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General Introduetion 
and Methodology 1 

Theoretica[ chemistry applied to zeolite acid catalysis is becoming an 

important toot in the understanding of the adsorption and interaction of 

guest molecules with the zeolitic lattice. Especially the understanding of the 

mechanisms by which zeolite catalyzed chemica[ reactions praeeed becomes 

possible. We wilt show in this thesis that the old interpretation of carbonium 

and carbenium ions as intermediales for zeolite catalyzed reactions has to 
be replaced by a new approach in terms of positively charged transition 

states that are strongly stabilized by the zeolitic lattice. The large 

dep rotanation energy of the acidic zeolite is overcome by stabilization of the 

intermediale or transition state positive charge by the negative charge left 

on the lattice. The zeolitic sites responsible for the adsorption andlor 

reaction of guest molecules are the Brt;nsted-acid and Lewis-base sites. We 

wilt show also that different transition states are responsiblefor different 

kinds of reactions, such as cracking, dehydration, dehydrogenation, etc. 

Chemica[ reaelions can occur via more than one type mechanism. A detailed 

study of the structures and energetics of the various mechanisms allows for 

a distinction between the several reaction paths and the most probable route 

for an specific reaction. 



Chapter 1 

1.1. Zeolites 

Zeolites, crystalline mieraporous aluminosilicates materials, are subject of large 

interest from scientific and industrial points of view. They are investigated for their numerous 

potential merits. Additionally totheir catalytic activity, properties like large surface area (due 

to their porosity), uniquely defined pore system, stability (chemica! and thermal), cation 

exchange capacity, and hydrophobic or hydrophilic character make them very interesting. 

Three dimensional structures, they are formed by connecting the silicon and alum:inum atoms 

(the T atoms) tetrahedrally through oxygen atoms. Since the three-valent (+3) aluminum 

atoms are tetrabedrally surrounded by oxygen atoms, the frameworkis negatively charged. 

Charge balance is achieved by introducing cations. Br~nsted acidic protons, H+, can be 

introduced by Na-NH4 exchange followed by heating. Zeolitic systems intheir protonic form 

have a hydroxyl bridge in between an aluminum and a silicon atom, the -Al(OH)Si- group. 

The strengthof its catalytic activity is, partially, related to the intrinsic acid strengthof the 

proton, which is influenced by chemica! composition and possibly also by the structure of the 

lattice, characteristic of each zeolite. Another factor that influences the reactivity of a zeolite 

is the so called reactant selectivity. Molecules that are too largetoenter in the zeolite will not 

be converted. Also large molecules formed inside of the zeolite microcavities that are unable 

to pass through the pore opening will not appear in between the products (product selectivity). 

Table 1.1 shows the differences in structural properties of a few different ze·olites.I ,2 Another 

important feature of zeolites is their flexibility. It has been shown3 that the flexibility of the 

zeolite framework is quite large and that lattice relaxation upon chemica! substitutions is 

important. That arises from the weakness of the Si-0-Si and Si-0-Al angle bending farces. 

Angles between 130° and 180° are found in natura} and synthetic silicas4 and it is exactly this 

flexibility that accounts for both the rich polymorphism and for the faoility with which 

substituents, such as acidic Al-OH groups, can be accomrnodated in the lattice. 

In the present thesis the acidic zeolite is represented by small clusters containing I, 

3 or 4T atoms. Although they can repcesent the Br~nsted-acid and Lewis-base sites, they are 

not able to simulate different structure zeolites. Those roodels are, thus, not able to explain 

why zeolHes with the same composition but different structure behave differently for a 

specific reaction. For example the u se of small pore zeolites can inhibit the formation of large 

compounds. Another factor that is not accounted for by using small clusters is the 

stabilization effects of large molecules by the zeolitic walls. This results in higher calculated 

heats of adsorption than observed experimentally. A third effect that does not have direct 

distinction by the use of gas phase clusters is transition state selectivity. Nevertheless, by the 

direct comparison of the dimensions of a transition state with the size of the pores of an 

specific zeolite it is possible to distinguish between TS's that mayor may not be formed.s 

In the oil and petrochemical industries zeolites are largely used for processes such as 

cracking, isomerization and alkylations of hydrocarbons.2 The mechanisms by which these 

reactions proceed involve proton transfer and formation of carbocations as reactive 

intermediates.2 The details of the solid acid catalyzed reactions are now better understood and 
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General Introduetion and Methodology 

appear to be quite different from liquid acid reactions. Based on mechanistic studies in 

superacids,6 it has been proposed2 that different carbocations can be formed, the carbenium 

and carbonium ions. A distinction has to bemadebetween them. Alkylcarbenium ion is a tri

coordinated positively charged carbon atom containing three substituents that can be alkyl 

groups or hydrogen atoms. Alkylcarbonium ions contain a penta-coordinated positively 

charged carbon atom, with at least one of the five substituents being a hydrogen atom. 

Those carbocations can be formed via different mechanisrns. The protonation of an 

alkene (olefin) leads to the formation of a carbenium ion. If the proton is added toa saturated 

molecule such an alkane (paraffin), the protonation leads to the formation of a carbonium ion. 

This ion can be transformed into a smaller carbenium ion by abstraction of an electroneutral 

molecule (an alkane or molecular hydrogen), involving explicitly cracking reactions. The 

activation of an alkane is more difficult than that of an alkene and occurs under high 

temperature condition. The carbocations involved in the zeolite catalyzed reactions, in 

contrast to those on homogeneous medium, do not occur as stabie intermediates but are (part 

of) TS's stabilized by the interaction with the acidic and basic sites of the zeolitic lattice.7 The 

stabilization effects provided by the negatively charged wall are rather strong and are 

necessary in order to overcome the high energy cost of the heterolytic OH dissociation. In 
zeolites carbonium ions are not stabie ions but TS's often with configurations very different 

from the corresponding carbonium i ons in the gas phase. 8 Carbenium i ons are found as 

fragments of the carbocation transition structures. In the ground state, the carbenium ion 

fragments are converted to a!koxy species. For their existence there is now ample NMR 

spectroscopie evidence.9 

Table 1.1. Structurale_roe_erties of some selected zeolites 

Zeolite structurea !ï~es of rings densit:tb Si/Al ~ore characteristicC 

x FAU 4,6,12 12.7 1-1.5 30 [12)7.4 

y FAU 4,6,12 12.7 ~.5 30 [12)7.4 

A LTA 4,6,8 12.9 30 [8)4.1 

Rho RHO 4,6,8 14.3 3 30 [8)3.6 [8)3.6 

L LTL 4,6,8,12 16.4 ~3 10 [12] 7.1 

Mordenite MOR 4,5,6,7,8, 12 17.2 ~5 20 [12] 6.5x7.0 [8] 2.6x5.7 

ZSM-5 MFI 4,5,6,7 ,8,1 0 17.9 ~10 30 p 0] 5.3x5.6 [1 0] 5.1 x5.5 

a code assigned by the Int. Zeolite Association Structure Commission. binT atoms/1000 A3. c 10 (one 

dimensional), 20 (two dimensional) or 30 (three dimensional) pare systems, [ring size], pare diameter in À. 

1.2. Zeolite Catalyzed Reactions 

In our study of zeolite catalyzed reactions, several different aspects of the problem 

have been carefully examined. 

3 



Chapter 1 

1.2.1. Lewis-base and the Br~nsted-acid Catalyzed Reactions. An adsorbed molecule will 

interact with the zeolitic proton, the Br0nsted-acid site, and, simultaneously, it can interact 

also with one or two adjacent oxygen sites, the Lewis-base sites. The cluster choice made in 

order to model the zeolite is, thus, very important to correctly represent the studied system. 

For instance, a cluster that contains only the acidic site, H3Si(OH)AlH3, is not able to 

represent reactions that are acid-base catalyzed. Also a cluster that contains only hydrides 

tenninating the aluminum atom, H3SiOAlH2(0H)SiH3, would not be able to represent a three 

fold adsorption at the zeolite. This is the case of the adsorption of two methanol molecules at 

the zeolite discussed in Chapter 5. The use of the larger H3SiOAl(OH)2(0H)SiH3 cluster, 

although it contains three basic oxygen sites, would also be inadequate because of the 

difference in physical environment of the three oxygen basic sites. In this case one of the 

oxygen is bonded to a silicon atom while the other two are the hydroxyl terminations of 

aluminum. The smaller cluster (containing Si atoms) suitable to represent such a three fold 

interaction is the (H3Si0)2AlOH(OH)SiH3 cluster. 

In zeolitic systems the proton is initially strongly bonded to the lattice. In some 

cases, it is transferred to the adsorbed system without any activation barrier, as is the case of 

water adsorbed at high coverages. In the case of transition states, the transfer of.the proton to 

the adsorbed molecule involves an activation barrier that varies according to the relative 

"stability" of the TS formed. The deprotonation energy7 of an acidic zeolite is of the order of 

1250 kJ/mol. This is large in comparison to experimental activation harriers for zeolite 

catalyzed reactions such as hydrogen-exchange or cracking of for example n-butane that 
involve true harriers not higher than 200 kJ/moJ.1 0 The explanation for this large difference is 

that in a zeolitic system, when a proton is transferred to a guest molecule, there will be a 

compensation between the negative charge leftin the lattice and the positive charge created in 

the molecule. The interaction of the protonated molecule with the negatively charged lattice 

will be rather ionic. 

1.2.2. Carbonium and Carbenium loos Versus Transition Stales and their Relative 

Stability. Not long ago indications were given 11-13 that the traditional interpretation of 

carbenium and carbonium ions as intermediates for zeolite catalyzed reactions has to be 

reconsidered. The old view on the existence of protonated intermediates has to be replaced by 

a new interpretation in terms of TS structures adsorbed on the zeolitic lattice. Each reaction 

proceeds via a different transition state. In homogeneaus superacid catalyzed reactions, the 

activation of alkanes proceeds via carbonium ions and, in the case of dehydrogenation and 

cracking reactions, a carbenium ion will be generated in a consecutive step. Alkene activation 

proceeds directly to a carbenium ion. In homogeneaus superacid catalyzed reactions, two 

factors are different from those in heterogeneaus zeolite catalyzed reactions. First the energy 
for deprotonation of the zeolite is considerably higher than in superacid catalysts. This 

induces the activation harriers for zeolite catalyzed reactions to become much higher. Second, 

solvation effects are absent in the zeolites.6 This will require carbonium and carbenium ion 

intermediates to be stabilized by the zeolite negative lattice. 

4 
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Although somelimes the geometry and charge distribution of the carbonium-like 

transition stales may resembie that of the free ions, they cannot really be considered as free 

species, because of their strong electrostalie interaction with the surface. The carbonium- or 

carbenium-like TS's derive from the direct protonation of the organic molecule by the acidic 

zeolite and are not stabie structures. They do not correspond to a minimum in the potential 

energy surface but for one of the degrees of freedom, the reaction coordinate, the TS is a 

saddle point (maximum) characterized by the presence of a negative frequency in the 

computed IR spectra. An analysis of the displacement of the atoms along such negative mode 

shows the products formed, or, when foliowed in the opposite direction, shows the reactants. 

The reaction activation harriers depend on the relative "stability" of the carbenium 

ion TS's. This varies with the primary, secondary or tertiary nature of the carbon atom, center 

of the ion's positive charge. With respect to the nature of the carbenium-like transition state 

formed, secondary and tertiary carbenium-like ions are more stabie than primary and, 

specially, much more stabie than the CH3+ groups. Thus, the last requires stronger 

stabilization from the lattice than the first two. The difference in stability of the various 

carbenium ions is reflected in differences of the activation harriers, that are much higher for 
reactants like methane than for isobutane. For instanee the cracking reaction involving a 

secondary carbenium ion is easier (lower activation harrier) than the cracking of a primary 

carbenium ion. The same analogy can be made for other reaelions as dehydrogenation. 

Another important factor for the energetics of a transition state is its geometry. In 

Chapters 6 and 7 we show that a lower activation energy harrier is obtained when the 

carbenium-like TS assumes an angle as close as possible to 180• with respect to the two near

neighbors.l4,15 The carbenium-like ion can assume a geometry as close as possible to the 

trigonal planar. The presence of an additional molecule (reactant or one of the products) can, 

in some cases, assist in the formation of a less strained transition state. An example are the 

reactions of dimethyl ether or ethanol formation discussed in Chapter 6 and 7 where the 

"role" of the presence of water or an additional methanol is discussed. 

1.2.3. Type of Reaction Versus Kind of Transition State. The various chemica! reactions 

studied in this thesis proceed via a characteristic transition state. It has been observed here 

that similar reactions go through a geometrically analogous TS for different compounds. For 

example the transition state involved in the reaction of hydrogen exchange of methanol has 

the same characteristics as the TS for the exchange reaction of methane (Chapter 2), ethane 

(Chapter 3) as wellas benzene.I6 The transition state for hydrogen exchange is, nevertheless, 

very different from transitions states involved in other reaelions like dehydrogenation and 

cracking. While in the TS for the exchange reaction the Lewis-basic oxygen of the lattice 

stahilizes a hydrogen atom of the adsorbed molecule, in the TS for dehydrogenation and 

cracking it will compensate the positive charge generaled in the RH2C+ group part of the 

transition structure, interacting directly with the carbon atom. With respect to the transition 

states for dehydrogenation and cracking (Chapter 3), the basic difference is that in the first the 

zeolitic proton attacks a C-H bond, while in the second, a C-C bond is attacked. Sometimes, 

5 



Chapter 1 

different paths are observed fora specific chemica! reaction. This means that a given reaction 

can proceed through distinct transition states. In some cases the different path involve the 

same activation energy (cracking reaction in Chapter 3) while in others very different 

activation harriers are involved (methoxy formation in Chapters 4 and 6). 

1.2.4. Acidity Effects. The proton affinity,12,17 the theoretica! parameter characterizing the 

zeolite acidity, can be modified by chemica! and structural variations in the zeolitic lattice. In 

smal! clusters, it can be mimicked by assigning different bond lengths to the terminal Si-H 

bonds and optimizing all other parameters. Lengthening the Si-H's bond distances, results the 

bond Si-0 to become shorter, and as consequence, 0-proton longer. In another words, the 

bond 0-H becomes weaker, and the zeolite more acidic. Making Si-H bonds shorter 

represents making the zeolite cluster less acidic. The alternation in the bond distances due to 

the change in Si-H bond length are in agreement with Bond Order Conservation (BOC) 

arguments.18 Changes in the acidity provoke changes in the activation harrier or adsorption 

energies as well geometry, as observed theoretically19 and experimentally20 for different 

zeolites. To change the Si-H bond distances in the various transition state structures will 

provoke a different response according their nature, more covalent or ionic. Activation 

harriersvaryin the order of 15 kJ/mol for reactions involving alkanes. The effect of changing 

the cluster acidity of TS's involved in the reaelions of cracking or dehydrogenation is nearly 

the same, but very different than for hydrogen exchange. The change in behavior is due to the 

dominanee of the ionic characteristics for the first two. When the interaction is purely ionic, 

the stabilization of the cation only depends on the oxygen charges and, thus, is not 

significantly affected by changes in Si-H bonds. Systems like methanol are very sensitive to 

acidity effects of the zeolite. For instance, when methanol is physisorbed (hydrogen bonded) 

at the acidic site of a zeolite cluster at low coverages (one molecule per acidic site), the 
ground state adsorption complex is observed not to be protonated. l4,21 Protonation is also not 

observed even when the zeolite cluster is made more acidic. When methanol is adsorbed at 

higher coverages (two methanol molecules per acidic site) the ground state is also observed 

not to be protonated.22 When such a complex is made more acidic by lengthening the Si-H 

distances by 0.2-0.3 À the zeolitic proton is observed to migrate to one of the methanol 

molecules.22 The changes in the adsorption energy or activation harriers when the complex is 

made more acidic are much smaller than for alkanes, in the order of 4 kJ/mol. 

1.3. This Thesis 

1.3.1. General Objectives. The principal aim of this thesis was to develop a microscopie 

mechanistic understanding of elementary reaction steps for different reactions by comparison 

of computed properties with experimental values as far as available. Chemica! reactions can 

proceed in one step or via several different adsorption steps, involving, thus, the formation of 

several different TS's and adsorption complexes along the reaction path. This is due to the 

6 
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many different configurations that an adsorbed molecule can assume with respect to the 

surface. Commonly the ground state adsorption mode does not have the same geometrie 

characteristics of the transition state responsible for the specific reaction. Often, the adsorbed 

molecule has to assume a different conformation with respect to the surface, less stabie than 

the ground state, in order to in a following step generate an specific transition state. With the 

increasing understanding of the microscopie interaction of guest molecules with the zeolitic 

lattice, the mechanistic study of chemica! reactions starts to become possible. Different 

overall reaction mechanisms can be theoretically studied. For instanee in Chapter 6 the 

methanol dehydration to dimethyl ether have been studied. Two consecutive (uni and 

bimolecular) mechanisms involving formation of an intermediate surface methoxy species as 

well as an associative bimolecular mechanism were found. In Chapter 7 we show a study of 

the several different mechanisms for formation of the various "intermediate" productsin the 

MTG process, as ethanol, ethyl methyl ether and ethylene. 

1.3.2. Outline. The semiempirical MNDO method and/or density functional theory (DFT) 

were used to predict the structure and interaction energies of transition states and adsorption 

complexes formed on catalytically active surfaces. Subjects of study are zeolite Br(l.lnsted acid 

catalyzed reactions of interest to the petrochemical industry, namely the activation of 

methane, ethane, and methanol. The outline of this thesis is the following: 

Chapter 2: In this chapter the methane activation has been studied. Two reactions are 

possible, hydrogen exchange and dehydrogenation. We present a comparison of results for the 

semiempirical MNDO metbod and the DFT involving various corrections. Kinetic reaction 

rate constants were computed using the statistical-mechanical expression from the Transition 

state reaction rate theory. The main objective of this study was to use the methane activation 

as model for larger systems. 

Chapter 3: We extended our studies to larger systems, which are ethane and methanol. 

Additionally to the hydrogen exchange and dehydrogenation, ethane can also involve the C-C 

bond breaking reaction (or cracking). A fourth class of reactions, hydride transfer, is a very 

common type reaction. We used methanol to study it. By changing the acidity of the cluster, 

we have studied the influence of the proton affinity over activation harriers as well as the 

effects over different types transition states. Rate constants have also been obtained. 

Comparison with other theoretica! and ex perimental studies are presented. 

Chapter 4: Our interest now was in the methanol-to-gasoline (MTG) process. The first step 

was the study of the adsorption of a single methanol molecule at the zeolite and its activation. 

One single methanol being catalyzed by an acidic zeolite can undergo hydrogen exchange and 

dehydration reactions. The last leaves methoxy groups attached to the surface. Equilibrium 

and reaction rate constants as wel! as infrared spectrum were calculated. A comparison with 

other theoretica! and ex perimental results is presented. 

Chapter 5: High methanol coverages adsorption (two or three molecules) at the acidic zeolite 

have been studied in this chapter. Protonation effects are extensively discussed. A comparison 

with high coverages water adsorption is presented. Infrared spectra and equilibrium constants 
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were calculated. The influence of the proton affinity over the adsorption energies and 

geometry has been presented. 

Chapter 6: This chapter is dedicated to the next step of the MTG process, dimethyl ether 

(DME) formation. We show that three different reaction paths are possible, which can involve 

an uni and bimolecular mechanisms. The formation of a surface methoxy species from high 

coverages methanol adsorption is also discussed in this chapter. Infrared spectra for DME and 

equilibrium, and reaction rate constants are discussed. 

Chapter 7: Two questions in the MTG process, that are how the first C-C bond is formed and 

what is the role of water have been extensively discussed in this chapter. Several different 

mechanisms are proposed for formation of the various intermediates in the MTG process, 

which are ethanol, ethyl methyl ether, ethylene, trimethyloxonium and methane. 

1.4. Theoretica! Methods 

1.4.1. Semiempirical MNDO Method. Semiempirical methods solve the nonrelativistic 

Schrödinger equation (eq 1.1) under the Born-Oppenheimer approximation (the nuclei are 

made fixed in the space and just electrens are allowed to move). Different of ab initio , 

semiempirical methods approximate several integrals with empirically fit functions instead 

solving them and neglect some others. Since it uses approximations in the SCF calculation, 

the results are similar to but less accurate than minimal-basis ab initio SCF results. 

Semiempirical MO theories fall into two categories: those using a Hamiltonian that is the sum 

of one-electron terms, and those using a Hamiltonian that includes two-electron repulsion 

terms, as well as one-electron terms. The MNDO method falls in the second category. 

(1.1) 

The MNDO (modified neglect of diatomic overlap) method has been developed by 

Dewar et al.23 The name comes from the fact that the differential overlap (integrals) between 

OA's centered on different atoms are neglected. The objective of MNDO is not exactly to 

reproduce ab initio SCF wave functions, but to have a theory that would give molecular 

binding energies accuracy (within 1 Kcal/mol) and that would be applicable to large 

molecules without a lot of computation. It might seem unlikely that one could devide an SCF 

theory that involves approximations to the ab initio Hartree-Fock procedure but succeeds in 

an area (binding energies) where the Hartree-Fock theory fails . However, by proper choice of 

the parameters in the semiempirical SCF theory, one can actually get better results than ab 

initio SCF calculations, because the choice of suitable parameters can compensate for the 

partial neglect of electron correlation in ab initio SCF theory. 

Since MNDO failed to reproduce intermolecular hydrogen bonds, an improved 

version has been developed,24 the AM 1 (Austin Model 1, named for the university of Texas 

at Austin). In 1989, Stewart reparametrized MNDO to give MNDO-PM3 (MNDO parametrie 

3; I and 2 are for MNDO and AM!) which substantially reduces the errors of the first two 
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methods in calculating heats of formation without loss of accuracy in molecular geometry and 

dipole moments. MNDO is parametrized to reproduce gas phase tJH 1,298 values for 

compounds containing H, C, Al, Si, 0, N, F, etc. The average absolute MNDO errors are 9 

Kcal/mol in heats of formation, 3• in bond angles, 0.025 À in bond lengths, 0.35D in dipole 

moments, and 0.5 eV in ionizations potentials.25 

MNDO has been used mainly for obtaining a starting geometry for the TS structures 

studied here. Not always such was a good procedure, since the geometry of structures 

obtained at the ab initio level can differ quite considerably from MNDO. Even in that cases, 

since MNDO is computationally very cheap, it worth to have an idea about the transition state 

searched before starting the procedure with more expensive ab initio methods. For the 

systems studied in this thesis, the energetics obtained with this method are quite 

unsatisfactory as will be discussed on Chapter 2. 

1.4.2. Density Functional Theory. In the recent years there has been a growing interest in 

density functional theories (DFT), which was mainly caused by the urgent need for simple 

and effective means of understanding and treating electron correlation effects in larger many

electron system. There are two major factors that make DFT interesting for chemistry: the 

theory includes dynamic correlation and thus holds for covalent, ionic, as well as metallic 

, bonds; and its computational efficiency allows its applicability to a relatively large systems 

(approximately a third power dependenee on the number of basis functions). This theory is 

fundamentally different from the Hartree-Fock basedab initio approaches in the sense that the 

electron density replaces the many-electron wave function as the fundamental physical 

quantity. The work of Hohenberg, Kohn, and Sham26 provides the foundation of modern 

density functional theory. According to this theorem the ground state energy of a many

electron system is a functional of the electron density p(r ), usually written as 

E[p] = J v(r)p(r)dr + .!.J pt)p(~') drdr'+Ts[P ]+ Exc[P] 
2 r-r' 

(1.2) 

where Eis the total energy of the system in the external potential v(r), T5[p] is the kinetic 

energy of a system of noninteracting electrons with density p(r), and Exc[p] denotes the 

exchange correlation energy. For an arbitrary p(r) one can give no simple exact expression 

for the Exc[p ]. The functional (eq 1.2) is a minimum for the correct ground state density. 

Varying E with respect to the density leads to the Kohn-Sham equations 

[ 
1 p(r') , J - 2tJ+v(r)+Jir-r'ldr +vxc(r) ljl;(r)=ê;lJI;(r) (1.3) 

The \jij is the i-th one partiele wave function (Kohn-Sham orbital) with eigenvalue ~\- For an 

N-electron system 
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N 2 
p(r) = Il'l';(r)l ( 1.4) 

i=! 

and the exchange correlation potential, v:xc(r), and the exchange-correlation energy per 
particle, Exc. in an electron gas of density p are related by the functional derivative 

( )- oExdP] 
Vxc r - op(r) (1.5) 

Equation 1.3 is formally similar to the Hartree equations, and that the exchange-correlation 

potential is local in contrast to the HF potential. Hence, the Kohn-Sham equations are 

formally independent-partiele equations, which are exact in the sense that they would in 

principle give the exact energy and electron density. It has been shown27 that the Kohn-Sham 

scheme can be generalized to apply to the energetically lowest state for each symmetry. At 

this pointsome comments relative totheuse of DFf to calculate TS's are in order. In general 

TS's are species vibrational but not electronically excited. However, because along the 

potential energy surface for the reaction a crossing with some electronic excited state surface 

may occur, care must be exercised when using DFf to perform calculations, mainly for 

reactions involving molecules for which the relative energies of the electronic excited states 

may change drastically with some geometrical parameter. On the other hand, for reaction 

occurring along a single electronic poten ti al energy surface, the use of DFf to locate TS's has 

been validated by comparison with results obtained using traditional ab initio methods. 
The exact functional Exc[p] is unknown and one has to resort to approximation 

methods. The construction of approximations for this functional (exchange-correlation 

potential) is of central importance in density functional theory. One example is the local 

density approximation (LDA) in the form given by Voskoet al. ZB which has been used in the 

present thesis. It assumes that the exchange and correlation energy is given by 

(1.6) 

Where êXdP] is the exchange-correlation energy per partiele of a uniform electron gas of 

density p. From this a corresponding exchange-correlation potential can be derived which can 

be used in the Kohn-Sham equation (eq 1.3). The self consistent solution of this is called 
_LDA method. The exc[p) in equation 1.6 can be written as 

(1.7) 

The exchange energy, ex(P ), is the stabilization energy resulting from the interaction of each 

electron with N-1 other electrons. The correlation energy, ec(p), is the stahilizing energy due 

to the Coulomb repulsion between electrons of different spin. The LDA approximation of the 

exchange-correlation energy has been used in numerous studies of molecular, surface and 

solid-state systems with surprisingly good results. Structures, vibrations, and electrostatic 

properties are typically predicted wel! by LDA calculations. This is not true, however, for the 
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energetics of chemica! reactions, including molecular dissociation energies. It is shown also 

along this thesis that systems involving strong hydrogen bonds are not correctly described by 

the simple LDA method. One approach to overcome these difficulties are nonlocal 

corrections in the form of density gradient expansions, as originally proposed by Hohenberg, 

Kohn and Sham.26 In this approach, the exchange-correlation energy of eq 1.6 is redefined by 

including the local values of density derivatives in actdition to that of the density itself. The 

exchange-correlation energy with nonlocal corrections can be written in the form 

EWA EG EG Exc = xc + x+ c (1.8) 

where Ef and E8 are the nonlocal or gradient correction to the exchange and correlation 

energies, respectively. There are at the present several different methods to include the 

nonlocal corrections. In this thesis the form given by Becke and Perdew has been used.29 This 

functional satisfies the asymptotic behavior of the exchange potential, Ef. It depends on one 

constant, which is determined by fitting the exact exchange energies of the inert gas atoms. 

