
agreement with the HSAB principle, whereas in the presence
of steric constraints this becompara < ortho < meta These
activation energy differences are not sufficient to explain the
100% selectivity shown by some catalysts. However, the pure
acidic model of zeolite we used is not intended to model the
modified zeolite catalysts that allow such selectivitfhese
modified zeolite catalysts have been pre-coked and their external
active sites have been deactivated. Diffusional processes may
then play an important role.

The comparison with experimental activation energies re-
quires an estimation of the adsorption energy of reactants and
products. The DFT method cannot be used to compute ac-
curately adsorption energiésThe guesthost binding energy

in the case of the zeolite system is governed by van der Waals
forces?* Energy correction that includes the missing van der
Waals contribution leads to reasonable data that show good
agreement with experimental values.
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