The constant is universa! and applies to all atoms. The correction to the correlation energy, 

E8, is basedon the momenturn space analysis redefined by Perdew.29 

1.4.3. Transition State Search. The transition state, broadly defined, encompasses all 

internuclear configurations of a reacting system intermediate between reagents and products; 

it embodies our understanding of the process of chemica! change. For a poliatomie molecule 

containing N atoms, the potential energy surface is a function of 3N-6 variables (3N-5 for 

linear molecules) which are the fundamental vibration modes. Those variables define 

configurations and generate a hypersurface in a (3N-6)-dimensional world. The continuous 

hypersurface will inform not only on all possible arrangements but also on the possible 

motion of the nuclei in the molecular landscape. There may be smooth valleys and abrupt 

ravines or insurmountable mountains. All of this constrain the molecular reality insome well

defined regions corresponding to some chemica! reality. lt is a matter of fact that the detailed 

analysis of such hypersurfaces is quite difficult. lt is clear for mechanica! reasons that the 

most convenient situation for a molecular system will be at the bottorn of a well. 

Nevertheless, one should keep the fact in mind that the hypersurface describes the potential 

energy of the nuclei and that the total energy of the molecule is slightly higher, as some 

corrections (ZPE, thermal, etc.) must be applied to obtain some 'observable' value. 

Mathematically, admitting that we have analytica! functions descrihing the hypersurface, the 

most probable contiguration of the system turns out to be a point on this surface presenting a 

zero value of any first derivative and positive second derivatives for all variables of the space. 

Such a point is known to represent an equilibrium structure. On such a broken surface many 

points correspond to this situation and many minima will appear corresponding to stabie 

arrangements of the nuclei. Therefore we shall find one absolute minimum corresponding to 

the most stabie arrangement and other relative minima conesponding to other possible 

arrangements (isomers, conformers, reaction products, complexes, etc.). These different 
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minima are related to the absolute minimum which is taken as reference. For different 

chemica! processes, following a reaction pathway, they are defined as the way of lowest 

energy on the surface connecting the real minimum and passing through a transition state on 

the surface which is the maximum along the reaction path. The reaction pathway can thus be 

discussed in terms of nuclear motion corresponding to a concerted evolution of the internal 

parameters descrihing the reaction coordinate. The local energy maximum along the reaction 

coordinate (i.e. the transition state energy) is separated from the minima by some energy 

harrier, the activation harrier (or activation energy) of the process. This transition state has 

some mathematica! properties as its first derivatives are zero and its second derivatives are 

positive, except for one value corresponding to the maximum along the reaction coordinate. 

Generally when a chemist looks for an equilibrium structure, he already has an idea 

of the isomer, and even a conformer, he is interested in. He has than to propose an initia! 

guess on its structure and compute that point of the hypersurface. As his chemica! intuition is 

often good enough, the equilibrium structure will not be very far from his guess and the 

obtention of this structure may be easy as it is in a quadratic region of the hypersurface. In 

principle, transition states can be calculated equally well, thought, in practice, transition state 

require a little more skill to optimize than equilibrium structures. Because a transition state is 

a maximum in one (and only one) direction of the potential energy surface and is a minimum 

in all other directions, locating transition states is somewhat more difficult than finding a 

minimum. During the course of the transition structure search, the algorithm must choose the 

best direction along which the energy is maximized, as wellas carrying out the maximization 

in that direction and the minimization in all other directions. Numerous algorithms have been 

proposed to deal with the problem of locating transition states.30 The approach used in the 

present thesis (used by DGauss program) is based on the method developed by Meiver and 

Komornicki,31 the gradient norm method. The gradient at a saddle point is zero, but standard 

minimization methods cannot be used because the second derivatives (Hessian) is not 

positive-definite. However a saddle point optimization can be changed into a minimization by 

recognizing that the norm of the gradient is a minimum at any stationary point (minimum, 

saddle point or local minimum). In this method a saddle point is optimized by minimizing the 

square of the gradient normand not the energy. The optimization converges directly to the 

transition structure, provided that a very good guess for the transition state is given as starting 

point (near to the saddle point). The method does require that a reasonable force constant 

matrix (Hessian) be provided to the program, and that the initia! geometry lie in a region of 

the potential energy surface that has one negative curvature direction. 

Obtaining an initia! guess geometry for a TS is not always easy and requires a lot of 

chemica! intuition. From the direct analysis of the reactants and products it is possible, is the 

most cases, topreview the TS's geometry. Sometimes the answer is notstraightforward and 

the help of some kind of technique is necessary. Three different techniques can be used: i) 

potential surface scan: if there is some doubt about the location of the saddle point along a 

reaction path, a series of energy only or energy + gradient calculations may be sufficient to 

locate the region of the TS approximately. If more than one coordinate is important in the 
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reaction path, a smal] grid of points may have to be calculated. ii) Linear synchronous transit 

(LST):32 in this approach the reaction path is approximated as a straight line inthespace in 

the interatomie distances (this may correspond to a curved path in the Cartesian or intemal 

coordinates). An estimate of the transition structure is obtained by finding the maximum 

along this one dimensional path which connects two different structures (for instanee 

reactants and products). Since the true path usually differs from the LST path, the LST 

estimates a TS with higher energy than the true transition state , and might be outside the 

quadratic region of the true TS . However if a optimization is carried out perpendicular to the 

reaction path (quádratic synchronous transit) a better estimate of the transition state can be 

obtained. If the hypersurface is very curve, this methad may also be a poor approximation to 

the true path between reactants and products and the methad may not converge to a 

satisfactory structure. In part this can be remedied if structures closer to the TS are used as 

end points of the LST and QST path. iii) Coordinate driving, walking up valleys and 

eigenvector following methods:30 these methods attempt to follow the reaction path toward 

the transition state. In the coordinate driving approach, a coordinate dominating the reaction 

path is incremented a each step and the remaining coordinates are minimized. In the 

eigenvector following approach, steps are taken in the uphill direction along a selected 

eigenvector (usually the one with the Jowest eigenvalue). This approach can be quite costly, if 

the methad requires the Hessian to be recomputed frequently . The idea in both methods is to 

construct a path of shallowest aseent toward the transition structure. However this methods 

can miss the TS if not on the shallowest aseent path. 

Once a reasanabie initiaJ estimate has been obtained for the transition structure, a 

suitable gradient optimization methad (described above) can be used to find the optimized 

structure. One should consicter to optimize the tr:msition structure in two (or more) steps. First 

the coordinates corresponding to the reaction coordinate are kept frozen and the remaining 

coordinate are minimized. This brings the molecule closer to the reaction path. A way of 

speed up this first step is to perfarm an optimization previously using a force field, 

semiempiricaJ or even ab initia methad using a very small basis set. In a next step the system 

should be reoptimized using an ab initia methad with the chosen methad and basis set. The 

second (or last) step is a full transition state optimization withall coordinates free. 

Like the choice of the starting geometry of the system, the initia] estimate of the 

Hessian can strongly influence the rate of convergence of an optimization. The better the 

initia] Hessian, the better the predicted geometry and fewer steps needed to converge to the 

optimized geometry (the final optimized geometry is independent of the Hessian). At each 

step in the optimization, the approximate Hessian is updated, so that it eventually approaches 

to the correct Hessian. Thus with a poor initia! Hessian, many of the optimization steps are 

needed just to imprave the Hessian. To calculate the exact Hessian matrix is, depending on 

the studied system, very computational demanding. In the cases where large systems are 

being studied one should consicter to produce a Hessian using a semiempirical method, which 

can give also good results. A stationary point found in an optimization should be tested to be 

sure that it has the proper number of imaginary frequencies or negative eigenvalues of the 
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Hessian: zero for a minimum and one for a transition state or tirst order saddle point. This is 

done by computing the full Hessian matrix, either analytically or numerically, and 

diagonalizing the matrix or computing the vibrational frequencies. If an stationary point with 

more than one imaginary mode has been found, a lower energy stationary point with the write 

number of negative eigenvalues can be found by displacing the atoms of the molecule along 

(or sometimes against) such additional eigenvector and re-optimize the system. lts is also 

important to check the nature of the eigenvector with the negative eigenvalue to be sure that 

the saddle point conneet the correct reactants and products. Mostly a smal! displacement of 

the atoms along and against the only imaginary mode following by an optimization gives the 

desired reactants and products. Sometimes the reaction path is not so obvious and an special 

technique should be used. An efficient method is the Intrinsic Reaction Coordinate (IRC).33 It 

requests that the reaction path leading down from a transition state to be examined. 

1.4.4. Transition State Theory. Transition state or activated complex theory has been tirst 

used for a specitic reaction by Pelzer and Wigner in 1932 and has been later developed in a 

general form by Eyring and co-workers.34 It has the great advantage of taking into account 

computation of the reaction rate constant based on knowledge of minima and maxima of 

potential energy surfaces and the corresponding internal motion of the reacting molecules. 

The potential energy of the interacting molecules is computed as a function of the relative 

positions of the various nuclei. There wil! be a contiguration of nuclei of maximum potential 

energy, related to the activation energy, though which or near which the system would be 

expected to pass in going from reactants to products. This region of contiguration space is the 

transition state. It is assumed that the rate of reaction is given by the rate of passage through 

the transition state (passage over the potential energy barrier), the number of activated 

complexes at any instant being determined by an equilibrium with the reactant molecules. 

Consictering a bimolecular process taking place in a gaseous phase 

The kinetic theory leads to the equation 

(1.9) 

where kr denotes the rate constant of the bimolecular process, expressed in concentration 

units. During the collision between the molecules A and B a certain 'activated complex' M+ is 

formed. The hypothesis of the transition state35 rests on the fact that a state of that complex 

possesses a sufficiently long life to be in thermodynamic equilibrium with the initia! products. 

That state is called the transition state. It is possible, therefore, to write 

(1.10) 

If kt denotes the rate constant of decomposition of the activated complex ( or transition 

complex), the ra te of the reaction can be weitten as 
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( 1.11) 

Let K! be the equilibrium constant of the process leading to the activated complex 

Kt= [Mt] 
r [A][B] 

By considering the last two equations it is readily seen that 

Tak.ing into account equation 1.9, we obtain the final result 

( 1.12) 

( 1.13) 

(1.14) 

The calculation of kr amounts to the calculations of kt and K! . Two comments should be 

added at this point. First, if the reaction is reversible it would be necessary to take the reverse 

process (C+D)~M+ into account. But since, in any case, at the beginning of the reaction the 

concentrations of C and D are zero this process is negligible. Therefore the study developed 

here applies to both, in the case where the reaction is not reversible and at its beginning. 

However the assumption of irreversibility is only needed for steps other than the rate 

deterrnining step of the reaction. Second, the perturbation caused by the disappearance of M:f 
according to the process M+~C+D+ ... is being neglected. lt can be shown36 that this 

approximation is convenient. Eyring3 7 has calculated k:f, the ra te constant of the 

decomposition of the activated complex into final products. He has shown that a first 

approximation for k:f is given by the expression 

(1.15) 

where ks denotes the Boltzman constant and T, temperature. Therefore k:f is independent in 

nature of the activated complex. To deduce equation 1.15 one assumes that the probability to 

pass over the harrier is one once the molecule has an energy higher than the harrier energy. 

The chance is supposed to be zero when the energy is lower than the harrier. Tunneling and 

reflection corrections have to be made to refining the Eyring expression. For an extensive 

discussion we refer to the book of van Santen and Niemantsverdriet.38 The specificity of a 

rate constant kr lies in the value of K!. This last is an equilibrium constant which can be 

expressed in terms of partition functions (Q) 

( 1.16) 

And kris thus given by 
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(1.17) 

where Eo is the activation energy which include already zero point energy correction. This is 

the expression used to compute reaction rate constants in this thesis. A partition function for a 

molecule can be written approximately as a product of partition functions for each kind of 

energy, especially translation, rota ti on, vibrational, and electronic. 

( 1.18) 

This results from the fact that the energy levels can be represented approximately as a sum of 

energies of translation, rotation, vibration, and electtonic 

(1.19) 

d h · I -E·IksT b . d -E !ksT -E !ksT -e !ksT F an eac exponent1a e ' can e wntten as a pro uct e ' ·e ' ·e v ... . or 

translation discrete energy levels are not usually considered to exist. Although on the basis of 

quanturn mechanics they can be calculated, for molecules rnaving in a container of a given 

volume and certain shapes the result is that they are exceedingly close together. For three 

degrees of freedom of translation, the partition function is given by 

(1.20) 

where h is Planck's constant and mis the mass of the molecule. V, the volume, appears as a 

product of three distances, say iJ, l2, and l3, where these are the edges of a rectangular 

parallelepiped, supposing that to be the shape of the container. For other shapes, eq 1.20 still 

holds. For rotation, the energy levels are discrete but sufficiently close tagether so that at 

ordinary temperatures rotation is fully excited. The rotational partition function of a nonlinear 

molecule is given by 

( 1.21) 

where a is the symmetry number and c is the speed of light. For a nonlinear molecule there 

are three degrees of freedom and, thus, three different constants A, B, and C. They are 

obtained from the moments of inertia of the molecule along the three principal axes, Ia. lb, 

and Ie, using the expressions A = n I 4 trc/0 , etc. These la , etc., are the eigenvalues of the 3x3 

matrix (inertia tensor) I with elements given by 

I xx = }:m; (r;2 -x?); I x:y = }: -m;X;Y; (1.22) 
I 
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and so on for lyy, lxz, lzz, and lyz, where the summation is over the atoms in the molecule, mi 

being the mass of the jth atom whose Cartesiancoordinates are Xi, Yi and Zi, and where 
2 2 2 2 

'i = X; + Y; + Z; . 

For vibration the energy levels are far enough apart so that usually only a few are 

occupied to any extent. The partition function qv must be evaluated as a summation 

qv = _n(I-e-hv;lkBT( 
1=1 

(1.23) 

where Vi are the various fundamental vibrational frequencies. This formula is based upon the 

lowest vibrational level as defining the zero of energy even though it is a half-quanturn of 

vibration above the minimum of the potential-energy curve. 

Electronk energy does not usually contribute to a partition function, since most 

often only the lowest electronic level is occupied at thermal equilibrium and that is usually a 

singlet state. The total partition function may have factors due to electron and nuclear spins, 

but in the applications of interest herethese are of little importance, thus qe= l . 
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Transition States for Hydrogen 
Exchange and Dehydrogenation of 

Methane by an Acidic Zeolite 2 

Density functional and semiempirical (MNDO) theories are used to 

detennine transition states and the corresponding activation harriers of 

hydragen exchange and dehydrogenation of methane catalyzed by a 

protonated zeolite cluster model. The nonlocal density functional activation 

harriers werefound to be 125 kJ/mol and 343 kJ/molfor hydragen exchange 

and dehydrogenation, respectively. From the imaginary frequency of one of 

the transition state eigenmodes, the reaction coordinates were deduced. 

Additionally, from the activation harrier and vibration, rotation and 

translation partilion functions, reaction rate constants have been evaluated 

using transition state reaction rate theory. 
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2.1. Introduetion 

As crystalline aluminosilicate framework structures, zeolites contain networks of 

channels and cavities capable of hosting a range of molecules and ions.l Aciclic zeolites that 

contain Br!Zinsted acidic sites catalyze a wide variety of chemica! reactions. The catalytic 

properties of zeolites make them very valuable in a variety of industrial processes. In oil and 

petrochernical industries for example, zeolites are largely used for processes such as cracking, 

isomerization, and alkylations of hydrocarbons.2 The mechanisms by which these reaelions 

proceed involve proton transfer and formation of carbenium or carbonium ions as reactive 

intermediates.3 The details of these processes are stilllittle understood. Experiments4 inclicate 

that electrophilic activation of light alkanes occurs in superacid catalysts at low temperature 
and on solid acids at higher temperatures, apparently via heterolytic cleavage of C-H honds. 

However, the difference between the elevated working temperatures of zeolite catalysts and 

the moderate temperatures at which superacids are used should not be overlooked when 

comparing kinetic parameters of carbocation rearrangements in both systems. 

A significant effort is being done in order to understand the relation between acidity 

and catalytic activity of zeolites.5 The acidity function is duetoprotons that are attached to 

the oxygen atoms of the zeolite framework. Catalytic activity is, at least partially, related to 

the intrinsic acid strength of the protons. At present, a proper definition of acid strength for a 

solid acid is lacking, and its relation to catalytic activity is not well understood. Kramer et al.6 

proposed that the difference in proton affinity between neighboring oxygen atoms of the 

active site is important. In their paper over hydragen/deuterium exchange of perdeuterated 

methane (CD4) they explained the difference in reactivity of two different zeolitic structures, 

faujasite and MFI. The reaction harrier height is found to increase with increasing proton 

affinity difference between the two structurally neighboring oxygen atoms. This explains for 

this reaction the different activity of the two zeolites of the same composition. 

Depending on the acidity properties of the catalyst and the sort of reaction involved, 

different carbocations can be formed.3 Among the carbocations of concern for the conversion 

pathways of alkanes, a distinction bas to be made between alkylcarbenium and 

alkylcarbonium ions. Alkylcarbenium ions contain a tricoordinated positively charged carbon 

atom, the three substituents being alkyl groups or hydrogen atoms. Alkylcarbonium ions 

contain a pentacoordinated positively charged carbon atom, having the same type of 

substituents. In the carbonium ions that wil! be encountered, at least one of the five 

substituents is a hydrogen atom. These carbocations can occur according to different 

mechanisms. The protonation of an alkene (olefin) by the acid zeolite (HOZ) leads to the 

formation of an alkylcarbenium ion. lf the proton is added to a saturated molecule such an 

alkane (paraffin), the protonation leads to the formation of an alkylcarbonium ion. The 

alkylcarbonium ion can also be transformed into a smaller alkylcarbenium ion by abstraction 

of an electroneutral molecule (an alkane or molecular hydrogen), involving explicitly 

cracking reactions. The activation of an alkane is more difficult than an alkene and occurs 

under high temperatures condition. 
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carbenium carbonium 

In order to better understand the intermediates involved in the zeolite acid catalyzed 

reactions, the carbonium and carbenium ions, this work proposes a detailed study of the 

transition states and kinetics involved in the reaction between methane and the zeolite. When 

methane is in contact with the acidic site of the zeolite the reactions hydrogenldeuterium 

(eq 2.la) or hydrogen-hydrogen exchange (eq 2.lb) and dehydrogenation (eq 2.2) can occur 

(t indicates TS): 

ZOH + CD4 ~ (ZO- ••• CD4H+)t ~ ZOD + CD3H 

ZOH + CR4 ~ (ZO- ••• CH5+)t ~ ZOH + CH4 

ZOH + CR4 ~ (ZO- ••• CH3+ ••• H2)t ~ ZOCH3 + H2 

(2.la) 

(2.lb) 

(2.2) 

Hydrogen/deuterium exchange between alkanes and superacids is believed7 to 

involve carbonium ions, under conditions in which cracking does not take place. Kramer et 

aJ.6 propose for the reaction of hydrogen/deuterium exchange of methane a transition state 

with characteristics of a carbonium ion, where the carbon atom is symmetrically penta

coordinated to hydrogen atoms. The reaction temperatures used were between 600 and 750 K. 

Evleth et aJ.,B on the other hand, from a theoretica! study for the same reaction propose a 

transition state with characteristics of methyl radical bound to H2+, (CH3-H2+) due to a 

negative charge found in the methyl group. Mota et aJ.9 have performed experiments on the 

hydrogenldeuterium exchange between 3-methylpentane and methylcyclohexane and zeolite 
Y. They propose that zeolites can protonate cr bonds of tertiary alkanes at 373 K without 

cracking, probably through an intermediate or transition state having a five-coordinated 

carbonium ion. This suggests initia! formation of carbocations in alkane cracking. They 

propose that the migration of deuterium to primary and secondary carbons is stereochemically 

more favorable than that to a tertiary carbon. Here the transition state for reaction 2.1 b is 

analyzed using density functional theory. The symmetrie exchange between a proton of the 

zeolite and a hydrogen of the methane occurs via a transition state similar to a carbonium ion. 

A comparison with earlier results of Kramer et aJ.6 and Evleth et aJ.B will be presented. The 

isotopic effect involving the perdeuterated methane in reaction 2.1 a was not included since it 

has been found to be not very significant at the reaction temperatures.IO 

The catalytic conversion of methane to desired chemica! products or liquid fuel is a 

great challenge to catalysis science. Wang et ai.ll studied the dehydrogenation and 

aromatization of methane on (H, Mo and Zn)-ZSM5 zeolite under nonoxidizing conditions. 
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The only hydrocarbon product was benzene, obtained over catalytic conversion of methane at 

high temperature (973 K). A carbenium ion mechanism of the activation of methane is 

suggested. In the case of H-ZSM5 a protonic site may act as a hydride acceptor, giving 

molecular hydrogen directly. Here the transition state involved in the dehydrogenation 

reaction of methane (eq 2.2) was also studied. An asymmetrie exchange between the proton 

of the zeolite and CH3 group (from CH4) results in the elimination of an Hz molecule. This 

reaction is of interest because it can be used as a model for C-H activation that leads to a 

carbenium ion from alkanes. Additionally, from the calculated activation harriers and the 

vibrational, translational and rotational partition functions of the reactants and transition 

states, an analysis of the rate constants of reaelions 2.1 b and 2.2 can be made. 

2.2. Metbod 

2.2.1. Computational Details. All calculations in this work are based on density functional 

theory (DFf),12 and for comparison, the semiempirical MNDQ13 method was used. The 

molecular system used in this paper consisted of a methane molecule and two different size 

tritetrahedral H3SiOHAl(OH)zOSiH3 and H3SiOHAIHzOSiH3 clusters that represent acidic 

zeolite. The peripheral bonds of the clusters, which are in reality connected to the zeolite 

framework were saturated with H or OH. No constraint of symrnetry has been used. 

The density functional calculations reported in this work were done using the 

DGauss program, version 2.1, part of the UniChem package from Cray Research Inc.l4 The 

calculations were carried out on two different levels . The first is the local density 

approximation (LDA) using the exchange-correlation potential in the form given by Vosko, 

WiJk and Nusair.l5 At the second level, nonlocal correlation and nonlocal exchange 

corrections due to Perdew16 and Becke,17 respectively, are added àfter the geometry 

optimization (NL) to the finaltotal LDA energy. Forsome calculations, the NL correction is 

also included inaself-consistent manner (NLSCF). 

Molecular orbitals are expressed by linear combination of atomie Gaussian-type 
orbitals. The basis sets are of double Ç quality and include polarization functions for all non

hydragen atoms (DZPV).IS The basis sets used were optimized for use in density functional 

calculations in order to minimize the basis set superposition error (BSSE), as has been 

demonstrated by Radzio et aJ.J9 in studies of the Crz molecule. A second set of basis 

functions the auxiliary basis set,20 is used to expand the electron density in a set of single

partiele Gaussian-type functions . 

Total LDA energy gradients are computed analytically,21 and calculations of 

geometry optimization toa minimum and saddle point (transition state, TS) are performed. In 

the last case (TS), the norm of the gradient is minimized and not the energy.22 The 

frequencies are obtained by evaluating the matrix of the second derivatives by a finite 

difference scheme using the analytic first derivatives.23 Unscaled frequencies have been used 

and zero-point energy (ZPE) corrections included. 
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2.2.2. Reaction Rate Constants. The reaction rate constants have been calculated using the 

transition state reaction ra te theory, TST.24 It is based on the application of statistica! 

mechanics to reactants and activated complexes. The reaction rate constant (kr) expressed in 

termsof "rate per acidic proton" for methane activation is then given by 

(2.3) 

where NA, h and kB are Avogadro, Planck, and Boltzman constants, respectively. V is the 

volume of the system, T is the temperature and Ebar is the activation harrier which already 

includes the ZPE corrections. For methane, the vibrational (qv). rotational (qr) and 

translational (qt) partition functions need to be calculated. For the transition state and the 

cluster (HOZ), assuming that the zeolite does not rotate or translate, only the vibrational 

partition function needs to be evaluated. The natura! logarithm of the reaction rate constante, 

In kr, can be approximated by a linear function of the reciprocal temperature ltr according to 

the equation 

(2.4) 

where Eact is the Arrhenius activation energy and ATST is the preexponential factor. The 

former is related to the change in activation entropy of the system on going from reactants to 

TS. Finally, a comparison between the preexponent (A TST) obtained with the transition state 

theory and the hard sphere preexponent (AHS) which gives the number of collisions of a 

methane molecule approximated as a hard sphere can be done. The latter sets an upper limit 

for the first. The hard sphere preexponent is given by 

( )

112 
AHS -N 2 8kBT - Am --

1tm 
(2.5) 

where m is the mass of C~ and 1tr2 is the collision cross section approximated by the size of 

the methane molecule. A small ratio A TSTJ AHS means a significant decrease in reaction 

entropy, due to loss in rotational or translational degrees of freedom. 
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2.3. Results 

For easier reference the two different clusters H3SiOHAI(OH)20SiH3 and 

H3SiOHAIH20SiH3 wil! be named clusters AIOH and AIH, respectively . No important 

differences in energy or geometry have been found when nonlocal correction is included 

selfconsistently (NLSCF) instead of at the end of the geometry optization to a minimum or 

saddle point (NL). Since NLSCF considerably increases the calculation time, only the smaller 

AIH cluster has been studied using this method. 

2.3.1. Hydrogen Exchange. Figure 2.1 shows the calculated transition state and the 

corresponding reaction coordinate for the hydrogen exchange reaction. This TS has been 

obtained using the NL correction and the AIOH cluster. The reaction coordinate represents 

the symmetrical transfer of the proton of the zeolite to the methane molecule and the return of 

the hydrogen atom from the methane to the zeolite. In this process two oxygen atoms of the 

zeolite are involved, one as a proton acceptor (basic) and theether as a proton donor (acid). In 

the transition state both hydrogens are halfway between the carbon and oxygen atoms. 

Although no symmetry has been imposed, the structure obtained is approximately of Cs 

symmetry. The accuracy of the distances is within ±0.005 A. 

~ @Al 
® ® Si 

@ c 

• 0 

0 H 

Figure 2.1. Reaction coordinate for the exchange process between methane and an acidic zeolite 

cluster. The arrows indicate the main components of the displacement veetors along the reaction 

coordinate. In this picture the TS-AIOH is represented. The TS-AIH is analogous, except for the OH's 

of Aluminum, which were replaced by H's. 

Table 2.1 shows the energetic and dynamic information obtained for the fragments 

(CH4 and clusters) as well as for the TS's calculated for both reactions, hydrogen exchange 

and dehydrogenation. In Table 2.2 energy harriers (Eo) for both reactions are presented. 

Barriers corrected for ZPE (Ebar) are also shown in this Table. As was already found by Fan 

et aJ.,25 for reactions invalving transfer of protons, LDA without nonlocal corrections gives 
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too small harriers. The values found for clusters AIH and AlOH are 50 and 41 kJ/mol 

(including ZPE), respectively. This shows that the inclusion of nonlocal corrections is very 

important in this kind of reactions. The activation harriers obtained from MNDO calculations 

are much too high, 384 and 373 kJ/mol, respectively, for AIOH and AIH clusters (including 

ZPE). This shows that this method can not be recommended for the calculation of TS 

energies. However, although the energies are not correct, it is a very useful method (cheap in 

terms of computer time) to get a first estimate of the geometry of the transition state. 

Table 2.1. Tata/ Energies (hartree) and lmaginary Frequencies (IF, in cm-1) of the Fragments (CH4 

and Clusters) and the TS's of the Reactions of Hydragen Exchange and Dehydrogenation of Methane 

NLSCF NL LDA MNDO (eV) 

Fragments 

Cluster AIOH -1128.044525 -1122.416807 -1647.70493 

ClusterAIH -977.436479 -977.424512 -972.842125 -999.65310 

CH4 -40.524428 -40.522376 -40.110503 -185.09137 

Hydragen Exchange 

TS-AIOH -1168.516774 -1162.507645 -1828.73483 

IF-AIOH -1389.4 -758.5 

TS-AIH -1017.908567 -1017.897188 -1012.929680 -1180.80860 

IF-AIH -1609.7 -1432.2 -789.4 

Dehydrogenation 

TS-AIOH -1168.431632 -1162.417207 -1826.81120 

IF-AIOH -1074.0 -1545.7, -53.1 a 

TS-AIH -1017.826086 -1017.812542 -1012.837890 -1178.94016 

IF-AIH -1015.7 -1106.8 -1547.6 

8 For this TS, a second imaginary frequency was impossible to remove. Thls frequency is related to the H's 

bonded to Si atoms and to OH's bonded to Al, not influencing the reaction coordinate. 

From Table 2.2 it can be seen that the terminal group on aluminum does not affect the 

resultant activation barrier. It is found to be 131 kJ/mol for AIH and 132 kJ/mol for AlOH 

cluster. If NLSCF is included the harrier increases to 137 kJ/mol (for the AIH cluster). These 

results are lower than previous results for an equivalent cluster, 150±20 kJ/mol using SDCI/6-

310**,6 and for a smaller cluster, 167 kJ/mol (or 155 kJ/mol if ZPE is included) using 

MP2/6-31++G**.s If corrections for ZPE are accounted for, the harriers decrease by 10 to 12 

kJ/mol. The ZPE-corrected activation harriers that follow from the present study are around 

120-125 kJ/mol, depending on cluster size and rigor of calculation. According to Kramer's 

estimate, the effective reaction harrier for the methane deutero exchange is 122 kJ/mol. The 

results obtained in this work (120-125 kJ/mol) are in very good agreement with this estimate. 

The distances can beseen in Tahle 2.3. Between oxygen (01) and the proton (Hl), 

the computed distance is 1.31 Á, and the carbon-proton distance is found to be 1.34 Á for 
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both clusters, AlH and AlOH. In the NLSCF calculations, these distances are slightly larger, 

1.33 (Ol-Hl) and 1.35 Á (C-Hl). These distances are found to be quite similar. This is 

different from the results obtained by Kramer et al. 6 and Evleth et al. 8 Kramer et al. obtained 

C-H (1.39 Á) 0.19 Á larger than 0-H (1.20 Á) and Evleth obtained also a much larger 

difference (0.34 Á) for the same distances (1.16 and 1.50 Á). Repeating the DFT NL 

calculation for TS-AlH using the 3-21 G and 6-31 G* basis set of Pople, the difference 

obtained for this two distances is slightly larger (0.04 Á) for 6-31 G* and considerably larger 

(0.12 Á) for 3-21G. In the MNDO calculations the difference ofC-H and 0-H distances is on 

the order of 0.69 Á. These differences imply that both basis set and methodology (DFT or 

Hartree Fock) can significantly change the predicted atomie distances. Considering that the 

calculated activatien harriers are in good agreement with the experiment, it is assumed that 

the DFT geometries obtained are also accurate. 

Table 2.2. Electronic Activation Barrier (Eo). Activation Barrier lncluding ZPE (Ebar). Arrhenius 

Activation Energy (Eact. in kJ/mol) and Arrhenius Preexponent (ATST, in m3mo/1s-1) tor Both 

Reactions, H'{_drog_en Exchang_e and Deh'{_drog_enation of Methane 

H~drogen Exchange Deh~drogenation 

NLSCF NL LDA MNDO NLSCF NL LDA MNDO 

TS-AIOH 

Eo 131 .6 51.6 391.9 355.1 289.1 577.5 

Ebar 121.2 41 .2 383.5 347.9 281.9 568.4 

Eact 126.5 351.6 

ATST 1.10·105 3.04·103 

TS-AIH 

Eo 137.4 130.5 60.2 379.7 354.0 352.7 301 .2 560.0 

Ebar 125.1 120.3 50.0 373.4 343.0 343.7 292.2 554.1 

Eact 129.5 125.0 348.5 348.4 

ATST 5.09·104 3.99·104 2.45·1 o4 1.50·1 o4 

Table 2.4 gives the computed Mulliken charges. The behavior of Mulliken charges 

for both clusters, AlH and AlOH is similar except for the alominurn atom. As is to be 

expected, the positive charge of Al terminated by two hydroxyl groups (cluster AlOH) is 

larger than that of the AlH cluster, in which the alominurn atom is terminated by two single 

hydrogen atoms. There are two possible explanations: the presence of the two oxygens, which 

are more electronegative than the hydrogen atoms, or an artifact of the Mulliken charges 

calculation, which distributes the total charge among the orbitals. Since the oxygen atoms 

have a bigger number of orbitals, the OH group can receive a bigger charge than single 

hydrogen atoms, and the alominurn atom becomes more positive in the first case than in the 

latter. When an analysis of the geometry, motion, and charge of the atoms that participate in 

the reaction coordinate in the transition state is done , one can see that no significant 
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difference is found. This shows that, despite the fact that the AIOH cluster seems closer to the · 

real zeolite than the AIH (due to the presence of the OH rather than hydrogen in the terminal 

position of the aluminum atom), both clusters seem to be suitable for repcesenting the zeolite. 

Table 2.3. Geomet~ tor the TS of the HH-Exchang_e Reaction (Distances in A and Ang_les in derJ.l 

A lH AIOH 

NLSCF NL NL MNDO rel 8 

01-H1 1.332 1.308 1.310 1.026 U56a 

C-H1 1.346 1.339 1.337 1.718 1.496b 

C-H2a,a' 1.103 1.106 1.105 1.103 1.088 

C-H2b 1.109 1.111 1.111 1.102 1.090 

Si-01 1.690 1.675 1.674 1.696 

01-AI 1.883 1.852 1.818 1.803 1.860 

Al-02c 1.608 1.606 1.726 1.699 1 .583; 1 .594 

02-H3 0.974 0.930 

Si-H4a,a' 1.500 1.502 1.503 1.375 

Si-H4b 1.498 1.501 1.501 1.376 

Si01AI 126.5 125.62 125.31 134.4 

01AI01' 90.9 91.4 92.3 98.1 

a Distance obtained by ref. 6, 1.201 A. b Distance obtained by ref. 6, 1.391 A. c For AIH, inslead of 02 read H. 

Contrarily to Evleth's results, the CH3 group is positively charged ( +0.12) for the 

TS's involving NL corrections (AIOH and AIH clusters). When the same analysis is made for 

the charges obtained by NLSCF calculation, it is possible to see that the CH3 group is found 

to be slightly negative charged ( -0.08), but can hardly be characterized as an anion. Taking 

into consideration the fact that the NLSCF is a better correction than the simple NL, the first 

case is to be considered more precise than the last. The charge for the CHsöt group is +0.51 

for the NLSCF calculation and +0.70 (AIOH) and +0.69 (AlH) for NL. Evleth obtained a 

charge of +0.23 which is considerably smaller. In essence, these results seem to agree, 

keeping in mind the severe arbitrariness of the Mulliken charge analysis. The Mulliken 

charges obtained with the MNDO method are different from those obtained in DFT and HF 

calculations. With this method, the CHsÖ+ group is negatively charged, which is not correct. 

Table 2.5 shows the obtained rate constants for different temperatures. They 

increase when hydride termination is changed to hydroxyl termination (kr(AIH) < kr(AIOH)) 
and decrease with increasing rigor of the calculation (kr(NLSCF) < kr(NL)). The Arrhenius plot 

(In kr versus 1 OOOff) is shown in the Figure 2.2. From a linear fit of the curves, the activation 

energy of Arrhenius (Eact) as wellas the preexponents (ATST) can be calculated. The values 

can be seen in Table 2.2. The activation harriers (Eo and Ebar) and activation energy (Eact) 

differ a few kilojoules per mole. In genera!, for this reaction (hydrogen exchange) the 

inclusion of ZPE corrections decreases the activa ti on harriers by 10 to 12 kJ/mol. 
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Figure 2.2. Arrhenius plot: temperafure (T) dependenee of the naturallogarithm of the ra te constants, 

In (k,), for the hydragen exchange reaction between methane and an acidic zeolite. 

Tsble 2.4. Mulliken Charg_es for the TS of the H"t_drog_en Exchang_e Reaction 

AIH A IOH 

NLSCF NL NL MNDO rel 8 

SI 0.411 0.283 0.301 1.632 

Al 0.478 0.323 0.735 1.010 0.64 

01 -o.756 -0.684 -0.661 -0.588 -0.63 

02a -0.081 -0.039 -0.711 -0.588 -0.20; -0.22 

c -o.819 -0.688 -0.689 -0.560 -0.77 

H1 0.294 0.286 0.287 0.306 0.26 

H2a,a' 0.245 0.266 0.267 -0.500 0.16 

H2b 0.253 0.277 0.278 -0.500 0.16 

H3 0.430 0.182 

H4a,a' -0.030 o.oo5b 0.007b -0.364 

H4b -0.014 0.017 0.010 -0.367 

a For the AIH cluster, inslead 02 read H. b One of the hydrogens (H4a) bonded to Si has charge -0.006. 

Table 2.5. Ra te Constants (k,, in f'Ti3mot1s-1) for Different Temperatures (T, in K) 

H~drogen Exchange Deh~drogenation 

Al!:! 81Q!::l 81!::! 81QH 

T NLSCF NL NL NLSCF NL NL 

273 1.30·10-20 7.32-1o-2o 1.05-1o·19 8.79-1o-63 5.55-10-63 2.74 -10-64 

473 1.85-1o-1o 4.46-1o-1o a.53-1o-1o 5.65-1o-35 3.60-10'35 3.27-1o·36 

673 3.38-1o-o6 5.79-1o-o6 1.24-1o-os 1.59-1o-23 9.9a-1o-24 1.15·10·24 

873 a.67-1o-04 1.24·10·03 2.83-1o-o3 3.26-1o-17 2.02-10' 17 2.64-10' 18 

1073 3.3o-1o-o2 4.19-1o-o2 9.97-1o-02 3.49·10·13 2.15-10'13 3.03·10'14 
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The Arrhenius activation energy lies in between Eo and Ebar· The preexponent ratio 

(ATSTfAHS) for various temperatures is shown in Table 2.6. The ratio obtained is quite small 

(IQ-3- lo-4) which shows a considerable decreasein the entropy of the system due to lossof 

rotational and translational degrees of freedom. This suggests that the transition state obtained 

is tight, which means that in the transition state the methane molecule is rigidly attached to 

the zeolitic cluster. lt is a reflection of the small distances between the protons around the 

carbon atom and oxygen atorns of the cluster. 

2.3.2. Dehydrogenation. In the Figure 2.3 the calculated transition state and corresponding 

reaction coordinate for the dehydrogenation reaction is presented. The reaction coordinate 

illustrates the asymmetrical movement of the proton Hl, with one hydragen atom from the 

methane, into the direction of formation of a Hz molecule. The carbon atom tends to bind to 

the basic . oxygen atom 02 of the zeolite cluster, resulting in a CH3-zeolite complex. The 

structure obtained has nearly the Cs symmetry although no symmetry has been imposed. 

Figure 2.3. Reaction coordinate for the dehydrogenation process between methane and an acidic 

zeolite cluster. The arrows indicate the main components of the displacement veetors along the 

reaction coordinate. In this picture the TS-AIOH is represented. The TS-AIH is analogous, except for 

the OH's of Aluminum, which are replaced by H's. 

The energies and imaginary frequencies for the calculated transition states can be 

found in Table 2.1, and the achvation harriers, in Table 2.2. Assuming that, ju st as for 

hydragen exchange, NL gives better results, we find that the LDA and MNDO results give 

too low and too high activation harriers, 282 and 568 kJ/mol, respectively (both using AlOH 

cluster and including ZPE). The harriers obtained with NL and NLSCF for the AIH cluster are 

respectively 344 and 343 kJ/mol and for the AlOH cluster it is 348 kJ/mol (ZPE included in 

all cases). These numbers are around 220 kJ/mol higher than the ones obtained for hydrogen 

exchange. This confirms that the dehydrogenation reaction of methane by an acidic zeolite is 

much more difficult than its hydragen exchange reaction. 
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Table 2.6. Preexponent Ratio (ATST;AHSJ tor Different Temperatures (T, in K) 

H~drogen Exchange Deh~drogenation 

81H AIOH A lH AIQH 

T NLSCF NL NL NLSCF NL NL 

273 6.70·10·04 5.1 Ho-o4 1.44-10-03 3.22-10·04 1.97-1o-o4 4.00-10·05 

473 5.09·10·04 3.88-10·04 uo-1o·OJ 2.45-1o-o4 1.50-1o-o4 3.04-10·05 

673 4.27-1o-o4 3.25-1o-04 9.20·10·04 2.05-1o-o4 1.26-10·04 2.55-1o·05 

873 3.75-1o-o4 2.86-10"04 8.08-10-04 1.80-1 o-04 1.10·10-04 2.24-1o-o5 

1073 3.38-1o-o4 2.58-1o-04 7.28-1o-o4 1.62-1o-o4 9.94-10·05 2.o2-1o·o5 

No experimental activation harrier for the methane dehydrogenation is available. 

lglesia et al.26 found an activation harrier for the dehydrocyclization of n-heptane of 215 

kJ/mol. Hydrogen exchange between undeuterated and perdeuterated light alkanes (CD4-

C3Hg) and (C3Ds-C3Hg) over (H, Ga and Zn)-ZSM5 occurs at 773 K, according to studies 

from lglesia et ai.27 They found that H-ZSM5 also activates the C-H bond in methane, but 

much more slowly than the weaker and more reactive propane, with a rate of C-H activation 

for methane being 20 times slower than that of propane (for the reactant mixture used) . Not 

only is the C-H bond strengthof importance to the heterolitic C-H bond dissociation but the 

stahilities of the carbocation and of its hydridic H atom counterpart are also important. 

Stefanadis et al.28 found an effective activation energy for isobutane dehydration catalyzed by 

a H-ZSM5 zeolite of 57 kcal/mol (238 kJ/mol). The important difference between isobutane 

and methane dehydrogenation is that in the former case a tertiary carbenium is generated. 

Calculations using the DFf/NL method showed the following difference in stability of 

carbenium ions with respect to the neutral molecules (in kJ/mol): 

199 

< 
96 
< 

66 
< 

This explains why the activation energy for the dehydrogenation of methane is much higher 

than that obtained experimentally by Stefanadis et ai.28 for the dehydrogenation of isobutane, 

which proceeds via a tertiary. carbocation. 

For a first-order reaction, the effective activation energy equals the activation harrier 

minus the heat of adsorption. The adsorption energy for n-butane on different zeolites29 is 

around 41 kJ/mol. The difference between the adsorption energy of the n-butane and 

isobutane in (Na and H)-X zeolite30 is I kJ/mol higher for isobutane. From this one obtains 

an activation harrier for the dehydrogenation of isobutane around 280 kJ/mol. According to 

the calculations obtained with DFf, the H3C+ carbenium ion is 361 kJ/molless stabie than 

(CH3)3C+. However comparing the activation harriers of methane (343 kJ/mol) and isobutane 

(280 kJ/mol) dehydrogenation, one sees that the difference is much smaller (63 kJ/mol). This 

is due to charge stabilization of the carbenium ion like TS by the zeolite. 
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Table 2.7. Geometry of the TS for the Dehydrogenation Reaction (Distances in A and Angles in deg) 

A lH A IOH 

NLSCF NL NL MNDO 

01-H1 1.590 1.492 1.524 0.996 

H1-H2 0.869 0.915 0.908 1.386 

C-02 2.118 1.978 1.990 1.510 

C-H2 1.666 1.662 1.643 1.559 

C-H3a,a' 1.084 1.090 1.090 1.131 

C-H3b 1.102 1.103 1.104 1.133 

Si-01 1.687 1.672 1.673 1.701 

Si-02 1.683 1.676 1.673 1.702 

01-AI 1.899 1.869 1.833 1.815 

02-AI 1.883 1.863 1.833 1.812 

Al-03a,ba 1.610 1.610 1.729 1.703 

03a,b-H4a,b 0.974 0.930 

Si-H5a,a' 1.502 1.502 1.502 1.375 

Si-H5b 1.501 1.504 1.503 1.376 

Si101AI 122.3 120.53 120.30 132.4 

SI202AI 122.2 118.70 120.41 127.2 

01AI02 106.9 106.73 108.34 108.0 

8 For AIH cluster inslead of 03 read H. 

Some distances and angles can beseen in Table 2.7. The distance between 01 and 

Hl in the TS tends to increase with increasing level of calculation and cluster size. The latter 

having a smaller effect than the former. For NLSCF this distance is 1.59 A, and for NL it is 

1.49 A, both referring to the AIH cluster. For the AlOH cluster, this distance is 1.52 A. An 

analogous result is found for the C-02 distance, 2.12 À for AlH at the NLSCF level. For NL, 

the difference is smaller, 1.99 À for AIOH and 1.98 À for AIH. As a consequence, the 

distance between the hydrogen atoms 1 and 2 tends to decrease with increasing level of 

calculation and cluster size. In the AlH cluster for NLSCF, where it has its smallest value, 

0.87 À, it is still clearly larger than for the H2 molecule in the gas phase, 0.746 À.31 

Mulliken charges are presented in Table 2.8. There one can see that the CH3 group 

now has a positive charge in all different calculated TS's. Clearly the transition state 

corresponds to the generation of an almost neutral hydrogen atom from the zeolite that reacts 

with HÖ+ from methane to form the H2 molecule. The positively charged CH3+ group (a 

carbenium ion like) becomes stabilized by the zeolite oxygen atom. 

In Table 2.5 are collected the obtained rate constants for different temperatures. 

Contrary to hydrogen exchange, the rate constants for the dehydrogenation reaction decrease 

when hydride is replaced by hydroxyls (kr(AIH) > kr(AIOH)) and increase with increasing rigor 

of calculation (kr(NLSCF) > kr(NL)). The rates are much smaller than those obtained for the 

hydrogen exchange reaction. This is because of a much larger activation harrier for the 
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dehydrogenation reaction. The Arrhenius plot is shown in Figure 2.4. A linear fit of the 

curves gives the activation energies of Arrhenius (Eact) and the preexponents (ATST) which 

can he seen in Tahle 2.2. Just as for hydrogen exchange reaction, the activation harriers, Eo 

and Ebarand activation energy, Eact differ hy several kilojoules per mole. lnclusion of ZPE 

corrections decrease the harriers hy 8-11 kJ/mol. The preexponent ratio (ATSTfAHS) 

according temperature is shown in Tahle 2.6. The ratio ohtained is rather small (l0-4 to l0-5) . 
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Figure 2.4. Arrhenius plot: temperafure {T) dependenee of the naturallogarithm of the rate constants, 

In (kr), tor the dehydrogenation reaction of methane over an acidic zeolite. 

Table 2.8. Mulliken Charges tor the TS of the Dehydrogenation Reaction of Methane 

A lH A IOH 

NLSCF NL NL MNDO 

Si1 0.413 0.289 0.313 1.635 

Si2 0.409 0.270 0.296 1.637 

Al 0.404 0.229 0.668 1.024 

01 -0.738 -0.674 -0.663 -0.556 

02 -0.638 -0.569 -0.585 -0.624 

03a,ba -0.072; -0.074 -0.024; -0.022 -0.727; -0.720 -0.592 

c -0.612 -0.702 -0.707 0.497 

H1 0.165 0.160 0.169 0.309 

H2 0 .035 0.052 0.062 -0.659 

H3a,a' 0 .333; 0.326 0.343; 0.335 0.348 -0.070; -0.1 08 

H3b 0 .288 0.310 0.312 -0.108 

H4a,b 0.435; 0.438 0 .181 

H5a,a' -0.042; -0.031 -0.005; 0.005 -0.014; 0.013 -0.363 

H5b -0.024 0.009 0.001 -0.363 

H6a.a' -0.028; -0.048 -0.002; 0.007 -0.001; 0.002 -0.367 

H6b -0.021 0.016 0.012 -0.370 

a For AIH cluster, inslead of 03 read H. 
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This again shows considerable decrease in the entropy of the system, due to loss of rotational 

and translational degree of freedom. This suggests that, in the obtained transition state for the 

dehydrogenation reaction, the methane molecule is more strongly attached to the zeolite 

cluster than in the case of hydrogen exchange. Although the distance between the carbon 

atom and the zeolitic oxygen is quite large, the strong ionic interaction between the CH3+ 

group and the oxygen atom makes the methane molecule to be fmnly attached to the zeolite. 

2.4. Conclusions 

The reactions of hydrogen exchange and dehydrogenation of methane catalyzed by 

an acidic zeolite have been studied utilizing DFf. Additionally, the reaction rate constants 

have been calculated by means of the transition state reaction rate theory. The activation 

harrier for the hydrogen exchange reaction (125 kJ/mol) is in very good agreement with 

earlier estimate.6 The activation harrier obtained for the dehydrogenation reaction is about 

three times larger than that obtained for the hydrogen exchange reaction (343 kJ/mol). 

The reaction of hydrogen exchange of methane catalyzed by an acidic zeolite 

proceeds via a transition state that is considerably different from that for the acid-catalyzed 

dehydrogenation of methane. The transition state for hydrogen exchange has the 

characteristics of a carbonium ion that is stabilized by the negatively charged lattice oxygen 

atoms. The transition state for the dehydrogenation reaction has the local coordination around 

the carbon atom which is more carbenium like. This transition state is stabilized by a direct 

interaction of the carbon atom with a lattice oxygen atom and the proton involved in the 

hydrogen molecule formation. 

The rate constants obtained for the dehydrogenation reaction are much smaller than 

those for hydrogen exchange due to a much higher activation harrier for the former. Also, the 

rates for hydrogen exchange show an opposite behavior concerning rigor of calculations and 

the kind of terminal group on the aJuminurn atom of the cluster than that for dehydrogenation 

reaction. The preexponent ratio seems to be more sensible with respect to the kind of terminal 

group on the alurninum atom for both reactions. There is a considerable loss in rotational and 

translational entropy comparing the transition state and reactants in the gas phase for both 

reactions. According to the preexponent ratio, methane is more strongly attached to the 

zeolite in the transition state for the dehydrogenation reaction than for hydrogen exchange. 

It is also concluded that the DFT method including nonlocal corrections 

demonstrated considerable promise as a practical tooi in kinetic studies in the zeolite field. 

For the present reactions, the LDA method gives a harrier that is too low and MNDO gives a 

harrier that is much too high. The cluster size do not affect the motion or geometry of the 

atoms involved in the reaction coordinate, but seems to be more important when referring the 

kinetics of the reactions. The inclusion of nonlocal correction selfconsistently is assumed to 

give more accurate results (activation harriers, charges and geometries). 
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Activation of C-H and C-C honds 
by a Br~nsted Zeolitic Proton 3 

In this chapter density functional theory is used to delermine transition 

stat es and the corresponding energy harriers of the reactions related to C-H 

bond activation of hydrogen exchange and dehydrogenation of ethane 

catalyzed by a protonated zeolite as welt as hydride transfer between 

methanol and a methoxy surface (CH3-zeolite) species. Additionally the C-C 

bond activation involved in the acid catalyzed cracking reaction of ethane 

was investigated. The computed activation harriers are 118 for hydrogen 

exchange, 202 for hydride transfer, 292 for cracking and finally 297 for 

dehydrogenation, all in kilojoules per mole. For the cracking reaction, two 

different transition states with the same activation harrier have been 

obtained, dependent on the approach of the ethane molecule to the zeolite 

cluster. A study of the relation between acidity and the structure of the 

zeolite shows that the transition state for the hydrogen exchange reaction is 

rather covalent and its geometry resembles the well-known carbonium ion, 

while the others are rather ionic carbenium ions. From the calculated 

activation harriers as welt as vibrational, rotational, and translational 

partition functions, reaction rate constants have been evaluated by means of 

the transition state reaction rate theory. 



Chapter3 

3.1. Introduetion 

At the present there is a significant increase in the understanding of the conversion 

reaelions of alkanes catalyzed by zeolites.l This is assisted by experimental studies on the 

conversion of intermediale size molecules at low conversion rates where the primary 

reaelions are prevalent and product distributions easier to analyze.2-4a Together with the 

increasing computational facilities, those reaelions can be studied by means of accurate ab 

initio quanturn chemica! calculations, providing a better understanding of the catalytic 

processes at the molecular level. For the smallest hydrocarbon possible, methane, two 

different reaelions are possible, hydrogen exchange and dehydrogenation. The first reaction 

has been found4-6 to proceed via formation of a structure which resembles a carbonium ion 

strongly stabilized by the lattice. The second5,6 involves aC-H bond breaking, with formation 

of a transition state carbenium-like structure that becomes attached to the zeolitic framework. 

Larger molecules involve also the C-C bond cracking as well as hydride transfer reactions. 

The two major routes for alkane crack.ing7 over acidic zeolites involve bimolecular hydride 
transfer foliowed by ~-cission or the monomolecular attack of a C-C bond by a H+ from the 

catalyst to form a carbonium ion. This then cracks, giving a paraffin in the gas phase and the 

remaining fragment staying adsorbed on the catalyst as carbenium ions. The carbenium ion 

formed can then desorb as an olefin, while restoring the H+ of the catalyst. The use of 

quanturn chemica! techniques may provide a detailed understanding of such reactions on a 

molecular level. 

The acidic function of a zeolite such as H-ZSMS is duetoprotons that are attached 

to the oxygen atoms of the zeolite framework. The catalytic activity is related to the intrinsic 

acid strength of those protons. The proton affinity of zeolites is modified by both chemica! 

and structural variations in the zeolite latlice. A study by Kramer and van Santen8 showed 

that the proton affinity, the theoretica! measurement for the zeolite acidity, can be mlmlcked 

by constraining the peripheral bonds of the cluster model for the zeolite. In a study on the 

relalion between acid strength and catalylic activity of a zeolite CH4 deuterium exchange, 

recently presenled by Kramer et aJ.,4 it is shown that the reaction barrier height increases with 

an increasing proton affinity difference between the two structurally neighboring oxygen 

atoms. This explains, for this reaction, the difference in activity of two structurally different 

zeolites. 

In the present study, density funclional theory (DFT) calculations are used to obtain 

the transition states involved in the reactions of hydrogen exchange (eq 3.1), crack.ing (eq 

3.2), and dehydrogenation (eq 3.3) of ethane catalyzed by an acid zeolite. Additionally, the 

transition state for hydride transfer reaction (eq 3.4) between a methanol molecule and a 

methoxy (CH3-zeolite) surface is presented. 

CzH6 + HOZ---+ (CzHs ••• Hz+ ••• ZQ-)l: ---+ ZOH + CzH6 

CzH6 + HOZ---+ (CH3+ ••• CH4+ ••• ZO·)l: ---+ ZOCH3 + C~ 
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CzH6 + HOZ ~ (C2H7+ ••• zo-yt: ~ ZOCzHs +Hz (3.3) 

CH30H + ZOCH3~ (CH4+ ••• HOCHz+ ••• zo-yt: ~ ZOCHzOH + CH4 (3.4) 

A comparison with the analogous reactions for methane6 as well as reactions for 

ethane obtained with a different method5 is presented in the text. By means of the transition 

state reaction rate theory, the elementary rate constants were computed. An analysis of the 

relation between proton affinity (acidity) and activation harriers will also be presented. 

3.2. Metbod 

3.2.1. Computational Details. All calculations in this study are based on density functional 

theory (DFf)9, using the DGauss program (versions 2.1 and 2.3), part of the UniChem 

package from Cray Research, Inc.IO The calculations were carried out applying the local 

density approximation (LDA) using the exchange-correlation potential in the form 
parametrized by Vosko et aJ.ll To the final optimized structures, nonlocal (NL) correlation 

and exchange corrections due to Perdew 12 and Becke, 13 respectively, are included to the final 

total LDA energy. The LDA without any nonlocal correction are shown to be inadequate for 

the calculation of accurate binding energies for reactions which involve hydrogen transfer.6,14 
The basis sets used are of double-Ç quality and include polarization functions for all 

non-hydrogen atoms (DZPV).l5 A second set of basis functions, the auxiliary basis set,l6 is 

used to ex pand the electron density in a set of single-partiele Gaussian-type functions. 

The tot al LDA energy gradients are computed analytically .17 Geometry 

optimizations are carried out to a minimum in the case of reactants and adsorption complexes 

and to a saddle point in the case of transition states (TS's). Fora TS, the norm of the gradient 

is minimized and not the energy.IS The frequencies are obtained by evaluating the matrix of 

the second derivatives by a finite difference scheme using the analytic first derivatives.l9 

Unscaled frequencies have been used and zero-point energy (ZPE) corrections included. 

The molecular system used consisted of one ethane molecule and a tritetrahedral 

cluster, H3SiOA1HzOHSiH3 (or AIH cluster), that represents the acidic zeolite. In the case of 

hydride transfer, the system consisted of one methanol molecule and the methoxy species, 

H3SiOA1HzOCH3SiH3, where the acidic proton has been replaced by a methyl group. In 

both, cluster and methoxy surfaces, the aluminum atom was terminated by two hydrogen 

atoms and the peripheral bonds of the silicon atoms were saturated with hydrogens. All 

structures were also obtained with a larger cluster, H3SiOHAl(OH)zOSiH3, the Al OH cluster, 

and the corresponding AlOH-CH3 methoxy surface. In this case the aJuminurn atom was 
terrninated by two hydroxyl (OH) groups instead. For the hydroxyl aJuminurn terrnination, 

not all structures were completely optimized, as it will be discussed in the text. No syrrunetry 

constraints have been used in any of the calculations. 
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3.2.2. Reaction Rate Constants. The reaction rate constants were calculated using transition 

state reaction rate theory (TST).20 It is based on the application of statistica! mechanics to 

reactants and activated complexes. The reaction rate constant (kr) expressed in termsof "rate 

per acidic proton" has been presenled in the previous ebaper (eq 2.3). There, instead CH4 read 

C2H6. In the case of the hydride transfer, it is considered that a methanol molecule interacts 

with a methoxy zeolitic surface. In that case qv, qr, and q1 must be evaluated for the methanol 

molecule, and qv, for the methoxy surface and transition state. The natura! logarithm of the 

reaction rate constant, In kr, is a linear function of the redprocal temperature (1ff) according 

to the equation 2.4 presented in the previous chapter. 

As last, a comparison between the pre-exponent obtained with the transition state 

theory (A TST) and the hard sphere pre-exponent (AHS), which gives the number of collisions 

of an ethane molecule approximated as a hard sphere, can be made. The latter sets an upper 

limit for the former. The hard sphere pre-exponent is given by 

(3.5) 

where m is the mass of the ethane molecule and d is its kinetic diameter in the gaseous phase 

(8.1 Á)21 obtained from the collision cross section. This equation is analogous to the 2.5 

presented in Chapter 2. For the hydride transfer, a methanol molecule is considered instead. 

lts kinetic diameter was calculated to be 3.6 A.22 A smal! ratio ATSTfAHS means a significant 

decrease in reaction entropy, due to loss in rotational or translation al degrees of freedom. 

3.3. Results 

3.3.1. Hydrogen Exchange. Figure 3.1a shows the calculated transition state (TS) for the 

reaction of hydrogen exchange (or hydrogenldeuterium exchange) of ethane catalyzed by an 

acidic zeolite. The arrows in the figure represent the movement of the atoms according to the 

reaction coordinate (obtained from the imaginary mode). It shows the transfer of the zeolitic 

proton to ethane and the symmetrical return of the hydrogen atom from ethane to the zeolite. 

Both oxygens of the lattice are involved in the reaction, one as a proton acceptor (base) and 

the other as proton donor (acid). Just like for methane,6 the hydrogen atoms are nearly half

way between carbon and the zeolitic oxygen atoms. Although no symmetry constraints have 

been used, the TS obtained for this reaction has nearly the Cs symmetry. 

Table 3.1 shows the energetic and dynamic information obtained for all fragments 

and TS's for all studied reactions. The activation barrier for hydrogen exchange of ethane with 
respect to the reactants in the gas phase including ZPE corrections was found to be 

118 kJ/mol. The TS obtained using a larger AIOH cluster presenled two imaginary modes. 

The first is the reaction coordinate, and the second, very small, is associated with a bending 

movement of one of the OH groups bound to aluminum. The activation barrier obtained with 
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this cluster, 117 kJ/mol, is on1y I kJ/mol lower than that for the smaller AIH cluster. The 

activatien harrier calculated for ethane hydrogen exchange is just a few kilojoules lower than 

for methane using the samecluster and method6 (""120 kJ/mol) as well as an estimate from 

experimenr48 ( 122 kJ/mol). One concludes that the effect of a carbonium ion stabilization due 

to the attachment of one additional carbon atom is not really important for this reaction. No 

experimental activatien harriers for ethane activatien are available in the literature, so a 

comparison with n- and/or isobutane will be made. The experimental apparent activatien 

energy for n-butane hydrogen/deuterium exchange in H-ZSM5 zeolite obtained by Lercher et 
al.2 was found to be 85 kJ/mol. The heat of adsorption of n-butane in H-ZSM5 zeolite 

according to different sources2,23 is 51-60 kJ/mol. Adding the heat of adsorption to the 

apparent activatien energy, one obtains the true activatien harrier, 133-145 kJ/mol. The 

experimental true activatien energy should be corripared to the calculated activatien harrier 

with respect to the reactants in the gas phase (118 kJ/mol for hydrogen exchange) plus the 
adsorption energy of ethane in the zeolite. We have firstly tried to calculate the heat of 

adsorption of ethane in the zeolite cluster theoretically, but DFT seemsnot to be suitable to 

reproduce adsorption energiesof systems involving weak van der Waals interactions, even if 
nonlocal corrections are included self-consistently, giving a slightly endethermie adsorption. 

Because of that, in order to compare with the experimental data, the experimental heàt of 

adsorption of ethane in H-ZSM5,23 29 kJ/mol, is being used. The "theoretica! true harrier" for 
ethane hydrogen exchange is, thus, 147 kJ/mol, which agrees remarkably well with the 

experimental true activatien harrier obtained by Lercher et aJ.2 for n-butane. 

Table 3.1. Tata/ Energies tor the Fragments and Transition States, TS, (Hartrees), ZPE (Kcal/mol), 

Activation Barriers, Ebar. and Arrhenius Activation Energies, Eact. (kJ/mol) and lmaginary 

Freguencies, IF 

energy 

Cluster AIH -977.424512 

Surface Methoxy AIH -1016.732150 

Ethane -79.839213 

Methanol -115.749107 

TS hydragen exchange -1057.214004 

TS cracking(1) -1057.150102 

TS cracking(2) -1057.151186 

TS dehydrogenation -1057.145600 

TS hydride transfer -1132.400543 

ZPE 

51 .77 

70.00 

45.48 

31 .35 

94.34 

95.78 

96.48 

94.15 

99.03 

+ 118.4 

+292.2 

+292.3 

+297.2 

+202.2 

Eact 

+125.7 

+302.5 

+299.7 

+305.2 

+212.9 

.IF 

-1374 

-543 

-209 

-836 

-182 

The geometry obtained for the AIH transition state for the reaction of hydrogen 

exchange is shown in Figure 3.1b. As mentioned before, the hydrogen atoms are nearly half

way between the carbon atom and the zeolitic oxygens, about 1.32-1.33 Á. These numbers are 

nearly the same astbeones obtained for methane.6 When comparison is made with Hartree-
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Fock (HF) calculations for methane,4,5,24 the difference is larger. In the basis of the computed 

geometry, one ob serves that the structure obtained with the HF method seems to be more 

ionic than that obtained with DFf, where the Hartree-Fock 0-H and C-H distances are, 

respectively, shorter and Jonger than that for the DFf method. The distance C-C, 1.519 Á, is 

nearly the same as that calculated for the free ethyl carbonium ion25 using HF/MP2(full)/6-

31G** and the gas phase ethane molecule with DFf (both 1.517 Á). The geometry of the 

calculated TS resembles a free pentacoordinated ethyl carbonium ion. 

a b 
=1.519 c 

3 

1.323, •1.319 

®è0 

'

1.330, ,1.3~0 . 
. 66'k't. \ 1.66 c:::::::v. 8 8 . 8 1 

~4 ~ \\_ 

126.9 126.3 0 

@Al, ~Si, @ C, 8 0, 0 H 

Figure 3.1. (a) TS tor the exchange process between ethane and an acidic zeolite. The arrows 

indicate the main components tor the displacement of the atoms along the reaction coordinate. 

(b} Geometry of the TS tor the acid catalyzed reaction of hetero-exchange of ethane. Disfances in 

angstroms and angles in degrees. 

Table 3.2 gives the Mulliken charges. The charge obtained for aJuminurn using this 

small AIH cluster is much too smal!. Nevertheless, as observed before,6,26 properties like 

infrared spectra, geometry, or energies (activation harriers and adsorption energies) seem to 

be not too much affected by the kind of terminal group on the aJuminurn atom. The group 

C2H7+ can be divided in two distinct parts: the C2Hs, nearly neutra!, and the two hydrogens 

in between the carbon and the zeolitic oxygens, which are positively charged. These results 

disagree with results obtained in measurements of mass spectroscopy27 and ab initio 

calculations28 for the free methyl carbonium ion, which is believed to represent a complex of 

methyl carbenium ion with molecular hydrogen. This difference in charges for the calculated 

transition state and the free methyl carbonium ion is believed to be a result of the interaction 
with the lattice oxygens, which are strong proton acceptors (basic). 
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Tab/e 3.2. Mulliken Charg_es 

HH exchange Cracking(1) Cracking(2) Dehydrogen. Hydride transfer 
lig 1a lig 3a lig 4a lig Sa lig 6a 

C1 -0.657 -0.868 -0.792 -0.511 -0.430 

C2 -0.670 -0.662 -0.744 -0.640 -0.810 

H1 0.294 0.321 0.339 0.149 0.364 

H2 0.294 0.317 0.315 0.050 0.197 

H3 0.276 0.288 0.303 0.352 0.293 

H4 0.272 0.289 0.304 0.379 0.466 

H5 0.246 0.355 0.355 0.269 0.331 

H6 0.246 0.346 0.366 0.267 0.350 

H7 0.247 0.312 0.313 0.248 0.304 

01 -0.695 -0.683 -0.685 -0.657 -0.678 

02 -0.695 -0.626 -0.637 -0.602 -0.610 

03 -0.309 

Al 0.331 0.225 0.213 0.215 0.213 

Sl1 0.285 0.266 0.270 0.282 0.272 

Si2 0.284 0.263 0.253 0.284 0.251 

Table 3.3 shows the calculated rate constants (kr) according to different 

temperatures for all studied reactions. This reaction presents large kr compared to the other 

reactions, resulting in a lower activatien harrier. The Arrhenius plot is shown in Figure 3.2. 

The slope of the curve gives the Arrhenius activatien energy, which was obtained from a 

linear fit of the plot. The activatien harrier (Ebar) and Arrhenius activatien energy (Eact). 

shown in Table 3.1, differ by a few kilojoules per mole. The pre-exponents ratio ATSTfAHS, 

shown in Table 3.4, is in essence rather small (lQ-4), representing a considerable decrease in 

the entropy of the system, due to a loss of rotational and translational degrees of freedom. 

Nevertheless, between all studied reaelions for ethane, this is the one which presents the 

largest ATSTfAHS ratio. The transition state obtained for the hydrogen exchange reaction is 

thus the loosest An explanation for that is the fact the C2Hs group is nearly neutra!. resulting 

in a weak interaction with the rest of the system. 

Tab/e 3.3. Ra te Constanis (k,, rrf3mor1 s-1) tor Different Temperatures (T, K) 

T HH exchange Cracking(1) Cracking(2) Dehydrogen. Hydride transfer 

273 1.57-10·19 1.36-10-53 1.51-1 o·S4 7.73·10-55 5.85-1o·37 

473 u o-1o-9 1.66-10·29 1.14-1 o-3o 1.50-1o-3o 3.79-1 0·20 

673 1.52-10-5 1.53-10·19 8.17-10"21 1.67-10·20 4.03-10·13 

873 3.35-1o-3 4.85·10·14 2.22-1o-1s 6.05-1o-1s 3.36·10·09 

1073 1.15-1o-1 1.59·10·10 6.58-1o-12 2.19·10·11 1.14-1 o-os 
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Figure 3.2. Arrhenius plot: temperafure (T) dependenee of the naturallogarithm of the ra te constants, 

In kr. obtained tor the studied reactions. The simbols represent the calculated In kr and the /ines, the 

/inear fit. 

3.3.2. Cracking (Path 1). Two different transition states have been obtained for the cracldng 

reaction of ethane catalyzed by a zeolitic proton. The first of them, for easier reference 
cracking(l), is depicted in Figure 3.3a. The only imaginary mode obtained has its main 
components represented in the figure by the arrows. The zeolitic proton has migrated to one 

of the carbon atoms, and, there, a methane molecule is almost formed. In order to 

accorrunodate the proton coming from the zeolite, the hydrogen atom H2 bends a little to the 

right side. The arrows represem also very clearly the separating motion of the carbon atoms 
and consequent formation of a methyl group attached to the zeolite. This last group resembles 

a trigonal planar carbenium ion, with hybridization very close to sp2. Additionally, it is also 

possible to see in this figure the effect of relaxation of the hydrogen atoms. Just like for the 

previous reaction studied, the oxygens of the lattice play a role of Brfl}nsted acid (donating a 
proton) and Lewis base (receiving the CH3 group). The carbenium ion formed is strongly 

stabilized by the basic oxygen of the lattice. 

Table 3.4. Preexponent Ratio (ATSTJAHSJ tor Different Temperatures (!. KJ 

T HH exchange Cracking{1) Cracking{2) Dehydrogen. Hydride transfer 

273 8.61-10"4 5.33-10"4 1.53-1 o-5 1.08-1 o-4 7.27-10"4 

473 6.54-10"4 4.05-10"4 1.16·1 o-5 8.22-10"5 5.52·10"4 

673 5.48-1 o-4 3.39-1o-4 9.72·10·6 6.89·10·5 4.63-10'4 

873 4.81 -10"4 2.98·10"4 8.53-10'6 6.05-10"5 4.07-10'4 

1073 4.34-10"4 2.69·10"4 7.70-10"6 5.46-10'5 3.67-10"4 
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The calculated transition state for cracking is slightly different than that obtained 

previously by Kazansky et al.29 with the HF/3-210 method using the smal! HOAI(H2)0H2 

cluster. In that work, the right side CH3 group is rotated by approximately 90' with respect to 

the zeolitic proton compared to the present study. As will be discussed later, it is closer to the 

transition state of path 2 for cracking. In a recent study Collings and O'Malley30 performed 

AM! calculations for the cracking reaction of butane and hexane, using as a model for the 

zeolitic system the H3SiOHAlH3 cluster. There the acidic proton attacks directly the C-C 

bond, and a smaller alkene and alkane are formed from the resulting carbonium ion. They 

predict that tbe protolysis reaction is then not driven by an acid-base pair type reaction. Their 

model for the zeolite, however, does not include the basic oxygen, hence not allowing for the 

possibility of a Br~nsted acid!Lewis base catalyzed reaction. 

a b 

Figure 3.3. (a) Reaction coordinate , and (b) geometry of the TS for the reaction of acid catalyzed 

cracking(1) of ethane. Distances in angstroms and ang/es in degrees. See Figure 3.1 for the pattem of 

the atoms. 

An activation harrier of 292 kJ/mol with respect to the reactantsin the gas phase was 

found for the cracking( 1) reaction. A slightly lower activation harrier was found for the larger 

cluster AIOH (287 kJ/mol). However, in this case the transition state was not fully optirnized, 

since four imaginary modes were present. Except the one related to the reaction coordinate, 
all others are related to the hydrogen's and hydroxyl's terrninations of silicon and alurninum, 

respectively. The ex perimental apparent activation harriers obtained by Stefanadis et al.31 for 

isobutane cracking and dehydrogenation catalyzed by H-ZSM5 are, in both cases, 57 kcal/mol 

(238 kJ/mol). Including the adsorption energy (51-60 kJ/mol2,23 for n-butane, which is only 1 

kJ/mol higher than that for isobutane on HX zeolite6), the true activation energy becomes 

about 289-298 kJ/mol. Corma et al.3b have obtained in experimentsof isobutane cracking in 

highly dealuminated USY-2 zeolite an apparent activation harrier of 37.5 ± 4.5 kcal/mol 

(=157 ± 20 kJ/mol), what is considerably lower than that obtained by Stefanadis et aJ.,31 

despite the different kinds of zeolites that were used. Actding the adsorption energy (for n-
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butane in H-ZSM52,23), the true activatien energy becomes 208-217 ± 20 kJ/mol. Lercher et 

aJ.2 found an apparent activatien harrier for n-butane of 140 kJ/mol. Adding the adsorption 

energy2,23 the true barrier is 190-200 kJ/mol. These results differ considerably from each 

other, specially the last two2,3b as compared to the experiment performed by Stefanadis et 

al. 31 If one realizes that, in the work of Stefanadis et aPl for isobutane, a secondary 

carbenium ion is formed, which is more stabie than the primary carbenium ion formed for n

butane in the work by Lercher et al. ,2 such a large difference is really surprising. It is 

possibly due to the experimental conditions applied. In the work of Stefanadis et al.31 also 

propane appeared to be the primary product, possibly formed due to hydride transfer reaction, 

which could be responsible for the difference in the experimentally measured overall 

activatien harrier. In a previous study on methane6 it has been shown that in the gas phase the 

carbenium ion CH3+ is nearly 200 kJ/molless stabie than a primary carbenium ion and 300 

kJ/mol less stabie than a secondary carbenium. Comparing the "theoretica! true harrier" 

(ethane cracking Ebar· 292 kJ/mol, plus the adsorption energy of ethane,23 29 kJ/mol) 

obtained in the present study (321 kJ/mol) with the experimental true activatien energies for 

the ex perimental studies ju st mentioned, one can conclude that the results are consistent when 

taking into account the difference in energy between the intermediates formed. The difference 

with the experiment of Stefanadis et aJ.31 seems to be very small, only 23-32 kJ/mol, 

especially consictering that in their experiment a secondary carbenium ion is formed. This has 

to be considered accidental. In comparison with the other two studies (Lercher et aJ.2 and 

Corma et aJ.3b), the difference seems to be, initially, very large (over 100 kJ/mol) . 

Nevertheless, it is much smaller than the difference in energy between the respective 

intermediates in the gas phase, indicating strong stabilization by the frame. The activatien 

harrier obtained in the calculation performed by Kazansky et al.,29 390 kJ/mol, is nearly 100 

kJ/mol higher than the one obtained in the present work. This is certainly due to a much too 

smal! cluster model for the zeolite as well as the basis set used; The semiempirical metbod 

used by Collins and O'Malley30 is not suitable for calculating total energies or activatien 

harriers, as discussed in their own paper and shown before.6 Their activatien harrier was 

calculated to be 370 kJ/mol, which is 80 kJ/mol higher than the one obtained in the present 

work. 

Figure 3.3b shows the TS geometry for the acid catalyzed cracking(1) reaction. The 

zeolitic proton is at a distance of only l.l7 À from the CH3 (right side) group, in such a way 

that the methane molecule is almost formed. In the opposite direction, the distance H1-0l is 

very long, 1.91 À. Parallel to the zeolitic proton is C2, at a distance of 1.59 À. It is possible to 

imagine that a smal! interaction between Hl and C2 exists. All other C-H distances are in turn 

of l.lO À, except the bond C1-H2, which is slightly Jonger, l.l2 À. The distance C-C, 2.064 

À, is much Jonger than inthefree ethane molecule ("'1.54 À). The geometry of the CH3 group 
(left side) is trigonal planar, with the H-C-H angles in the order of 120 ± 3', like in classica! 

carbenium ions. lts distance from the basic oxygen (02) is 2.20 À. The angles Si-0-Al are 

quite different from each other (117 and 130' ) according to the approach of the CH3 group to 
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the basic oxygens, especially if compared with the cluster's angles in the case of hydrogen 

eic.change, which is a symmetrical structure. 

The Mulliken charges, shown in Table 3.2, depiet a situation where a carbenium ion 

in the left side ( +0.351) approaches the basic 04 and an almost neutral CH3 group in the 

right side ( +0.03) receives a proton ( +0.347). This picture is different than the one obtained 

by Kazansky et al.,29 where the right side CH3 group is negatively charged (-0.30) and the 

carbenium ion more positively charged ( +0.57). This could be due to the smal! distance and 

consequent interaction between C2 with the zeolitic proton Hl. In essence, it is difficult to 

compare the charges obtained with the two different methods, especially because Mulliken 

charge analysis is a rather arbitrary method. The charge on Al is much too smal!, for the same 

reason as discussed in the previous section. 

Tbe reaction rate constants for the cracking( 1) reaction are much smaller than for 

hydrogen exchange, as can beseen in Table 3.3. This is due toa higher activation barrier. The 

Arrhenius activation energy obtained from a linear fit of the Arrhenius plot (Figure 3.2), 302 

kJ/mol, is higher than the directly calculated activation barrier, 292 kJ/mol (Table 3.1). The 
ratio ATSTJAHS shown in Table 3.4 is rather small, repcesenting a considerable decreasein 

the entropy of the system due to a loss of rotational and translational degrees of freedom. lt is 

almost two times smaller than the ratio obtained for the hydrogen exchange reaction. It is 

possible to say that the TS for cracking(l) is, thus, a little more tight than for hydrogen 

exchange. 

3.3.3. Cracking (Path 2). The second transition state obtained for the reaction of cracking, 

for easier reference called cracking(2), as well as its geometry are depicted in Figures 3.4a 

and 3.4b. In Figure 3.4a, according to the arrows, one sees the attachment of the CH3 group to 

the basic oxygen, 02, as well as the simultaneous transfer of the proton, H 1, from the zeolite 

to the carbon atom Cl, with formation of a methane molecule. Following the reaction path for 

cracking(2), which is depicted in Figure 3.4c, it is possible to see that in this path an 

additional step was required, involving the rotation of the CH3 group. Structure I in Figure 

3.4c is the calculated adsorbed complex of the ethane molecule in the zeolitic cluster, which 

corresponds to alocal minimum in the potential energy surface, lying 19 kJ/mol higher in 

energy than ethane + the AIH cluster in the gas phase. The repulsive interaction obtained 

indicates that ethane interacts very weakly with the cluster. In order to obtain a better 

description of the system, it would be necessary to include nonlocal corrections self

consistently26 as wellas a largerbasis set would be necessary, which makes the calculation a 

lot more expensive. Structure 11 in Figure 3.4c presents only one imaginary mode, being thus 

a transition state which is related to the rotation of the CH3 group around the C-C bond. 

Structure 11 (where ethane is the eclipsed isomerie form) is 9 kJ/molless stabie than structure 

I (where ethane is the staggered isomerie form). The experimental activation barrier for such 

rotation of the ethane in gas phase32 is 3 kcal/mol ( 12.5 kJ/mol), ju st a little higher than that 

calculated here. Transition state II in Figure 3.4c is a very interesting structure because the 

carbon atoms are indistinguishable, being free to also rotate along an axis perpendicular to the 
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C-C bond. Starting from the TS for the cracking(2) reaction, structure lil in Figure 3.4c, 

suppose the carbon atom Cl donates its proton to the zeolite and binds to C2, generating the 

structure II. 
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C2Hs + 
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Figure 3.4. (a) Reaction coordinate (represented by the arrows), {b) geometry, and {c) simplified 

reaction path tor the acid catalyzed cracking(2} of ethane. Disfances in angstroms and ang/es in 

degrees. See Figure 3. 1 tor the pattem of the atoms. 

46 



Activatien of C-H and C-C bonds by a Br~nsted Zeolitic Proton 

There the ethane molecule is free to rotate perpendicularly to the C-C bond, where Cl takes 

the place of C2 and vice versa. From this rotation, no changes in the system will be observed 

since the carbon atoms are indistinguishable. Suppose now the reaction does not proceed, but 

it cracks back to structure m. It is now C2 that will get the proton back from the zeolite and 

not Cl. Such is an indirect path for the reaction of hydride transfer. lt is important to note that 

if structure 11 is a transition state, and it is, this means that in both sides of the reaction 

coordinate there exists a minimum point. Structure I is one of the minima, while, between 

transition states 11 and lil, another minimum should be found. Despite a big effort, such a 

minimum could not be found . It is certainly a very flat minimum. lt is also interesting to call 

attention to the fact that for cracking( 1) the reaction path is simpler, involving only the 

adsorption complex depicted in Figure 3.4c (structure I) and the transition state itself depicted 

in Figure 3.3a. 

The activation harrier with respect to reactants, 292 kJ/mol (see Table 3.1), is 

exactly the same as that obtained for the other transition state for cracking(l). For the AlOH 

cluster, where two imaginary modes are present, the harrier is 287 kJ/mol. All comparison 

with experiments2,3b,31 and other calculations,29,30 already made for cracking( 1), are also 

valid here. 

The geometry for the cracking(2) transition state is presented in Figure 3.4b. The 

H2-Cl bond, 1.186 A, is longer than a regular C-H bond. The distance H2-C2 is relatively 

short ( 1.381 A), indicating that the interaction of H2 with the carbenium ion is strong. 

Comparing this transition state with the one obtained for cracking( 1), shown in Figure 3.3b, it 

is possible to see that for cracking(2) the carbenium ion is further from the zeolitic cluster, 

while the methane molecule is closer to it. Also the carbenium ion itself does not present a 

sp2 hybridization as it is for cracking(l), due to the presence of the H2 atom close by. 

Comparing such TS with the one obtained by Kazansky et ai.29 for cracking with the HF/3-

21 G method, the basic differences are that in the present work the di stance C 1-C2 is 0.21 A 
shorter and the angle H2-Cl-C2 (45') obtained in the presentworkis 30' smaller than the one 

obtained by Kazansky et ai.29 The Sil-02-Al angle obtained hereis rather smal!, 115'. The 

Mulliken charges arepresentedon Table 3.2. In a general point of view, they do not differ too 

much from that obtained for cracking(l). The charge of the carbenium ion (left side) is 

smaller than for cracking(l), while the methane molecule (right side) is more positively 

charged than that in cracking(l). Discussion over the aluminum atom has been already 

presented insection 3.3.1. 

Although the activation harrier of cracking(2) is exactly the same as that for 

cracking(l), the rate constants presented in Table 3.3, are slightly smaller as a consequence of 

a different geometry and, so, different vibrational frequencies. The plot of the natura! 

logarithm of kr in Figure 3.2 shows a different slope of the curve comparing cracking( 1) and 

-(2). Thus, the Arrhenius activation energy (Table 3.1) obtained for cracking(l), 303 kJ/mol, 

is also different than that for cracking(2), 300 kJ/mol. The ratio ATSTfAHS for cracking(2), 

presented in Table 3.4, is the smallest compared to all reactions ( I0-5_1(}·6). This implies that 

the transition state formed is the most rigid of all studied reactions. The fact that the CH3 
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group is very close to the hydrogen H2, from the just formed methane molecule, which 

provides an additional stabilization to the system, could be an explanation for the fact that this 

transition state is more rigidly attached to the zeolitic cluster than in the other cases. The loss 

in rotational and translational degrees of freedom is, so, the largest. 

3.3.4. Dehydrogenation. Figure 3.5a shows the calculated transition state and the 

corresponding reaction coordinate for the reaction of dehydrogenation of ethane catalyzed by 

an acidic zeolite. The reaction coordinate shows the simultaneous movement of the proton 

(H 1) together with a hydrogen of ethane (H2) into the direction of formation of a Hz 

molecule. From the figure it is possible to see that the Hz molecule is almost formed. The 

carbon atom (C 1) moves toward the basic oxygen atom (02) of the zeolite cluster, resulting in 

the formation of a methoxy (CH3-zeolite) surface. The carbon (Cl) resembles a primary 

trigonal planar carbenium ion. The movement of the other hydrogens is just of relaxation 

around the basic site. Just as for the previous reactions, this is a Br!1lnsted acid - Lewis base 

catalyzed reaction. 

a b 

Figure 3.5. (a) Reaction coordinate and (b) geometry of the TS tor the acid catalyzed 

dehydrogenation of ethane. Distances in angstroms and angles in degrees. See Figure 3. 1 tor the 

pattem of the atoms. 

Table 3.1 shows the corresponding energies for this system. The computed 

activation harrier (with respect to the gas phase) for this reaction is 297 kJ/mol. The AlOH 

cluster successfully optirnized to only one imaginary mode presents an Ebar only 3 kJ/mol 

lower than AlH, 294 kJ/mol. The corresponding computed activation harrier obtained for 

methane,6 343 kJ/mol, is nearly 50 kJ/mol higher than for ethane. This shows that the 

carbenium ion formed is strongly stabilized on going from CH3+ to the primary, CH3CHz+ 
carbenium ion. Considering that for the reaction of dehydrogenation a primary carbenium is 

formed, while for crackinga CH3+ carbenium ion is involved, the small difference obtained, 

5 kJ/mol, between those two reactions seems initially somewhat surprising. Nevertheless, if 

one keepsin mind that is more difficult to breakaC-H bond than a C-C bond, it is possible to 
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condude that there is a compensation between the stability of the intermediate formed and 

bond strength. The experimental apparent activation energy obtained by Stefanadis et aJ.31 for 

isobutane dehydrogenation was reported to be 238 kJ/mol, the same as measured for the 

cracking reaction. Corma et aJ.3b have found an apparent activation barrier for the 

dehydrogenation of isobutane in USY zeolite of 39.6 ± 5.3 kcal/mol (=<165 ± 20 kJ/mol), just 

a few kilojoules per mole higher than that measured for cracking. This is consistent with the 

calculated difference in the present study, where the dehydrogenation Ebaris 5 kJ/mol higher 

than cracking. Lercher et aJ.2 found an apparent activation barrier for dehydrogenation of n

butane of 105 kJ/mol, which, contrary to that obtained by Corma et aJ.3b and in the present 

study, is 35 kJ/mollower than the harrier obtained for cracking. Comparing the experimental 

results for n- and isobutane with those calculated for ethane, one sees that similar conclusions 

as already made for cracking can be also made for dehydrogenation. The true activation 

energies obtained by Lercher et aJ.,2 156-165 kJ/mol, Corma et aJ.,3b 216-225 kJ/mol, and 

Stefanadis et aJ.,31 289-298 kJ/mol, should be compared to the theoretica! true harrier, 326 

kJ/mol, for ethane dehydrogenation. The difference is over 100 kJ/mol compared to the work 

of Lercher, nearly 100 kJ/mol compared to the work of Corma and only 30 kJ/mol compared 

to the work of Stefanadis. The additional information here is the comparison with the 

previous calculation for methane that gives the effect of stabilization of the intermediate 

formed in contact with the zeolite frame rather than in the gas phase, found to be only 50 

kJ/mol. Taking only this last element into account, it is possible to say that the present results 

agree well with the measurements of Stefanadis et aJ.,31 but if one thinks that also a 

hydrogen transfer reaction has occurred in their reaction, this similarity must be accidental. 

Also the difference between the activation harriers obtained by Lercher et a1.2 and Corma et 

aJ.3b with respect to the kind of intermediate formed is not clear. A more conclusive 

comparison is, at present, not possible. Kazansky et aJ.S have performed calculations for the 

transition state of dehydrogenation of ethane, and their activation harrier was calculated to be 

397 kJ/mol, the same as that for the cracking reaction, and so 100 kJ/mol higher than for the 

present study. 

Figure 3.5b shows the geometry for the calculated transition state of 

dehydrogenation. The hydrogens Hl and H2 are at 0.86 À away from each other, showing an 

almost formed H2 molecule. The C-C bond, 1.47 À, is shorter than in the free ethane 

molecule, calculated to be 1.517 À, probably as a consequence of the stretching of the bond 

Cl-H2. The geometry obtained is nearly the same as that obtained by Kazansky et aJ.5 except 

for the Ol-Hl bond distance, which is 0.14 À Jonger and, as a consequence, H2-Cl is 0.05 À 

shorter. The 0-Al-0 angle is also different, but since different cluster models for the zeolite 

have been used, no adequate comparison is possible. The Mulliken charges are shown in 

Table 3.2. The tricoordinated carbenium ion has a total charge equal to +0.364. The almost 

formed H2 molecule has a charge of +0.199, where Hl is almost neutra!, +0.050, and H2 is 

+0.149. Kazansky et al.s found a negative charge for Hl, -0.207, resulting in an almost 

neutrally charged H2 molecule. The charge of Al has been discussed in section 3.3.1. 
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At Jast, a discussion of the rate constants can be presented. Due to nearly the sarne 

activation harrier, the rate constants obtained for dehydrogenation are of the same order as 

those obtained for cracking(l) and cracking(2). The Arrhenius activation energy, 306 kJ/mol, 

as expected, is a little higher then the activation barrier, 297 kJ/mol. The ratio ATSTJAHS is 

almost 10 times smaller than for the reaction of hydrogen exchange. This indicates that, in 

this transition state, the ethyl group is more rigidly attached to the zeolite than for the 

previous reactions. Looking back to geometry and Mulliken charges for all discussed 

reactions, for hydrogen exchange, the system is nearly covalent and the CzHs group neutra!, 

indicating no strong interaction. For cracking, the carbenium ion formed is stabilized not just 

by the Jattice oxygen but also by the almost formed methane molecule. In the case of the 

dehydrogenation, it is the lattice that is actually involved in the stabilization process of the 

carbenium ion formed, since the Hz molecule contributes very few for that. This makes such a 

carbenium ion become rigidly bound to the zeolite, with a Jarger loss in rotation and 

translation movements. 

3.3.5. Hydride Transfer. It was not possible to find a transition state for hydride transfer 

between methane and adsorbed methoxy, but only between methanol and the methoxy 

surface. Figure 3.6a shows the calculated transition state for the reaction of the hydride 

transfer of methanol when in contact with a methoxy species (ZOCH3). The basic idea is that 

methanol donates one of its hydrogens to the methyl group of the zeolite and becomes itself 

adsorbed in the zeolite. The arrows which repcesent the displacement of the atoms according 

to the imaginary mode show the Jeft side almost formed methane molecule moving away 

frorn the zeolite surface. The right side HOCH2 group moves in the opposite direction toward 

the zeolitic oxygen, 01. The movement of methane formation is very clear. On the other 

hand, the movement of the HOCH2 group toward the zeolitic oxygen involves the rotation of 

the C-H bond. Consictering that Cl, Hl, and 01 arenearlyin the same line, Hl neects tobend 

to the Jeft side in order to give the chance to Cl to bind with 01. Due to the size limitation of 

the cluster used, where the silicon atoms are terminated by simple hydrogen atoms, at the end 

of the path search one of the hydrogens of the silicon atom was donated to Cl. Such would 

not happen in a real zeolite. It is also interesting to note that the transition state obtained is 

very similar to the transition state for cracking(2). The basic difference is that, in this case, H2 

is much closer to the methyl group than in the cracking(2) reaction. 

On calculating the activation harriers, the system to be taken into account is now a 

methanol molecule and the zeolitic cluster which had its proton replaced by a methyl group 

(methoxy surface). The corresponding difference in energiescan be found in Table 3.1. The 

activation barrier for this reaction is 202 kJ/mol. For the AIOH cluster it is 203 kJ/mol. Both 

AIH and AIOH transition states have been successfully optimized to only One imaginary 

mode. It has been shown earlier26 that for the cases where a strong nonbonding hydrogen 

interaction exists, specially for adsorbed structures, it is necessary to include nonlocal 

corrections self-consistently. Nevertheless, no large difference in energy was observed26 for 

the transition structures. So, in order to decrease the costs of the calculations, the structures 

50 



A crivation of C-H and C-C bands by a Brflnsted Zeolitic Proton 

have been obtained only with the NL correction, which has been included to the final LDA 

optimized geometry. Th is reaction is more difficult than that for dehydrogenation of 

methanol, 140 kJ/mol, with respect to the reactants.26 

The geometry of the transition state for hydride transfer is presented in Figure 3.6b. 

As discussed before, it resembles closely the transition state for cracking(2) (Figure 3.4a), 

except that now the C-C bond is longer by 0.4 Á and H2 has been almost totally transferred to 
the methyl group, with a C2-H2 distance of 1.218 Á. The hydrogens of the carbenium ion 

needed to bend a little in order to accommodate the hydrogen which came from methanol, not 

showing anymore the trigonal planar geometry. Mulliken charges show a little different 

picture for this transition state than for cracking(2). If the methanol molecule is considered, its 

total charge is +0.587, a lot positive, while the carbenium ion is less positive, +0.175. If one 

considers the methane molecule (+0.372) and the HOCH2 group (+0.384), the charge seems 

to be more equally distributed. The oxygen and carbon atoms of methanol do not have large 

negative charge, -0.309 and -0.430, respectively. Actually it is somewhat surprising that the 

oxygen is less negative than Cl. 

a b 

r =1. 22~.984 c-o 
.40 

2.418 1. 845 

Figure 3.6. (a) Reaction coordinate and (b) geometry of the TS for the reaction of hydride transfer 

between methanol and a methoxy surface. Disfances in angstroms and angles in degrees. See Figure 

3. 1 for the pattem of the atoms. 

The rate constants for hydride transfer are between hydrogen exchange and the other 

reactions, according to the increasing activation harrier. The ratio A TSTJ AHS, just like for 

hydrogen exchange and cracking(l), is in the order of 10·4 . It is thus a looser transition state 

than for cracking(2) and dehydrogenation. The Arrhenius activation energy (Table 3.1) 

difference with the activation harrier is large, 10 kJ/mol. 

The reactivity sequence found for C-H and C-C activation of ethane (hydrogen 

exchange, dehydrogenation and cracking reactions) and methanol (hydride transfer reaction) 

is (activation harrier in kilojoules per mole): 
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hydrogen exchange 

(118) 

< 

CluJpter 3 

hydride transfer 

(202) 

< cracking 

(292) 

dehydrogenation 

(297) 

3.3.6. Acidity Effects. Kramer and van Santen4 have shown how the pmton affinity (the 

theoretical measurement of the zeolite acidity) can be modified by chemica! and structural 
variations in the zeolitic lattice. The proton affinity can be mimicked by constraining the 

peripheral bonds of the zeolite cluster. They4•7 show that by assigning different bond lengtbs 

to the terminal Si-H bonds of the cluster and optimizing all other parameters, the proton 

affinity varies over a range of 1-2 eV, which is the samemagnitude as the expected variation 

in real zeolites. Figure 3.7 shows the general effect of changing the peripheral Si-H's 

distances for the zeolite cluster. On making Si-H's longer, the bond Si-0 becomes shorter, and 

as a consequence, 0-H longer. In another words, the bond 0-H becomes weaker, and the 

zeolite, more acidic. In the opposite way, to make Si-H honds shorter represents making the 

zeolite cluster less acidic. If the Si-H bonds in the left side of the cluster are changed instead, 

the effect is nearly the same, but now it is of "long distance", and so, weaker. To change the 

Si-H bonds in the transition structures wi!l provoke a different response according their 

nature, more covalent or ionic. The alternation in the bond distances due to the change in Si-H 

bond length are in agreement with the bond order conservation (BOC) arguments.33 A few 

distances presented an anomalous behavior according changes in the peripberal Si-H bonds. 

An example is the case where the Si-H's are madeshorter in the AlH cluster, which results in 

the 0-H bond becoming longer. This effect is probably because the compression of the Si-H 

bond changes mainly the repulsive interaction potential between the hydrogen and silicon 

atoms. This can eau se a significant rehybridization of the valenee electroos around Si, so that 

the bond order conservation principle no longer applies. 

Figure 3.7. Change in the bond disfances of the cluster according to changes in the Si·H bonds: 

S = shorter, L= langer. See Figure 3. 1 tor the pattem of the atoms. 

Table 3.5 shows the effect of changes in the proton affinity of the zeolite on the 

activation harriers for the studied reactions. Making the Si-H distances for the cluster and 

hydrogen exchange's TS (Ftgure 3.1a) in one side shorter, which means making the zeolitic 

site less acidic by decreasing the bond strength of the zeolite-proton, the activation harrier is 

found to increase to 132 kJ/mol. To make the 0-H bond longer, resulting in the weakening of 

the 0-H bond, results in the decrease of the activation harrier to 115 kJ/mol. Changes in the 

Si-H bond lengtbs on the right-hand side have a similar effect as changes in the left-hand side, 
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due to the symmetrical characteristic of the transition state. When the Si-H's in both sides are 

made Jonger or shorter simultaneously, there is compensating change in the relative energies, 

as it can be seen in the small increase in the activation barrier for both cases (Jonger and 

shorter). This was found before,4 and it is due to the covalent nature of the transition state. 

The energy barrier depends on the difference in the proton affinity of 0 I and 02. 

Effect of the Si-H Disfances (Proton Affinity) of the Zeolite over the Activation Barriers 

Si-H distance HH exchange Cracking(1) Cracking(2) Deh:tdrogen. H:tdride transfer 

equilibrium 118 292 292 297 202 

lelt - shorter 132 297 301 303 213 

lelt - longer 115 297 295 303 186 

right - shorter 132 313 312 314 203 

right - Jonger 115 279 283 291 199 

lelt/right- shorter 125 310 310 311 216 

lelt/right - longer 122 279 280 291 185 

The effect of changing the distances of the terminal Si-H bonds for the reactions of 

cracking(l) and -(2) and dehydrogenation (Figures 3.3a, 3.4a, and 3.5a) is nearly the same, 

but very different than it was for hydrogen exchange. This difference in behavior between 

these transition states is due to the difference in the ionic contributions to the interaction 

energy. When the interaction is purely ionic, it only depends on the oxygen charges and is 

thus not significantly affected by changes in Si-H bonds. In agreement with this, the 

dorninating parameter that controls the activation barrier is the bond energy of the proton in 

its ground state. Changes in the left side Si-H bonds almost do not affect the activation 

harrier, but only in the right side. The increasing acidity (Jonger zeolite-proton distance or, in 

another words, lower proton bond energy) reduces the activation harrier for dehydrogenation 

reaction less than for cracking, implying that the transition state for cracking is more ionic. 

The general effects of the zeolitic structure on the hydride transfer activation harrier 

are the same as for cracking and dehydrogenation, except that now it is the left-side Si-H 

bond distances which actually affect the harrier. This is because the harrier is now controlled 

by the strengthof the 0-C bond of the methyl group, adsorbed on the left side of the cluster. 

To increase the acidity of the zeolite, making the Si-H's Jonger in the left side represents the 

largest reduction of the harrier, compared to all other transition structures. So, the hydride 

transfer reaction can be considered as having the most ionic transition structure comparing to 

all studied reactions. 
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3.4. Conclusions 

The reactions of hydrogen exchange, crack.ing, and dehydrogenation of ethane 

catalyzed by an acidic zeolite cluster modeland additionally, the reaction of hydride transfer 

between methanol with a methoxy surface have been studied using the DFT method. The 

consequences of the changes in oxygen proton affinity on the activation harriers were 

investigated. Reaction rate constants were obtained by means of the transition state reaction 

rate theory. 

The activation barrier for the acid catalyzed hydrogen exchange of ethane, 118 

kJ/mol, is nearly the same as that previously estimated4 and calculated6 for methane. The 

effect of an additional carbon atom in this structure is smal!. The transition state obtained is 

rather covalent, and its geometry resembles a carbonium ion. lts Mulliken charges represent, 

nevertheless, a neutral C2H5 group covalently bonded to H2+•••0Z-. Between all studied 

reactions for ethane, the hydrogen exchange transition state is the loosest To increase the 

zeolite acidity by making the Si-H bonds in one side of the hydrogen exchange TS and cluster 

Jonger makes the barrier decrease and vice versa. If both sides are changed, the activation 
barrier al most does not change, showing the co valent character of this transition state. 

Two different transition states were obtained for the crack.ing reaction. For the first, 

the direct cracking takes place. For the other, the reaction path involves one more step 

corresponding the rotation of the ethane molecule from the conformational isomer staggered 

to eclipsed. This last is close to the one obtained in a previous HF calculation.29 Both 

transition states obtained present the same activation barrier, 292 kJ/mol, which is nearly 2.5 

times larger than that for hydrogen exchange. They are of ionic nature and have the 

characteristics of a carbenium ion. 

The activation barrier for the dehydrogenation reaction, 297 kJ/mol, is slightly 

larger than that for cracking. Again the transition state has to be characterized as ionic, 

generating a carbenium-type fragment. The activation barrier for dehydrogenation is less 

sensitive to the initia! proton-oxygen interaction energy than it is for the crack.ing reaction, 

which is more strongly affected by an increase in acidity. 

Hydride transfer of methanol has a calculated activation barrier of 202 kJ/mol. The 

transition state obtained is again to be characterized as loose, implying a weak interaction 

with the zeolitic cluster. An increase in the acidity decreases the barrier for the hydride 

transfer reaction more strongly than for all other reactions, showing this to be the most ionic 

transition structure in between all other presented in this study. 
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Low Coverage Methanol Adsorption 
and Activation by an Acidic Zeolite 4 

Density functional theory is used to de termine transition states, adsorption, 

and dissociative complexes of Br~nsted-acid-activated methanol at low 

coverages. The respective activation harriers, and adsorption and 

desorption energies for the reacrions of hydrogen exchange and dehydration 

of methanol are presented. The activation harriers were found to he +10 

and + 215 kJ/mol for hydrogen exchange and dehydration, respectively. The 

methoxonium ion intermediate ofthe hydrogen exchange reaction wasfound 
to he a transition state corresponding to a maximum in the potenrial energy 

surface, rather than a chemisorbed species. The dehydration reaction forms 

a surface methoxy species that is a methyl group bonded to the basic oxygen 

lattice. An analysis of the equilibrium constants shows that for both 

reacrions methanol wilt adsorb initially with the hydroxyl group directed to 

the basic oxygen of the zeolite cluster model, perpendicular to the zeolitic 

surface (end-on). The dehydration reaction proceeds via af ast equilibration 

between this first mode of adsorption (end-on) and an adsorption mode 

where now the methyl group is directed to the basic oxygen of the zeolite 

cluster, parallel to the zeolite surface ( side-on). The adsorption of methanol 

at the silanol sites is also discussed. Additionally, results of harmonie 

vibrational frequencies analysis for all modes of adsorption are presented. 

From the calculated activation harrier and vibrational, rotational, and 

translational parrition functions, reaction rate constants have been 

evaluated using transition state reaction rate theory. 



Chapter4 

4.1. Introduetion 

Methanol adsorption in zeolites has been the subject of numerous experimentaii-9 

and theoreticaii0-17 studies, since it is very important in the methanol-to-gasoline process 

(MTG).I In particular, the bonding and activation of methanol in protonic zeolites have been 

extensively investigated. 

There exists a large amount of literature in this field, which is, however, often 

controversial. Some authors2 have assigned their spectroscopie data to hydrogen-bonded 

(physically adsorbed) methanol and dimethyl ether on the zeolite surface, while some 

others3.4 have suggested the formation of the methoxonium ion form, CH30H2+, as being 

more probable. The existence or not of methyl groups surface-bonded to the lattice oxygens is 

also a matter of discussion.2,5 Bandiera and Naccache6 have studied experimentally the 

ldnetics of methanol dehydration catalyzed by a dealuminated H-mordenite in the 473-573 K 

temperature range. Their results suggested that two different sites are operative during the 

dehydration, probably an acidic site and its adjacent basic site on which methanol forms 

respectively [CH3•0H2]+ and [CH30]- species, which upon condensation give dimethyl ether 

and water. 

Here we will present a quanturn chemica! study of adsorption modes as well as 

reactivity of methanol catalyzed by an acidic zeolite cluster model. One of the frrst theoretica! 

studies of this reaction has been undertaken by Vetrivel et ai.IO They used a combination of 

lattice simulation and ab-initio calculations to locate the low-energy adsorption inside the 

pores of the zeolite. They predict that two different orientations of methanol toward the 

surface are possible. In the first it is the methyl group which approaches the zeolitic 

framework, while the hydroxyl group is pointing away from it. There, the abstraction of 

hydrogen from the methyl group of methanol by the basic lattice oxygen takes place. In the 

other case, the hydroxyl group is oriented toward the surface with the zeolitic proton oriented 

to the methanol oxygen within a hydrogen-bonding distance. In a latter work, Gale et aLl I 

showed that Vetrivel et aLlO have used an incorrect charge balance to simulate the embedding 

cluster conditions, resulting in the interaction of methanol with a quadruple negatively 

charged lattice. This results in the incorrect abstraction of a hydrogen atom from the methyl 

group by the framework. U sing semiempirical calculations and a much larger cluster (20 

tetrabedral atoms), Galeet ai. II found that the oxygen of the hydroxyl group of the methanol 

molecule is hydrogen-bonded to the framework proton, and the carbon atom acquires a 

significant increased positive charge, suggesting a subsequent C-0 bond breaking. 

The computation of the energies of the hydrogen-bonded and protonated methanol 

(CH30H2+) by a zeolite cluster model is a difficult problem from a quantum-chemical point 

of view. High-quality calculations are required todetermine these states. The workof Sauer et 

ai.I2 and of Haase and Sauerl3,14a illustrates this. Using the Hartree-Fock (HF) method with a 

single-point second-order Mll!ller Piesset (MP2) correction for a three-tetrahedral (3T) atom 

cluster, but performing frequency calculations for a 1 T a torn cluster, Sauer et al.l2 initially 

concluded that the protonated complex, the methoxonium ion, would be formed. The proton 
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transfer from the zeolite cluster was found to be favorable with a heat of reaction of -12 

kJ/mol. In this study both the hydrogen-bonded and protonated (CH30H ... cluster) complexes 

correspond toa minimum in the potential energy surface (PES). However, this was due to the 

u se of symmetry constraints, as discussed by Gale et ai.i5 In a computational study of 1 H 

NMR chemica! shifts of ammonia, methanol, and water (using HF/single point MP2 and a 5T 

atom cluster), Haase and Sauer13 have concluded that the methoxonium ion corresponds toa 

saddle point in the PES and the hydrogen-bonded complex is the ground state structure. On 

the other hand, they have observed that the NMR shifts are in between the calculated shifts 

for the neutral (hydrogen-bonded) and ion-pair (protonated methanol) structures Jeading to 

the condusion that there is an equilibrium between these structures. Very recently, in an 

extension of the later work, Haase and Sauer14a have obtained structures optimized at the 

MP2 level. Now the I H NMR shifts for the neutral adsorption complex (hydrogen-bonded) 

are very close to the experimental ones, whereas the ones corresponding to the ionic complex 

are far off. 

Gale et ai. IS have used density functional theory (DFf) calculations to study the 

interaction of methanol with a cluster model zeolite. In their work they find that hydrogen

bonded methanol is the most stabie structure and suggest that the methoxonium ion must 

almost certainly be a transition state. Additionally, they performed a 6-31G**/HF calculation 

for a 1 T atom cluster. There, the protonated methanol corresponds to a transition state, lying 

150 kJ/mol higher in energy than the hydrogen-bonded structure. More recently, Bates and 

Dwyer16 have performed HF calculations including single-point MP2 corrections, and their 

conclusions agree with the older work of Sauer et al., 12 except that in their case the proton 

transfer was found to be unfavorable ( +6 kJ/mol). 

When methanol is in contact with the acidic site of the zeolite, hydrogen-deuterium, 

reaction 4.1 a, or hydrogen-hydrogen exchange, reaction 4.1 b, as well as dehydration, reaction 

4.2, can occur (+ indicates transition state): 

CD30D + ZOH ~ (CD30DH+ •••ZO-)+ ~ ZOD + CD30H 

CH30H + ZOH ~ (CH30Hz+ •••ZO-)+ ~ ZOH + CH30H 

CH30H + ZOH ~ (CH3+ •••OHz+ •••ZO-)+ ~ ZOCH3 + HzO 

(4.1a) 

(4.lb) 

(4.2) 

In reaction 4.1 a the exchange between the zeolitic proton and the deuterium, 

hydrogen for re action 4.1 b, is considered. Reaction 4.2 represents the dehydration of 

methanol by the zeolite with formation of a methyl group surface bonded to the basic lattice 

oxygen. In the work presented here we used DFf calculations to investigate the reaction of 

hydrogen exchange (reaction 4.1 b), where results for the hydrogen-bonded ground state and 

corresponding transition state are presented. A comparison with earlier calculationsl0-17 will 

also be presented. For the dehydration reaction (eq 4.2) the modes of adsorption as well as the 

transition state, adsorption, and dissociative complexes are discussed. For the adsorbed 

methanol, a discussion of the harmonie vibrational frequencies and equilibrium constants is 
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presented. Additionally, from the calculated activation harriers of the transition states and the 

vibrational, rotational, and translational partition functions of adsorption complexes and 

transition states, an analysis of the reaction rate constants is given. 

4.2. Metbod 

4.2.1. Computational Details. All calculations in this work are based on density functional 

theory (DFf),IS using the DGauss program (version 2.1), part of the UniChem package from 

Cray Research, lnc.I9 The calculations were carried out at two different levels. The first is the 

local density approximation using the exchange-correlation potential in the form parametrized 

by Vosko, WiJk and Nusair.20 To the final optimized structure, nonlocal correlation and 

exchange corrections due to Perdew2I and Becke,22 respectively (NL), are included in the 

finaltotal LDA energy. At the second level, the NL correction is included inaself-consistent 

manner (NLSCF). The LDA without any nonlocal correction showed to be inadequate for the 

calculation of accurate binding energies for reactions which involve hydrogen transfer.23,24 

Molecular orbitals are expressed as a linear combination of atomie Gaussian-type 
orbitals. The basis sets are of double-Ç quality and include polarization functions for all non

hydrogen atoms (DZPV).25 They were optimized for use in density functional calculation in 

order to minimize the basis set superposition error (BSSE),26 as has been demonstrated by 

Radzio et aJ.26b in studies of the Cr2 molecule. A second set of basis functions, the auxiliary 

basis set,27 is used to expand the electron density in a set of single-partiele Gaussian-type 

functions. 

Total LDA energy gradients are computed analytically.28 Geometry optimization 

calculations are carried out to a minimum in the case of reactants, adsorption and dissociative 

complexes, and products, and to a saddle point in the case of transition states (TS). For a TS, 

the norm of the gradient is minimized and not the energy.29 The frequencies are obtained by 

evaluating the matrix of the second derivatives by a finite difference scheme using the 

analytic first derivatives.30 Unscaled frequencies have been used and zero-point energy (ZPE) 

corrections included. 

The molecular system used consisted of one methanol molecule and two different 

size tritetrahedral clusters, H3SiOHAl(OH)20SiH3 and H3SiOHAIH20SiH3, that represent 

the acidic zeolite. For easier reference, those clusters will be named AIOH and AIH, 

respectively. In the cluster AIOH, the aJuminurn atom was terminated by two hydroxyl 

groups, and in the AIH cluster by two hydrogen atoms. The peripheral honds of the silicon 

atoms were saturated with hydrogens. Noconstraint of symmetry has been used in the final 

optimization of the structures studied. 

4.2.2. Reaction Rate Constants. The reaction rate constants have been calculated using the 

transition state reaction rate theory (TST).31 lt is based on the application of statistica! 

mechanics to reactants and activated complexes. The fraction of occupied acidic sites or 
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surface coverage (9) is related to the adsorption equilibrium constant (l<eq) and pressure (p) 

of the system according to Langmuir's equation 

(4.3) 

The adsorption equilibrium constant (Keq) between reaetanis (methanol in the gas 

phase, CH30H, and the zeolite cluster, HOZ) and the adsorbed complex (CH30H-HOZ) is 

given by 

(4.4) 

where NA and ks are Avogadro and Boltzman's constants, V is the volume, and T is the 

temperature of the system. Eads is the adsorption energy which includes already the zero-point 

energy correction. In the equation, qv. qr, and q1 are the vibrational, rotational, and 

translational partilion functions. For the methanol molecule all three must be evaluated. For 

the adsorption complex (CH30H-HOZ)ads and the cluster (HOZ), assuming that the zeolite 

does not rotate or translate, only the vibrational partilion function needs to be calculated. 

For the cases where more than one mode of adsorption is observed, the equilibrium 

constant (Keq(ads':ads")) between those modes is expressed in terms of 

(4.5) 

where (') refers to the first mode of adsorption and (") to the second. 

The reaction rate constant (kr) expressed in terms of "rate per acidic proton" for 

methanol activation is then given by 

(4.6) 

where h is Planck's constant and Ebar is the activation barrier which already includes the ZPE 

corrections. Justas for Keq. which assumed that the zeolite does not rotate and translate, only 

the vibrational partilion function has to be evaluated for the transition state (TS) and 

adsorption complex (CH30H-HOZ)ads· 

The naturallogarithm of the reaction rate constant, In kr, is a linear function of the 

reciprocal temperature ( lff) according to the equation 2.4. The ATST, the pre-exponential 

factor, is related to the change in activation entropy of the system of the adsorbed ground 

state and transition state. If, inslead of merely kr. the product of kr and Keq ( called kerf in this 

chapter) is plotted, E~~{ (effective Arrhenius activation energy) and A~ftT (effective pre-
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exponential factor) are obtained. In general E:~i and A~&T are complex functions of the 

concentrations and ra te constant parameters of the elementary reactions that form the reaction 

sequence. Under conditions where the overall reaction rateis linear in the methanol pressure, 

the effective rate constant equals the product of Keq and kr. In the case of dimethyl ether 

formation at low pressure, the reaction is second order in methanol. Now the effective rate 

constant is equal to the product of (Keq)2 and kr. 

Finally, a comparison between the effective pre-exponent obtained with the 

transition state theory (A~fl) and the hard sphere pre-exponent (AHS), which gives the 

number of collisions of a methanol molecule approximated as a hard sphere can be made. The 

latter sets an upper limit for the former. The hard sphere pre-exponent is given by the 
equation 3.3 (analogous to 2.5). In the equation, mis the mass of CH30H and dis the kinetic 

diameter of the methanol molecule in the gaseous phase (3.63 Á).8 A small ratio A~(lfAHS 

means a significant decrease in reaction entropy, due to loss in rotational or translational 

degrees of freedom. 

4.3. Results 

4.3.1. Hydrogen Exchange. Figure 4.1 shows the AlOH/NLSCF structures involved in the 

reaction of hydrogen exchange of methanol catalyzed by an acidic zeolite cluster model. In 

this reaction methanol interacts with the lattice via its hydroxyl group. Figure 4.1 a represents 
the methanol molecule physically adsorbed (hydrogen-bonded) to the zeolite in an end-on 

position. Figure 4.1c shows the corresponding dissociative complex. Parts a and c of Figure 

4.1 are mirror images of each other and, consequently, have the sameproperties such as 

energy and geometry. It is, therefore, necessary to calculate the structure and properties of 

only one of them. In the hydrogen exchange reaction reactants and products are exactly the 

same, and only if one of the reactants is deuterated can the products be experimentally 

observed. Figure 4.1 b shows the calculated transition state, rather than a chemisorbed 

complex, for the hydrogen exchange reaction. The arrows in Figure 4.1 b represent the 

movement of the atoms according to the reaction coordinate (obtained from the imaginary 

frequency) . It represents the transfer of the zeolitic proton to methanol and tbe symmetrical 

return of the hydrogen atom from methanol to the zeolite. Both oxygens of the lattice are 

involved: one as a proton acceptor (basic) and the other as a proton donor (acid). In order to 

more easily loc a te the transition state for this reaction, a "pseudo" Cs symmetry was 

imposed, where the atoms Al, OH's, 01, C and H4 were frozen in the same plane. All other 

variables were freely optimized. As soon as the transition state has been obtained, the system 
was allowed to relax, but almost no change in the geometry (and gradient) was found. The 

final transition state clearly has Cs symmetry within a small error tolerance. 

Table 4.1 shows the total energies and ZPE obtained for all fragments involved in 

both reactions, hydrogen exchange and dehydration. In Table 4.2, the energetic and dynamic 
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Table 4.1. Total Energies (En, hartrees) and ZPE (kJ/mol) of the Fragments 

Cluster AIH 

Cluster AIOH 

Surface Methoxy AIH 

Surface Methoxy AIOH 

CH30H 

H20 

a 

c 

NL 

-977.424512 

-1128.047190 

-1016.732150 

-1167.355312 

-115.749107 

-76.442443 

En 

NLSCF 

-977.436479 

-1128.058981 

-1016.743888 

-1167.368849 

-115.752272 

-76.443617 

b 

• Si 

• Al 

NL 

216.60 

252.97 

292.88 

328.11 

131.18 

54.64 

ZPE 

NLSCF 

218.92 

254.37 

294.26 

329.32 

131.31 

54.43 

Ü H 

• 0 

@c 

Flgure 4.1. Hydragen exchange: adsorption (a) and dissociative (c) complexes and TS (b). 

information obtained for the TS's and adsorption and dissociative complexes is presented. 

Figure 4.2 shows the ZPE corrected reaction energy diagram corresponding to the hydrogen 

exchange reaction. The adsorption energy (Eads) corrected for ZPE is on the order of 
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-73 kJ/mol for the structures where the NLSCF correction is used independent of the cluster 

size. The experimental adsorption energy of methanol in H-ZSM5 zeolite obtained by 

Messow et al.? is -63 kJ/mol and by R.J. Gorte (referenced in 14b) is the on order of -115 

kJ/mol. The adsorption energies obtained in earlier HF calculations for the same cluster 
model for the zeolite10,12,16 are in the range -35 to -61 kJ/mol, and fora smaller zeolite 

cluster model,17 -72 kJ/mol. The other DFT calculation15 finds -63.5 kJ/mol. The result 

obtained in the present study is 10 kJ/mollower than the experimental value of Messow et 

alJ and previous HF results using the same cluster, 10,12 and it is very close to the result 

obtained using a smaller cluster.!? The adsorption energy obtained by Gorte14b is 

considerably lower than the other experiment? and all theoretica! studies referenced in the 
present study.JO,l2,15-17 1t is possible tbat in the samples used methanol interacts strongly 

with Lewis acidic sites. The difference between the results presented here and those obtained 

by Gale et al., 15 both DFT/DZPV /NLSCF using a 3T atom cluster, is probably due to 

different convergence criteria. 

Table 4.2. Tata/ Energies (En, hartrees) and ZPE (kJ/mol) tor the Ca/culated Adsorption (ADS) and 

Dissociative (DIS) Camp/exes, and Transition Stales (TS) tor the Reaelions of Hydragen Exchange 

and Dehydration. For the TS, a/so the lmaginary Freguencies UF. cm-1) are Presenled 

H:tdrogen Exchange 

A lH A IOH 

NL NLSCF NL NLSCF 

ADS end-on En -1 093.203635 -1 093.219422 -1243.825066 -1243.842154 

ZPE 348.80 356.24 388.65 393.63 

TS En -1 093.202405 -1 093.214480 -1243.818699 -1243.833380 

ZPE 346.64 346.77 382.12 381.45 

IF -84 -400 -90 -356 

Deh:tdration 

TS' En -1093.192880 -1243.813282 

ZPE 355.39 390.83 

IF -36 -86 

ADS side-on En -1 093.1 93929 -1 093.208870 -1243.816332 -1243.831780 

ZPE 354.51 358.05 392.63 393.88 

TS" En -1 093.122822 -1093.136987 -1243.744398 -1243.76077 4 

ZPE 353.13 355.14 390.58 391 .50 

IF -544 -489 -524 -483 

DIS En -1093.181455 -1 093.198840 -1243.804866 -1243.823903 

ZPE 352.84 356.60 390.12 392.04 

The activation harriers including ZPE corrections (Ebar) are more sensitive to cluster 

size than to the kind of correction included. As can be seen in Figure 4.2, the Ebar for AlH/NL 
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and NLSCF is 1 and 3 kJ/mol, respectively. It increases to 10 and 11 kJ/mol if the AlOH 

cluster is considered. This is a rather small harrier. Even consirlering the tendency of DFT to 
underestimate the barriers,32 the real value probably wouldn't be much higher. Galeet al.,l5 

fora lT atom cluster and HF/6-31G** found a transition state which lies 150 kJ/mol higher 

in energy than the hydrogen-bonded complex. Bates and Dwyerl6 have attributed the 

presence of imaginary frequencies to imposition of symmetry. Nevertheless, their Ebar for the 
protonated complex is a harrier of 5.7 kJ/mol rather than a minimum. TheEbar obtained by 

Senchenya et a1.17 is 10.2 kJ/mol (1T atom cluster). 

Cluster+ Cluster+ 

CH 3 0H CH 3 0H 

A ~ I A . . . . . . . . . . 
Eads 

. 
Edes . . . . 

~ TS . 

ii("' : Eb : ·. : . . . . 
~ - '"-=' - - - -

adsorption d issocia tive 
complex complex 

Eadsa Ebar Eact 
ATST 

eff 

AIH/NL -77.76 +1.05 +1.89 1.05·10+02 

AIH/NLSCF -74.54 +3.47 +3.64 6.08·10+02 

AIOH/NL -71.01 +10.19 +12.39 2.62·10+02 

AIOH/NLSCF -73.22 +10.86 +12.70 4.04·10+02 

Figure 4.2. Adsorption energy (Eads), electronic activation barrier including ZPE corrections (Ebar), 

Arrhenius activation energy (Eact), (in kJ/mol), and Effective Arrhenius pre-exponent ( A;~r, in 

m3mot1s-1) for the reaction of hydrogen exchange. (B Eads = Edesl· 

Brand et al.33 showed that the inclusion of a shell of oxygens increases the proton 

affinity, whereas the inclusion of a new silicon shell decreases it. The condusion is that the 

AlH cluster, where Al is terminated by hydrides (H) rather than hydroxyls (OH), possibly 

gives a better description of the zeolitic OH acidity. From this it should be expected that the 

AlHINLSCF gives Ebar closer to the true value than AlOHINLSCF. The true value of Ebar 
should be located in between 3.5 and 10.9 kJ/mol. lt is important to notice that for the overall 

exchange reaction the limiting step will not be the activation harrier, Ebar. but the desorption 
ra te, with an activation energy on the order of 70 kJ/mol. 
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Table 4.3. Geometries tor the Adsorption Complex (End-On) and Transition State tor the Reaction of 

H'{_drog_en Exchange (Distances in Ang_stroms and Ang_les in DI!IJ.reesl 

End-on Adso!Etion Com~lex 

AIH AIOH 

NL NLSCF NL NLSCF ref 15 ref 16 

01-H1 1.076 1.004 1.045 1.005 1.005 0.953 

01-H2 1.215 1.527 1.297 1.527 1.491 1.719 

H2-02 1.215 1.050 1.146 1.052 1.061 0.971 

H1-03 1.424 1.786 1.522 1.786 1.818 2.048 

01-C 1.428 1.449 1.427 1.449 1.455 1.405 

C-H3 1.108 1.102 1.104 1.100 

C-H4 1.104 1.105 1.106 1.104 

C-H5 1.105 1.105 1.108 1.105 

811-02 1.682 1.727 1.696 1.726 1.679 

Al-02 1.878 1.980 1.858 1.926 1.946 

Al-03 1.839 1.817 1.788 1.788 1.749 

Si2-03 1.669 1.673 1.665 1.672 1.624 

Si1-02-AI 123.01 124.57 121 .41 123.03 128.86 

02-AI-03 95.00 95.92 96.72 97.19 98.20 

Si2-03-AI 125.95 125.85 124.21 125.61 139.69 

Transition State 

01-H1 1.135 1.122 1.129 1.123 1.027 

01-H2 1.135 1.127 1.129 1.123 1.027 

H2-02 1.306 1.348 1.316 1.351 1.475 

H1-03 1.308 1.356 1.314 1.352 1.475 

01-C 1.432 1.464 1.435 1.464 1.435 

C-H3 1.106 1.102 1.105 1.101 

C-H4 1.104 1.100 1.105 1.101 

C-H5 1.106 1.101 1.105 1.101 

811-02 1.676 1.691 1.674 1.690 

Al-02 1.858 1.889 1.832 1.863 

Al-03 1.860 1.890 1.834 1.864 

Si2-03 1.677 1.690 1.674 1.690 

Si1-02-AI 123.39 124.17 123.28 125.05 

02-AI-03 95.03 95.02 94.86 94.98 

812-03-AI 124.10 125.43 123.49 124.82 

Distances and angles between the most important atoms are shown in Table 4.3. For 

the adsorption complex, the distances 01,2,3-Hl ,2 are strongly affected. by the kind of 
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correction included, as it has been already referenced previously.l5 This is due to the presence 

of O•••H nonbonding interactions. The distauces Ol-H2 and H2-02 in the adsorption 

complex, calculated at the AlHINL level, have the same value, 1.215 A, meaning that H2 is 

found exactly halfway in between OI and 02. lf the NLSCF correction is included, these 
distances change to 1.527 A (01-H2) and 1.050 A (H2-02), characterizing the protonated 
cluster and methanol molecule. At the AIHINL level, the distances Ol-Hl and Hl-03 are 
1.076 and 1.424 A, respectively. These resembie the methanol molecule more. If the NLSCF 

correction is included, these distances change to 1.004 A (Ol-Hl) and 1.786 A (Hl-03). An 

analogous behavior is found for AlOH/NL and NLSCF, as can be seen in Table 4.3. The 

distance 01-C is around 0.02 A longer for the cases where NLSCF is included than for NL. 

Also in the cluster, the distances Al-O and Si-0 are slightly larger for the NLSCF correction. 
A small difference was found camparing the results obtained in this study with those of Gale 
et al.l5 for AlOHINLSCF. The principal difference was found for the distances 0 l-H2 and 

H2-02, which are in between the NL and NLSCF results obtained in this study. The 

difference between these distances becomes larger if comparisons are made with the results 

obtained using the HF method,l6 as can beseen in Table 4.3. 
The geometry obtained for the transition state for the hydragen exchange reaction is 

also shown in Table 4.3. The distances Ol-H1,2 are almost the same, on the order of 1.13 A. 
The distances H2-02 and Hl-03 arealso very similar, on the order of 1.35 A. The type of 

correction included seems to affect the last group of distances a little more than the previous 
group. The Hfl6 Ol-H1,2 distances are around 0.1 A shorter and Hl,2-03,2 distances are 
around 0.1 A larger than the DFT distances. The same behavior of DFT compared to HF has 

been observed previously in a study of methane hydragen exchange.24 As can beseen from 

Table 4.3, although no symmetry constrains have been used, the transition state clearly has Cs 

symmetry. 
Table 4.4 gives the computed Mulliken charges. lt is important to keep in mind the 

arbitrariness of the Mulliken charge analysis and use those numbers only on an illustrative 

basis. Differences in calculated charges are, possibly, more reliable than the absolute values. 

The behavior is similar for both clusters, except for the Al atom, which is much more 

positively charged in the AIOH cluster than in AlH. This is possibly due to the presence of 

the oxygen atom in the OH terminal groups in the AIOH cluster that is more electronegative 
than the hydrogen atom in the terminal hydridesin the AlH cluster. In spite of this difference 
in charge, no significant differences in geometry were found, as discussed. For the transition 

state, the cparges for Hl and H2 are basically the same, as a reflection of the geometry. The 

charges also reflect the Cs symmetry of this species. 

Table 4.5 shows the calculated equilibrium constants (Keq) between reactants 

(CH30H + HOZ) and the adsorption complex (CH30H-HOZ)ads as well as the rate constants 
(kr) between the adsorption complex and transition state obtained for different temperatures 

for the reaction of hydragen exchange. As can be seen from Table 4.5, the rate constants 

obtained are very large and are, in genera!, larger for the AIOH cluster than for AIH. The 

equilibrium constants, on the other hand, are relatively small. 
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Tab/e 4.4. Mulliken Charges tor the End-On Adsorptlon Complex and Transition State tor the 

React/on of H'{_drog_en Exchang_e (NLSCF levell 

End-on Adsorption Complex Transition State 

A lH A IOH A lH A IOH 

01 -0.624 -0.621 -0.586 -0.590 

H1 0.484 0.487 0.498 0.504 

H2 0.515 0.519 0.502 0.504 

c -0.458 -0.465 -0.449 -0.445 

H3 0.223 0.224 0.229 0.232 

H4 0.222 0.222 0.240 0.237 

H5 0.220 0.226 0.230 0.232 

Sl1 0.409 0.434 0.407 0.411 

02 -0.774 -0.769 -0.808 -0.794 

Al 0.437 0.897 0.454 0.935 

03 -0.754 -0.736 -0.807 -0.795 

Si2 0.394 0.404 0.407 0.409 

Table 4.5. Equilibrium Constants Between Reactants and the End-On Adsorption Mode (K8 q, in 

m3mot1), and Rate Constants (kr. s·1) tor Different Temperatures (T, in K) tor the Reaction of 

H'{_drog_en Exchang_e 

K 

A lH A IOH 

T NL NLSCF NL NLSCF 

273 1.26·10+04 1.08·10+04 3.73·10+03 1.07·10+03 

473 6.28·10·03 1.38·10·02 6.20·10·03 1.31·1 o-o3 

673 2.15·10·05 7.22·10·05 3.39·10·05 6.64·10·06 

873 1.18·10·06 4.93·10·06 2.36·10·06 4.45-1o·07 

1073 2.16·10·07 1.03·10·06 5.00-10·07 9.17·10·08 

kr 

273 1.16·10+12 3.75·10+11 6.45·10+09 5.25·10+10 

473 1.64·10+12 7.18·10+11 6.12·10+10 5.40·1ó+11 

673 1.90·10+12 9.31·10+11 1.57·1 o+11 1.42·10+12 

873 2.06·10+12 1.09·10+12 2.66·10+11 2.44·10+12 

1073 2.18·10+12 1.22-10+12 3.74-1o+11 3.50·10+12 

The Arrhenius plot (In kr versus lOOO!f) is shown in Figure 4.3. From a linear fit of 

the curves, the Arrhenius activation energy (Eact) can be obtained. The difference in slope of 

the Al OH and AlH curves is due to different activation barriers. A separated plot and linear fit 

of the kerf gives the effective pre-exponents (A~W). These values can be found in Figure 4.2. 

The activation barrier (Ebar) and Arrhenius activation energy differ by a few kilojoules per 
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mole. The effective pre-exponent ratios for various temperatures for both reactions are shown 

in Table 4.6. For the hydragen exchange reaction, the ratios obtained (1Q-OS.Jo-06) are very 

small, showing a considerable decrease in entropy of the system due to loss of rotaticnat and 

translational degrees of freedom. This indicates that the obtained transition state is tight and 

that in the TS the methanol molecule is rigidly attached to the zeolite cluster. 

Tsble 4.6. Pre-exponent Ratio (A;ffr fAHS) tor Different Temperatures (T, in K) 

T 

273 

473 

673 

873 

1073 

273 

473 

673 

873 

1073 

NL 
3.97·1 o·06 

3.01·10·06 

2 .53·10'06 

2.22·10·06 

2 .00·10·06 

3 .93·10·06 
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2.50·10·06 

2.20·10·06 

1.98·1 o·06 
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Figure 4.3. Arrhenius plot: temperafure (T) dependenee of the naturallogarithm of the ra te constant, 

In k,, tor the reaction of hydragen exchange. The symbols (O· • · D· •J represent the calculated In kr: 

the lines (-, ---), the linear fit. 
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4.3.2. Dehydration. In principle methanol can adsorb on the zeolite cluster in two different 

modes, end-on shown in Figure 4.4a (already discussed in section 4.3.1) as well as side-on, 

shown in Figure 4.4c. In this latter case it is the CH group that is directed to the basic oxygen 

of the zeolite cluster and the oxygen atom of the methanol hydroxyl group points in the 

direction of the zeolitic proton. From the computed adsorption energies (Eacts' and Eacts", 
Figure 4.5) and equilibrium constants between reactants and each one of the adsorption 

modes (Keq, Tables 4.5 and 4.7) one concludes that the equilibrium constants for the side-on 

mode are very small compared to the end-on. For the side-on/end-on equilibrium, an 

activatien barrier of only 6 kJ/mol is obtained for the AlOH cluster at the NL level. The 

equilibrium constants between both modes of adsorption (side-on/end-on) are shown in Table 

4.8. From the table one concludes that at 273 K, for example, for each 106 molecules 

adsorbed only one will be adsorbed in the side-on way, while the rest will be adsorbed in the 

end-on way. This means that methanol adsorbs in the zeolite mainly via the end-on adsorption 

mode, and then, for the case of the dehydration reaction, it proceeds through the side-on mode 

of adsorption. 

Table 4.7. Equilibrium Constants between Reaetanis and the Side-On Adsorption Mode (Keq. in 

m3mot1) and Rate Constants (k,, in s·1J for Different Temperatures (T, In K) for the Reaction of 

Dehydration 

Ke 

A lH A IOH 

T NL NLSCF NL NLSCF 

273 2.48·10·02 2.53·10·02 3.78·10·03 2.34·10·02 

473 5.86·1o-06 9.34·10-06 1.16·1 o-o6 6.61·1 o-o6 

673 2.61·1o-o7 5.06·1o-07 5.29·10-08 3.20·10-07 

873 5.76·1o-08 1.25·1 o-o7 1.2Ho-08 7.39·1o-o8 

1073 2.52·10-08 5.84·10·08 5.42·1o-o9 3.33·1o-o8 

kr 

273 3.73·1o-3o 2.4o.1o-28 1.77·1 o-3o 1.03·1o-28 

473 1.61·1o-12 8.55·10-11 4.48·10-13 1.93·1 o-11 

673 2.61·1o-os 1.26·1 o-o3 5.98·1 o-o6 2.25-1o-o4 

873 2.18·1o-01 1.01 ·10+01 4.53·1o-o2 1.58·10+00 

1073 6.29·10+01 2.86·10+03 1.24·10+01 4.16·1 o+02 

The first transition state (TS') obtained for the reaction of dehydration is represented 

in Figure 4.4b. The arrows in the tigure represent the reaction coordinate, which shows the 

rotational movement on going from the end-on adsorption mode (perpendicular to the zeolite 

cluster) to the side-on adsorption mode (which is parallel to the zeolitic cluster). The C-0 

bond makes an angle of approximately 45• with the plane 02-Al-03. Figure 4.4d shows the 

second calculated transition state for this reaction (TS") and corresponding reaction 
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Flgure 4.4. Dehydration: end-on (a) and side-on (c) adsorption complexes, transition states TS' (b) 

and TS" (d), and Dissociative complex (e). 

coordinate, which is represented in the figure by arrows. The reaction coordinate illustrates 

the movement of the proton (H2) toward the oxygen of the methanol, in the direction of 
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formation of a HzO molecule. The carbon atom tends to bind to the basic oxygen atom (03) 

of the zeolite cluster, resulting in a CH3-zeolite complex. The CH3 group clearly has sp2 

hybridization and resembles the intermediate carbenium ion, which has already been 

discussed for the activation of methane.24,34 The CH3-zeolite ... HzO complex (or dissociative 

complex) can be better seen in Figure 4.4e. No symmetry constraint has been used in the 
optimization of the structures involved in this reaction. 

TS" 

r\ . . . . . . . . . . . . . . 
Cluster+ ; ~ Surface Methoxy 

i Ebaru ~ 
C H 3 0 H ) _ _ _ "1 ~ _ _ -\ _ LiE.!-r. t'-=--=--=+=-=H=-2-=~-----~ 

I : T : :: / l E H 0 

AIH/NL 

AIH/NLSCF 

AIOH/NL 

AIOH/NLSCF 

: TS' Eads" : : des 2 
. ;.,. .J.i V 
~ Ebar'T'...lJL dissociati~ -
· . adsorption complex 
· · complex 

: side-on 
. . . . . . . u -- ------·-

adsorption 
complex 
end-on 

Eads' Ebar ' 

-77.76 +3.63 

-74.54 -
-71.01 +6.21 

-73.22 -

Eads" Ebar" 

-46.59 +216.48 

-45.04 +215.30 

-44.11 +213.72 

-45.74 +211.53 

EdesH20 

-12.70 

-21 .85 

-11.30 

-21 .74 

DE Eact 

-2.81 +219~28 

+1.688 +218.1 0 

-5.21 +216.42 

-5.15 +214.175 

ATST 
eff 

1.04·1 0+02 

3.63·10+04 

7.33·1 0+01 

3.12·10+02 

Figure 4.5. Adsorption (Eads', Eads ") and desorption (EdesH:IJ) energies, electronic activation 

barriers including ZPE corrections (Ebar'. Ebar). Arrhenius activation energy with respect to the end

on adsorption complex and TS" (EactJ (in kJ/mol), and effective Arrhenius pre-exponent (A~gr, in 

rn3mot 1 s·1) tor the reaction of dehydration. ('I The reaction in this level was found to be endothermic). 

The total energies (En) and ZPE's for the calculated transition states and adsorption 

and dissociative complexes are presented in Table 4.2. Additionally, the imaginary 

frequencies for the transition states are also presented in the table. In the energetic profile 
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(corrected for ZPE) found in Figure 4.5 it is possible to see that the adsorption energy (Eads') 

that corresponds to the frrst adsorption mode, end-on, is -73 kJ/mol. For the second mode, the 

side-on, Eads" is -45 kJ/mol. The energy harrier with respect to the end-on adsorption mode 

(Ebar") is +212 kJ/mol (for the AIOH/NLSCF level). Smal! changes of the Eads'. Eads", and 

Ebar" according to cluster size and kind of correction can be observed in the corresponding 

tab ie. The experimentally measured overall activa ti on energy for the dehydration of methanol 

to dimethyl ether catalyzed by a dealuminated H-mordenite6 is due to the reaction of two 

methanol molecules to give dimethyl ether and water. The dehydration of methanol according 

to the path presented here has a much higher activation harrier than measured experimentally. 

The activation harrier with respect to the reactants (cluster+ CH30H) obtained by 

Senchenya et aJ.l7 with their 1T atom-HF/6-31+G**/MP2 calculation is +160.9 kJ/mol, 20 

kJ/mol higher than the DFf value. Their Eacts" value of -54.3 kJ/mol is, conversely, al most 10 

kJ/mollower than the DFf (nearly -45 kJ/mol). 

The water desorption energy, EctesH20, strongly depends on the kind of correction 

included, NL or NLSCF. The difference is on the order of 10 kJ/mol. The final energy 
difference of the reaction, dE, depends more on cluster size (AIH or AIOH). Using 

AIH/NLSCF the reaction is endotherrnic by 1.7 kJ/mol. For the other calculated methods and 

clusters (AIH/NL, AIOH/NL, and AlOH/NLSCF) it is exotherrnic by 2.8, 5.2, and 5.2 kJ/mol, 

respectively (see table in Figure 4.5). 

Table 4.8. Equilibrium Constants (K8 q(ads':ads")) Between End-On and Side-On Adsorption Modes tor 

Different Temperatures {!, in K) 

A lH A IOH 

NL NLSCF NL NLSCF 

273 1.97·10-06 2.35-10-06 1.Q1-10'06 2.18·10·05 

473 9.34·10·04 6.75-10·04 1.78-10·04 5 .03·10·03 

673 1.21·10·02 7.02·10·03 1.56-10·03 4.82·10·02 

873 4.89-1o·02 2.53-1o·02 5 .14-1o·03 1.66-1o·01 

1073 1.17·10·01 5.65-10·02 1.08·10·02 3.63-10·01 

The geometries for the structures represented in Figure 4.4b-e can be found in Table 

4.9. The end-on mode of adsorption (Figure 4.4a) has been discussed previously in the section 

4.3.1. The AIOH/NL transition state (TS', Figure 4.4b) has a geometry that is very sirnilar to 

that of the side-on adsorption complex, except for the fact that the dihedral angle C-0 1-02-

03 is nearly 45° for the TS' compared to 90° of the adsorption mode. The AIH/NL transition 

state shows larger differences in geometry compared to the adsorption complex. For the side

on adsorption complex (Figure 4.4c), a larger difference seems to occur in the distances 01-
H2 and 03-C (or 03-H3) relative to the kind of correction included. Inclusion of NLSCF 

correction increases the 0 1-H2 distance approximately 0.19 À for the AlH cluster and 0.16 À 
for the AIOH cluster. The 03-C distance for the same correction method increases by 0.27 

and 0.26 À, respectively, for the AIH and AIOH clusters. The Al-02 distance, close to the 
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proton, is a little larger than the Al-03 distance. Angles are more sensitive to cluster size than 

to the ldnd of correction. In the second transition state (Figure 4.4d), the di stance C-0 1 

increases by 0.45 A, while the 03-C distance decreases by 1.28 A if compared to the side-on 

adsorption complex. The distance 01-H2 decreases nearly 0.5 A, and the water molecule is 

almost formed. As a consequence, the H2-02 distance increases by almost 0.65 A for all 

levels of calculation, showing almost total transference of the proton from the zeolite to the 
oxygen of methanol in the direction of formation of the water molecule. The 02-Al-03 angle 
suffers an increase of 5-1 0' and the Si2-03-Al decreases by more than 1 0' showing the 

tendency of the 03 atom to get closer to the carbon atom. As has been said before, the C atom 

of the CH3 group has nearly sp2 hybridization, withangles H-C-H varying between 116 and 

126'. The Al-O distances are nearly the same. 
Finally, the geometry of the dissociative complex (Figure 4.4e) can be analyzed. 

The Ol-H2 distance is slightly larger than 01-Hl, showing still a smal! interaction of the 

H20 molecule with the surface methoxy complex. The distance C-Ol increases enormously, 
indicating a total separation from the water molecule. The C-03 distance is now very short 
("" 1.45 A) compared to the si de-on adsorption complex and TS", characteristic of a methyl 

group attached to the zeolitic oxygen lattice. The distances Al-02,3 have suffered an 
inversion with respect to the adsorption complex, with Al-03 being larger than Al-02. This is 

due to the presence of the methyl group attached to 03. As a consequence, the Si2-03-Al 

angle is now smaller. It is important to note that the aforementioned behavior of the Al-O and 

0-Si distances as well as Si-0-Al and 0-Al-0 angles actually represents a relaxation of the 
zeolitic cluster. 

The Mulliken charges of some atoms are presented in Table 4.10. The difference in 

charge for the Al atom according to the cluster size has already been discussed for the 
hydrogen exchange reaction. On going from the TS', to the side-on adsorption complex, to 

TS", and finally to the dissociative complex, the 01 atom tends to acquire amore negative 

charge. This can be explained as a result of the replacement of the methyl group by a 

hydrogen atom, which is less electronegative than the carbon atom of the methyl group. The 

carbon partial charge, on the other hand, becomes less negative in the 'F.S", whereas the 

hydrogen atoms attached to it become more positive. As a result; the charge on the CH3 group 

is more positive in the TS" than in the adsorption and dissociative çomplexes. This group has 

characteristics of a carbenium ion, and it is strongly stabilized by both the zeolitic cluster and 
the OH2 group. This would be an explanation of why the activation energy relative to 

reactants (+140 kJ/mol) is much lower for this reaction than it is for methane 
dehydrogenation (343 kJ/mol), where also a primary carbenium is formed.24 In the 

dissociative complex, Si2 and 03 become less positively and negatively charged, 
respectively. If more attention is given to the side-on adsorption complex, it is possible to 
perceive opposite behavior for Si 1 and 02. This is possibly due to the presence of the radical, 

CH3 in the first case and the proton in the latter. 

The energy scheme for the overall reaction is shown in Figure 4.5. Because the 

overall rate of the reaction is slow (due to a very high activation harrier, Ebar") compared to 
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equilibrium between side-on and end-on, kr for the dehydration can be calculated with respect 

to the end-on mode. Table 4.7 shows the rate constants. The kr obtained for this reaction is 

much smaller than that obtained for the hydrogen exchange reaction, due to a much higher 

harrier. Figure 4.6 shows the Arrhenius plot (In kr versus lOOOff) obtained for this reaction. 

Table 4.9. Geometries tor the Adsorption (Side-On) and Dissociative Complexes, and Transition 

Stafes (TS', TS"l, tor the Reaction of Deh'{_dration (Distances in Ang_stroms and AnrzJes in Deg_reesl 

adsor~tion com~lex side-on dissociative com~lex 

A lH AIOH A lH A IOH 

NL NLSCF NL NLSCF NL NLSCF NL NLSCF 

01-H1 0.977 0.976 0.979 0.978 0.978 0.977 0.978 0.977 

01-H2 1.480 1.666 1.473 1.631 0.997 0.990 0.995 0.992 

H2-02 1.047 1.018 1.046 1.020 1.784 1.898 1.786 1.901 

03-ca 3.061 3.337 3.120 3.380 1.445 1.478 1.444 1.475 

C-01 1.435 1.457 1.433 1.457 2.906 3.196 2.913 3.244 

Si1-02 1.696 1.721 1.715 1.737 1.652 1.669 1.653 1.668 

Al-02 1.938 2.013 1.880 1.941 1.765 1.787 1.749 1.768 

Al-03 1.764 1.782 1.733 1.748 1.947 2.021 1.896 1.946 

Si2-03 1.642 1.657 1.637 1.653 1.711 1.726 1.721 1.742 

Si1-Q2-AI 121.27 124.13 114.34 115.49 131 .09 126.91 131.39 129.52 

02-AI-03 95.49 94.93 102.85 103.57 101 .83 97.79 102.75 102.33 

512-03-AI 127.68 129.21 132.06 134.86 111.44 121 .23 112.16 116.35 

TS' TS" 

01-H1 0.980 0.980 0.982 0.983 0.983 0.982 

01-H2 1.455 1.482 1.047 1.025 1.043 1.025 

H2-02 1.055 1.050 1.606 1.792 1.626 1.769 

03-Cb 3.071 3.110 1.979 2.095 1.988 2.098 

C-01 1.437 1.434 1.893 1.919 1.899 1.924 

C-H3 1.103 1.104 1.093 1.085 1.093 1.085 

C-H4 1.106 1.107 1.100 1.097 1.101 1.097 

C-H5 1.106 1.106 1.087 1.082 .1.087 1.083 

Si1-02 1.698 1.719 1.665 1.677 1.666 1.681 

Al-02 1.020 1.881 1.863 1.885 1.821 1.846 

Al-03 1.763 1.737 1.869 1.890 1.829 1.855 

Si2-03 1.639 1.647 1.669 1.681 1.673 1.687 

Si1-02-AI 114.50 114.94 119.80 120.61 117.89 119.51 

02-AI-03 99.04 102.89 106.75 105.81 108.55 108.00 

Si2-03-AI 130.76 127.67 118.56 121 .57 119.06 121.12 

a For the side-on adsorption complex, the distance 03-H3: AIH/NL = 2.1 BB; AIH/NLSCF = 2.667; AIOH/NL = 
2.473; AIOHINLSCF = 2.72B. b For the TS', the distance 03-HS: AIHINL = 2.399; AIOH/NL = 2.391 ; and (all in Á). 
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Table 4.10. Mulliken Charges for the Adsorption (Side-On) and Dissociative Complexes, and 

Transition Stales (TS', TS") for the Reaction of Dehydration 

side-on dissoc. com!:!lex TS' TS" 

A lH AIOH AIH A IOH A lH AIOH A lH AIOH 

NLSCF NLSCF NLSCF NLSCF NL NL NLSCF NLSCF 

01 -0.616 -0.607 -0.848 -0.847 -0.584 -0.580 -0.686 -0.684 

H1 0.432 0.435 0.3.99 0.400 0.462 0.464 0.440 0.439 

H2 0.540 0.542 0.442 0.443 0.525 0.526 0.477 0.478 

c -0.465 -0.478 -0.460 -0.459 -0.567 -0.565 -0.446 -0.449 

H3 0.270 0.269 0.277 0.288 0.269 0.267 0.312 0.318 

H4 0.213 0.219 0.228 0.229 0.256 0.257 0.284 0.286 

H5 0.220 0.228 0.277 0.260 0.264 0.259 0.297 0.295 

Si1 0.397 0.425 0.398 0.400 0.237 0.272 0.396 0.423 

02 -0.767 -0.767 -0.738 -0.723 -0.702 -0.694 -0.790 -Q.782 

Al 0.415 0.881 0.445 0.883 0.271 0.707 0.399 0.844 

03 -0.681 -Q.642 -0.540 -0.524 -0.612 -0.587 -0.698 -0.685 

Si2 0.388 0.382 0.402 0.424 0.242 0.248 0.398 0.423 

20 
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Flgure 4.6. Arrhenius plot: temperafure (T) dependenee of the naturallogarithm of the ra te constant, 

In k,, for the reaction of dehydration. The symbols (O· • · C · •J represent the calculated In k,; the lines 

(-, ---), the linear fit. 

Perlorming a linear fit of the curves, the Arrhenius activation energy (Eact) can be extracted. 

These values can beseen in Figure 4.5. Eact is somewhat higher than Ebar. as can be observed 

in the table. In a separated plot of kerr. which is obtained from the product between kr and 

Keq. the effective pre-exponents (A~{l) were obtained. They are shown in Figure 4.5, and the 
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pre-exponent ratio is presented in Table 4.6. The ratio obtained is somewhat larger for the 

NLSCF correction (1 o-3-10-6) than for the NL correction (1 o-6). This suggests that the 

structures obtained in the NLSCF level are looser than those obtained in the NL level. 

Comparing the ratio obtained in the NLSCF level for both reactions, it is possible to say that 

the loss in the total entropy is larger for the hydrogen exchange than for the dehydration, due 

to a higher pre-exponent ratio for the last. But even so, the numbers obtained for this last 

reaction are quite smal! and show considerable loss in the total entropy of the system. 

4.3.3. Methanol Adsorption at Silanol Sites. Besides the -OAIOH- bridge site, methanol 

can also actsorb at the external or intemal silanol sites, -OSiOH-. The methanol adsorption at 

two different silanol cluster models, shown in Figure 4.7 (Structures 11 and Ill), was 

calculated. As in the aJuminurn bridge site, methanol adsorbs end-on at the silanol site. The 

interaction of methanol with the silanol group is, nevertheless, weaker than with the acidic 
site, as one can observe from the difference in distances between methanol and the surface. 

Figure 4.7 shows that when methanol adsorbs at the acidic site (structure I) the lattice OH 

distance is longer than in the silanol cases (structure II and lil). The methanol's oxygen atom 

is nearly 0.3 A further from the surface in the silanol case (structures 11 and 111) than in the 

acidic si te (11). 

4.3.4. Normal Mode Frequencies. The harmonie frequencies obtained for the adsorption 

complexesend-on (Figure 4.4a), sicte-on (Figure 4.4c), as wellas at silanol sites (Figure 4.7, 

structure II) at the NLSCF level can be found in Table 4.11. A comparison with experimental 

and other theoretica! results is shown also in this table. For methanol equilibrium pressure 

maintained below lQ-3, FTIR experiments performed by Mirth et al.3 reveal three bands 

which are assigned to OH stretches (3545, 2900, and 2440), three bands due to CH stretches 

(2993, 2958, and 2856), and one band corresponding toanOH bending mode (1687), all in 

cm-I. The ex perimental spectrum is depicted in Figure 4.7. If the pressure is increased above 

lQ-3 to 1 mbar, the bands at 3545, 2900, 2440, and 1687 cm-I disappear and new bands at 

3325 cm-I (or 3280 for 1 mbar) and at 1580 cm-I appear. The calculations presented bere 

refer to the low pressure results. The experimental features observed at higher pressures are 

related to solvation effects due to methanol aggregate formation. 

Comparing the results obtained in the present work with those obtained by Mirth et 
ai.3 shown in Table 4.11, one might be tempted tothink that the OH stretching for methanol 

obtained for the si de-on adsorption complex (3676 cm-I) quantitatively reproduces the band 

found by Mirth et al. at 3545 cm-I for pressures below lQ-2 mbar. This is, nevertheless an 

incorrect conclusion due to the fact that according to the equilibrium constants obtained for 

this side-on adsorption mode (Tables 4.7 and 4.8, and the discussion in section 4.3.2) very 

few methanol molecules actually actsorb side-on in the zeolite, compared to the end-on mode. 

Very recently Bonn et ai.35 have measured the infrared spectrum of a I80-substituted 

methanol. They find that fora more acidic zeolite as HY, the OH stretch of methanol gives a 

band at 3250 cm-I . Fora less acidic zeolite, as H-ZSM5, they observe two bands near 3250 
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and 3580 cm-I. They conclude that methanol will also adsorb at the ZSM5 zeolite in a side-on 

configuration. It might be that due to geometrical effects the methyl group of methanol 

interacts with the zeoEte channel giving an extra stabilization for the ZSM5 zeolite, that is not 

observed for zeolite Y. This band (at around 3400-3550 cm-I) has been interpreted by 

Pelmenschikov et aJ.36 as due to formation of -SiOCH3 and -SiOH groups produced by 

dissociative chernisorption of methanol in the strained siloxane (Si-0-Si) bridges. Table 4.11 

and Figure 4.7 show that the OH shift of methanol adsorbed at the silanol sites 11 and lil, 
3546 cm-I and 3527 cm-I respectively, agree remarkably well with the experimental band3 at 

=3550 cm-1. The intensities, nevertheless, do not agree with the experiment, making this 

assignment probably not correct. As one can see in Figure 4.7, the band at 3550 cm-I is the 

most intense one. Comparing the intensities of OH stretch bands of methanol adsorbed to a 

silanol group (350 and 675 kmimol for methanol and frame, respectively) with methanol OH 

stretch adsorbed end-on to the acidic site (840 km/mol), one concludes that the assignment is 

not completely consistent. The OH of methanol adsorbed to the silanol site is the least intense 

band, meaning that methanol adsorbed at the silanol site would not be able to produce such an 

intense band as shown in Figure 4.7. lt does not have, indeed, experimental confirrnation.37 

For a correct assignment of the silanol bands, frequencies calculations including 

anharrnonicity are required. The assignment of the silanol band by another calculation (using 
the Si(OH)4 cluster- structure lil of Figure 4.7- and HF/3-21G method)36a at =3700 cm-I is 

probably not correct. As it has been shown recently by Haase and Sauer,l3,14 for methanol 

adsorbed in a zeolite, only the MP2 optirnized structures are able to produce correct NMR and 

infrared spectra. 

The methanol OH stretch fortheend-on AIOH/NLSCF complex (3237 cm-I) seems 

to agree with the findings of Mirth et al.3a for the low-pressure spectrum, where a small 

shoulder at around 3300 cm-I can be observed. Additionally, the OH stretch of disturbed 

silanol site has been also calculated at this region, 3237-3319 cm-1. The broad band from the 

strongly perturbed methanol OH stretch (adsorbed end-on in the acidic site) will probably 

overlap with the band due to perturbed OH silanol stretch. The identification of this band at 

around 3300 cm-I cannot be considered, however, as definitive since in ref 3b the infrared 

spectrum of methanol adsorbed into a different sample of H-ZSM5 does notreproduce this 

shoulder. In the same paper, however, for methanol adsorbed into HNaY, small adsorption 

features are also present between 3200 and 3400 cm-I. This band has been recently also 

confirmed for the HY zeolite.35 Theoretica! workof Haase and Sauerl4 reported also a band 

at 3276 cm-I, near to that obtained in the present study. Galeet aJ.l5 assigned a band at 2963 

cm-I as being due to OH stretching of the methanol and at 2378 cm-I as due to framework for 

the end-on structure. The band at 2963 cm-I is to be compared to 3237 cm-I obtained in this 

work. lt has been shown previously that the Omethanoi-Hmethanol distance obtained in the 
present study and the one of GaieiS both at the DFT/AIOH/NLSCF level, are exactly the 

same, 1.005 Á. On the other hand, the OrrameworrHframework bond distance calculated by 

Gale et al. is longer, and as a consequence, the Omethano!-Hframework distance is shorter than 
in the present work. As a result, one can conclude that the methanol molecule in Gale's work 
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is more perturbed by the zeolitic proton. This could be the explanation for a lower OH stretch 

mode found by Galeet al.J5 than in the present work. Bates and Dwyer,16 performing HF 

calculations, found frequencies for the OH stretching of methanol and framework that are 

significantly higher compared to the DFT results. The frequencies obtained at the NL level 

are not presenteel since at this level of calculation the zeolitic proton is not correctly 

described, as discussed in section 4.3.1. 

Tsble 4.11. Calculated Harmonie Frequencies (cm·1) tor Methanol Adsorbed in the Acidic and Silanol 

Clusters 

side-on end-on silanol exptl 

A IOH AIH A IOH AIH re! 14 rel 15 lig 4.7 re! 3 

OH stretch 3546 35451 

3676a 3692a 3237a 3245a 3276 3319 

2911b 2952b 2963a,e 2900 

2398b 2416b 2548 2378b,e 2440 

CH stretch 3120 3112 3086 3075 3022 3167 3075 2993 

3045 3046 3054 3058 2981 3088 3023 2958 

2970 2979 2972 2973 2889 3046 2955 2856 

OH bend 1687g 

1364a,c 1351 a,c 1496a,c 1483a,c 1421 a,c 1392 641 

1255b,c 1258b,c 1372b,c 1349b,c 1353b,c 

1116b,d 1108b,d 1055b,d 1040b,d 1 015b,d 

8 methanol. b framework. c in-plane. d out-of-plane. e Relerenee 16 has assigned the OH stretch of methanol 

at 3593 cm·1 and that of framewerk at 3272 cm·1. 1 Th is band has been assigned as due to OH stretch. At high 

coverage, logether with the bands at 2900, 2440 and 1687 cm·1, this band disappears and new bands at 3280 

cm·1 and 1580 cm·1 appear. g Th is band has been asslgned by rel 3 as due to OH bend. Actually, logether with 

2440 and 2993, they form the A,B,C pattem of perturbed framewerk OH. 

The other three bands associated by Mirth et al.3 as being due to OH stretching 

(2900 and 2440 cm-I) and bencling modes ( 1687 cm·l) are pseudobands due to resonant 

interactions between the OH stretching of the zeolite and an overtone bending mode of the 

perturbed bridging OH groups, the A-B-C bands.38 This OH-complex band consistsof three 

sub bands, which appear at =o2800, =o2400, and ""1700 cm· I. Calculations of the harmonie 

frequencies result in the appearance of only one of those three bands, expected to be around 

2500 cm· I . Fortheend-on complex;the only band calculated is nearly 2400 cm· I, somewhat 

lower than expected. In order to correctly calculate those three bands, the inclusion of 

anharrnonicity in the calculation is required.39 The bands for the OH in-plane bending mode 

of methanol and framewerk were found to be nearly 1490 and 1360 cm· I, and for out-of

plane, at 1050 cm· I. Haase and Sauerl4 find them at 1421, 1353, and 1015 cm· I, respectively. 

The computed CH stretching modes for the end-on adsorption mode (3080, 3055, and 2970 
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cm·l) are higher than the ones obtained experimentally (2993, 2958, and 2856 cm· I) and 

lower than the ones obtained by another DFf calculationl5 (3167, 3088, and 3046 cm-I). 
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Structure (I) 

Structure (11) 

Structure (111) 
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Figure 4.7. Experimental spectrum38 for low methanol aoverages and calculated intrared OH stretch 

modes of one methanol molecule adsorbed end-on to the surface at the acidic (structures I) and 

silanol sites (structures 11 and 111). Relative intensities presented and frequencies are given in cm·1. 

Very recently Shah and coworkers40 have calculated IR frequencies by means of 

first principal calculations where the full zeolite structure is calculated using perioctic 

boundary conditions. Using a sodalite zeolite and focusing their calculation only on the 

motion of the 0-H groups, they observed two distinct OH stretching modes: one at 3565 (OH 
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of methanol) and another at 2160 cm-I (OH of framework). Fora chabazite zeolite, those OH 

stretching modes are very different (2490 and 2150 cm-I) since in that case methanol was 

observed to be protonated. Their interpretation is that both forms, methanol physically 

adsorbed and protonated give OH stretch frequencies in the 2000-3000 cm-I range caused by 

strong hydrogen bonds with the lattice. Physically adsorbed methanol also gives a 

characteristic band at 3500 cm-1 . Protonated methanol can be distinguished by the higher 
frequency of the HOH bending mode at a bout 1700 cm-I, which can be attributed to a 

methoxonium ion. The authors40 suggest that both species, protonated and hydrogen bonded 

are in equilibrium in the zeolite, explaining all vibration features of the infrared ex perimental 

spectrum. In that sense, the Ferrni resonance used up to now to interpret the experimental IR 

spectrum would not be correct. Before this point of view is accepted, more tests are necessary 

in order to obtain a conclusive validation of the method used by Shah et al. 40 

4.4. Conclusions 

The reaelions of hydrogen exchange and dehydration of methanol catalyzed by an 

acidic zeolite have been studied using the DFT method. Equilibrium constants for the 

adsorption modes have been evaluated, and reaction rate constants have been calculated by 

means of transition state re action ra te theory. 

For the hydrogen exchange reaction, it has been found that methanol is hydrogen
bonded to the zeolite cluster model in a way that the hydroxyl group is directed to the zeolite 

cluster model (end-on). The previously proposed chernisorbed methoxonium ion was found to 

be, in reality, a transition state rather than a chernisorbed species, in agreement with other 

theoretica! work.l3-15 The activation harrier found in this study is rather low, 11 kJ/mol for 

the AlOH/NLSCF level. The rate-lirniting step for the overall reaction is then not the 

activation harrier but the desorption process, nearly 70 kJ/mol. 

Methanol can also adsorb in the zeolite in a way where the carbon atom is directed 

to the basic lattice oxygen and the oxygen of the hydroxyl group is directed to the zeolitic 

proton, namely, si de-on. The calculated equilibrium constants between reactants and this si de

on adsorption mode are very low compared to end-on, and only at very high temperatures will 

this mode of adsorption be populated. The dehydration reaction of methanol by an acidic 

zeolite is believed then to initiate via the end-on adsorption mode. The methanol molecule 

goes through the side-on adsorption mode by a fast equilibration reaction. The activation 

harrier for the overall dehydration reaction with respect to the end-on adsorption mode is very 

high, +215 kJ/mol. In the transition state, the CH3 group resembles the carbenium ion, very 
sirnilar totheresult for the dehydrogenation of methane.24,34 lts total Mulliken charge is +0.4 

· and hybridization of the carbon atom close to sp2. This group is electrostatically stabilized by 

the zeolitic cluster. In the final state a strongly bonded methoxy group is formed as well as 

physically adsorbed H20. 
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The experimental3 infrared spectra at low methanol coverages can be interpreted as 

follows: the three bands at 2900-2450-1650 cm-I are the A-B-C pattem38,39 cesuiting from a 

pertuebed OH stretch mode of the zeolitic proton (Fermi ressonance). The speetral region at 

3250-3350 cm-I contains a very broad band resulting from the overlap of bands due to OH 

stretch of methanol (adsorbed end-on in the acidic site of the zeolite) and distuebed silanol 
OH stretch. The band observed experimentally at 3550 cm-I is not clear. A band at this 

position due to the OH stretch of methanol adsorbed to silanol sites obt!lined for frequencies 

calculations within the harmonie approximation should be looked with criteria. 

The elementary reaction rate constants for the hydrogen exchange reaction are large 

due toa very low activation harrier. The ratio A~llfATS is very small, especially when the 

NLSCF correction is used, showing a large loss in entropy of the system compared to gas 

phase methanol molecule. For the dehydration reaction, the rate constants are rather small 

compared to hydrogen exchange, due to a higher activation harrier. The loss in the transition 

state entropy is less than for the hydrogen exchange reaction. 

The geometry of the adsorption complex for the hydrogen exchange reaction is 

strongly dependent on NLSCF correction. If the correction is added only at the end of the 

geometry optimization, the NL correction, the distances Omethanol- Hframework and 

Hrramework-Oframework are too short and too long, respectively. This is reflected in the 

frequencies that are then a mixture between the adsorption complex and the transition state. 
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The Adsorption of Methanol at High 
Coverage to Zeolite Acid Sites 5 

Density functional theory is used to determine modes of adsorption of two 

and three methanol molecules at the acidic and basic sites of a zeolite 

cluster model. The protonation of high coverages methanol adsorption 

complexes is more difficult than that of analogous adsorbed water 

molecules. Computed infrared spectra within the harmonie approximation 

are presented. Two bands due to OH stretching modes of the two methanol 

molecules are computed to be around 3300 and 2800 cm-1. The OH stretch 

of the zeolite frame shifts to very low wavenumbers, 1800 cm·l. Equilibrium 

constants are presented. 
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5.1. Introduetion 

The methanol-to-gasoline, MTG, processl is one of the most successful routes for 

the acid zeolite catalyzed conversion of methanol to synthetic fuels, say hydrocarbons in the 

gasoline boiling range (30-200. C). A large variety of different experiments established2 that 

methanol is first dehydrated to dimethyl ether (DME) and that an equilibrium mixture of 

methanol and DME is than converted to olefins, aliphatics and aromatics up to CJO. The 

mechanism of methanol adsorption, dehydration and, specially, the formation of the first C-C 

bond and the nature of the intermediates involved is still not fully understood. 

The interaction of methanol with acidic zeolites is a subject that has attracted 

considerable interest from experimentalistsl-4 as well as theoreticians.5-15 Nonetheless, 

simple questions as whether the zeolitic proton will be transferred or not to adsorbed 

methanol are still matter of large debate. The results appear to depend strongly on the 

technique used. According to cluster calculations6-8 the ion-pair (H3COH2+. · ·OZ-) is not a 

minimum in the potential energy surface, but a first order saddle point, being thus a transition 

state. On the other hand, first-principle studies performed on periodic zeolite model using 
plane waves basis set (core electrons are represented by pseudopotentials) have shown that 

when a single methanol adsorbs at a zeolitic eight-ring pore-opening of chabazite, it forms a 

methoxonium ion.9 Protonation was, nevertheless, not observed for sodalite,9,10 where large 

open cages are linked by six and four-ring windows. The computed energy differences 

between protonated and hydrogen bonded methanol are only a few kilojoules per mole.6-IO 

lt has been shown earlier how methanol, at low coverages, adsorbs to the acidic 

zeolite and how the reactions of hydrogen exchange6-8 and dehydration proceed.6,7,12 Here 

we try to understand the process of methanol adsorption at higher coverages (two and three 

methanol molecules per acidic site). There is experimental evidence for methanol clustering 

around the BrS1lnsted-acid and Lewis-base sites when its concentration is high.3,4 For instance, 

some properties like the infrared spectrum present large differences for low and high 

methanol coverages adsorption.4 The simultaneous activation of two methanol moleculescan 

generate, in one step reaction, surface methoxy species, dimethyl ether or ethanol. Those 

reactions are presentedinstudies dedicated to the next steps of the MTG process.l2,15 

We have used DFT to obtain six different modes of adsorption of two methanol 

molecules at the acidic zeolite. Additionally one possible mode for the adsorption of three 

methanol molecules at the acidic zeolite site was also studied. Different size clusters have 

been used to represent the acidic zeolite. A discussion of protonation and a comparison with 

adsorption of water at high coverages is presented. Furthermore, the harmonie vibrational 

frequencies for methanol adsorbed at high coverages (two or three molecules) at the acidic 

site are discussed. At last, effects of zeolite acid strength changes on the adsorption energies 
and geometry of some of the adsorption complexes are presented. 
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5.2. Method 

5.2.1. Computational Details. All calculations in this work are based ort density functional 

theory (DFI') 16 using the DGauss program (versions 2.1 and 3.0).17 The loc al density 

approximation (LDA) is used as parametrized by Vosko et ai.18 The LDA without any 

nonlocal coqection was found to be inadequate for the calculation of accurate binding 

energiesof systems which involve hydrogen transfer.J9,20 Because of that, nonlocal exchange 

and correlation corrections due to Becke21 and Perdew,22 respectively, are included to the 

final total LDA energy (NL). This level of correction is found to be very good for binding 

energies, but for systems which present strong hydrogen bond, properties dependent on the 

geometry (as protonation and infrared spectrum) are not correctly described, as we will show 

here. In order to obtain accurate structures, the nonlocal correction was also included during 

the optimization in a self-consistent manner (NLSCF). The basis sets are of double-zeta 

quality including polarization functions for all non-hydrogen atoms (DZPV).23 They were 

optimized for use in DFT in order to minimize the basis set superposition error (BSSE).24 A 

second set of basis functions, the fitting basis set,25 is used to ex pand the electron density in a 

set of single-partiele Gaussian-type functions. The few cases where another basis set was used 

will be explicitly discussed in the text. Total LDA energy gradients are computed 

analytically.26 For most of the structures discussed here, the second derivatives were 

obtained analytically, as implemenled in the DGauss version 3.0. Only in a few cases the 

frequencies were obtained by evaluating the matrix of the second derivatives by a finite 

difference scheme using the analytic first derivatives.27 Unscaled harmonie frequencies have 

been used and zero-point energy (ZPE) corrections included for all optimized structures. 

The molecular system used consisled of two or three methanol molecules, water and 

several different clusters, HOHAIH20H, or 1 TH for easier reference, H3SiOHAIH20SiH3 or 

3TH, H3SiOHAl(OH)20SiH3 or 3TOH, and H3SiOHAl(OH)(OSiH3)2 or 4TOH. The short 

narnes inform the number of tetrahedral (T) atoms used and the terminalion "H" or "OH" 

refers to the kind of terminalion in the aluminum atom, hydides or hydroxyl groups, 

respectively. In all cases the peripheral bonds of the Si atoms were saturated with hydrogens. 

No symmetry or geometry constraints have been imposed in any of the studied structures. 

Several different approaches can be used to repcesent the zeolitic/adsorbate system: 

i) the cluster approach, ii) to embedded the cluster in a set of point charges chosen to 

reproduce the bulk potentialll and more recently, iii) first principal calculations where the full 

zeolite structure is calculated using perioctic boundary conditions.9,10,28 The last seems to be 

the most complete way of repcesenting the zeolite/adsorbate system, but it still requires more 

extensive tests in order to be clearly validated. Unfortunately its computational expense 

prevents its current widespread applicability. To embed a cluster in a set of point charges 

allows for an accounting of the electrastatic potential of the surrounding lattice, but it has the 

inconvenience of uncertainty of the boundary conditions. One of the disadvantages of the u se 

of the cluster approach is that the interaction of the adsorbate with the rest of the cage is 

neglected. It is also not capable to simulate different structurelacidity relations of the various 

87 



Chapter 5 

zeolites. We will show here that only small differences in the adsorption energies are 

observed when the acidity of the cluster is changed. This is due to compensation effects of the 

transition state's positive charge by the negative charge left in the lattice.29 We here use the 

cluster approach, while noting that the adsorption energies presented repcesent a lower bound 

due to neglect of long range electrostatic effects. An advantage of this approach is its facility 

on treating complex systems as transition states and, especially, its low computational 

expenses. The results presented here are a first attempt in direction of understanding 

structures of importance for the MTG process. They can be used in the future as starting point 

for more elaborated calculations. 

5.2.2. Equilibrium Constants. The reaction of two methanol molecules with the acidic 

zeolite cluster is of second order. The adsorption equilibrium constants30 will be given by 

(5.1) 

where NA and kB are Avogadro and Boltzman's constants , V is the volume and T is the 

temperature of the system. Eads is the adsorption energy which includes already the zero-point 

energy correction. In the equation, qv. qr. and qt are the vibrational, rotational and 

translational partition functions . For the methanol molecule all three must be evaluated. For 

the adsorption complex (2CH30H-H3COZ)ads and zeolitic cluster (HOZ), assuming that the 

zeolite does not rotate or translate, only the vibrational partilion function needs to be 

calculated. The equilibrium constant is expressed in termsof [moJ-2.m6]. 

5.3. Results 

5.3.1. Adsorption of Two Methanol Molecules. Six different ways by which two methanol 

molecules can adsorb at the acidic zeolite have been studied here. Figure 5.1 shows three of 

them. They are related to the dimethyl ether formation.l2 The energetics for all six adsorption 

complexes is shown in Table 5.1. The first mode, shown in Figure 5.la and called Ads2Mgs 

for easier reference, is the most stabie adsorption mode for two methanol molecules. Note that 

2M in the name refers to two methanol molecules and gs to ground state since it is the most 

stabie adsorption mode we found. lts adsorption energy is -130 kJ/mol at the 3TOHINLSCF 

level. Three different ex perimental heats of adsorption for methanol, -63,3la -1083 and 

-11531 b kJ/mol, are reported in the literature. The calculated adsorption energy is in good 

agreement with the first (-63 kJ/mol) when one remembers that the adsorption energy 

obtained for this structure refers to the adsorption of two methanol molecules. Divided by two 

it gives the heat of adsorption per mole of methanol (-65 kJ per mole of methanol). Note that 

we will always refer to the complex zeolite-2CH30H as being one system, and so, we will 

use the unity kJ/mol to quantify the whole system. To have an idea how the basis set would 
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influence the adsorption energy, we have reoptimized the structure Ads2Mgs using a valenee 

triple-zeta (TZVP) basis set for all atoms. The adsorption energy increased-by 10 kJ/mol, 

going from -130 kJ/mol to -120 kJ/mol. This agrees with the tendency of DFf to overestimate 

adsorption energies and underestimate activation barriers. 

a b 

c 

:1.608 

!&~-~ 
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• Al 
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• 0 
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Figure 5.1. Adsorption modes of two methanol molecules at the acidic site Ads2Mgs (a), Ads2Mtrans 

(b), and Ads2Mrot (c). Structures obtained at 3TOH/NLSCF. 

A similar structure to Ads2Mgs has been calculated by Lymtrakul13 using HF/DZP 

and applying Cs symmetry and by Gale14 using DFf and an unconstrained geometry. The 

adsorption energy calculated by Lymtrakul was -92 kJ/mol, almost 40 kJ/mol higher than 

obtained in our calculations, -130 kJ/mol. There are two reasoos for this large difference: the 

author did not include correlation corrections (Cl or MP2) to the final energy and, by using 

the Cs symmetry constraint, the methyl groups of the methanol molecules were kept frozen in 

the plane defined by the atoms 0(1-2-3-4), so that the potential energy surface was not totally 
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explored. Gale finds an adsorption energy of -119 kJ/mol, 10 kJ/mol higher than in the 

present work. The difference is probably due the fact that ZPE correction was not included. 

Tsb/e 5.1. Total (En, hartrees) and Adsorption Energies (Eads. kJ/mol), ZPE (kJ/mol) and lmaginary 

Frequencies (IF, cm·t; tor the Various Adsorption Modes of Two Methanol Molecules According to 

Different Cluster Sizes and Corrections 

Structure Figure cluster/correc. Eads En ZPE IF 

Ads2Mgs 5.1a 3TOH/NLSCF ·130a -1359.616470 526.3 0 

3TOH/NL ·118 -1359.593459 523.8 0 

3TH/NL -128 ·1208.973133 484.3 -147;-37 

1TH/NL ·126 -627.503657 399.8 0 

Ads2Mtrans 5.1b 3TOH/NLSCF ·125 -1359.615387 528.4 0 

3TOH/NL -117 -1359.592545 522.0 0 

3TH/NL -125 -1208.971901 484.5 -108 

1TH/NL ·128 -627.511444 401.6 0 

Ads2Mrot 5.1c 3TOH/NLSCF -74 -1359.576862 531.5 0 

3TOH/NL -66 -1359.576862 531.5 0 

1TH/NL -72 -627.503809 411.9 0 

Ads2M4 5.2a 3TOH/NLSCF -85 -1359.601459 531.7 0 

Ads2M5 5.2b 3TOH/NLSCF -80 -1359.599715 532.2 -24 

Ads2M6 5.2c 4TOH/NLSCF -97 -1650.342366 573.9 0 

4TOH/NL -90 -1650.315337 568.8 -17 

5.2d 3TOH/NLSCF ·152 ·1359.626971 

3TOH/NL -137 ·1359.603678 530.8 0 

a Using a TZPV basis set, the 3TOH/NLSCF adsorption energy increases la -120 kJ/mol. riJ • No imaginary 

frequency. 

Figure 5.1 b shows the second mode of adsorption of two methanol molecules at the 

acidic zeolite (Ads2Mtrans for easier reference). The basic difference between this structure 

and the previous one (Figure 5.1a) is the position of the right side methyl group of methanol. 

In the first case both methyl groups are below the plane defined by the oxygen atoms 0(1-2-

3-4), in a "cis" conformation. In the structure of Figure 5.1b, the right side methyl group is 

above the plane defined by the 0(1-2-3-4) atoms, in a "trans" conformation with respect to 

this plane and the other methyl group. Table 5.1 shows that the adsorption energies of both 

structures differ by only 5 kJ/mol. In the zeolite both structures probably coexist, as will be 

discussed latter in the kinetics study. Because Ads2Mgs has the strongest adsorption energy it 

will be considered for further studies (for instanee DME formation) the ground state 

adsorption complex of two methanol molecules at the acidic zeolite site.12 

Table 5.2 shows the geometry of all modes of adsorption. The geometry obtained 

for Ads2Mgs at the NL level is very different from the NLSCF. With the NL correction, the 
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lattice hydrogen H3 has been transferred to the right side methanol while H2 (of the right side 

methanol) is nearly in the rniddle of both methanol molecules, between 01 and 02 (see the 

number of the atoms in Figure 5.la). When the NLSCF correction is included, the general 

picture of the structure changes dramatically, and a geometry as shown in Figure 5.la is 

obtained. The zeolitic proton is not transferred to methanol, but becomes attached to the 

zeolitic oxygen 03. The hydrogen atoms Hl and H2 are, at this level, bonded toeach one of 

the methanol molecules. The same tendency is observed also for the Ads2Mtrans adsorption 

complex. The scheme bellow shows the difference between the hydrogen atoms involved in 

the hydrogen honds within the NL and NLSCF corrections: 

' / y~-y 
H H 
I I 
I I 

The condusion is that although the adsorption energy in most cases does not change 

much on going from the NL to the NLSCF correction, the geometry of the structures obtained 

including only the NL correction is not correct. Especially for systems where strong hydrogen 

bridges with the zeolitic lattice (strong bases as is the case for methanol) are involved, it is 

necessary to include nonlocal correction selfconsistently (NLSCF). This is because at the NL 

level, the correction is included only at the end of the optirnization, correcting the energy but 

not the geometry. The structures obtained for the NLSCF correction agree with the results 

obtained by Lymtraku!l3 and Gale14 where no protonation was observed. 

The third adsorption complex for two methanol molecules is shown in Figure 5.1c 

and it is called Ads2Mrot· In the name, rot refers to rotation. This mode will be important in 

one of mechanisms of the DME formation because it involves the rotation of one of the 

methyl groups to somewhere between both methanol's oxygen atoms. lts adsorption energy, 

-74 kJ/mol, is almost half than that found for the most stable mode (Ads2Mgs). The geometry 

of the Ads2Mrot is shown in Table 5.2. The only important remark to be made is that one of 

the hydrogen atoms of the methyl group (H6) interacts with the hydroxyl terrnination of the 

alurninum atom. It is this interaction that avoids the atom H2 to interact with 05, bringing the 

right side methanol to adsorb end-on to the surface and the methyl group of the left side 

methanol to rotate to the left direction. This last is an stable adsorption mode and will be 

discussed later. Table 5.1 shows the adsorption complexes discussed up to now have been 

obtained using the NL and NLSCF corrections and various different cluster sizes (1 T and 3T 

atoms ). The difference in adsorption energy for those complexes is of the order of 10 kJ/mol. 

There exist additional adsorption modes for the two methanol molecules than the 

three already shown. Each mode of adsorption will be a local minimum in the potential 

energy surface. Other three are depicted in Figure 5.2. The first two, called Ads2M4 and 

Ads2M5, were obtained at the NLSCF level using the 3TOH cluster. In those modes one of 
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the methanol molecules will actsorb end-on to the surface, while the second methanol adsorbs 

exactly in front of (Figure 5.2a) or beside (Figure 5.2b) the first methanol molecule. In the 

structure of Figure 5.2a, the atoms Hl-Ol-C1 are in a plane that is nearly perpendicular to the 

p1ane defined by the atoms H2-02-C2. In order to make the visualization of the structure 
Ads2M4 more clear, the picture has been slightly rotated along the axis defined by the atoms 

02-Al. The adsorption energies for Ads2M4 and Ads2M5 structures at the NLSCF level were 

calculated to be -85 and -80 kJ/mol, respectively, as shown in Table 5.1. In the table it is also 

possible to see that Ads2M4 presents one imaginary mode, which was observed to be related 

to a smal! rotation of the methyl group C2. Such a small imaginary mode (-24) is not 

associated to any specific reaction coordinate. The adsorption energy will not change more 

than 1-2 kJ/mol if such a mode is removed. Geometries are shown in Table 5.2. The distance 

between proton Hl and oxygen atom 02 is large for both structures, over 1.9 A. Also the 

distance of the zeolitic proton to the surface is a slightly longer than in the free cluster. The 

02-C2, for both structures, is over 0.02 A Jonger than the di stance 0 1-C 1. 

Table 5.2. Selected Geometry of the Various Adsorption Modes of Two Methanol Molecules 

According_ Different Correct/ons. Disfances in ang_stroms and ang_les in deg_rees 

Ads2Mgs Ads2Mtrans Ads2Mrot Ads2M4 Ads2M5 Ads2M6 

NL NL8CF NL NL8CF NL8CF NL8CF NL8CF NL8CF 

lig 5.1a lig 5.1b lig 5.1c lig 5.2a lig 5.2b lig 5.2c 

01·H1 1.088 1.001 1.109 0.999 0.991 0.985 0.986 0.994 

01-C1 1.428 1.450 1.435 1.450 1.437 1.431 1.428 1.434 

01-(H2/C2) 1.204 1.625 1.224 1.622 

02-H2 1.250 1.029 1.205 1.027 0.977 1.006 1.109 1.002 

02-H3 1.062 1.363 1.092 1.400 1.608 

02·C2 1.435 1.453 1.424 1.447 1.460 1.456 1.452 1.458 

03-H3 1.348 1.115 1.400 1.096 1.025 1.027 1.022 1.078 

04-H1 1.379 1.785 1.450 1.854 1.869 

811-03 1.666 1.715 1.670 1.710 1.746 

03-AI 1.795 1.888 1.809 1.904 1.909 

Al-04 1.797 1.785 1.795 1.781 1.764 

04-812 1.668 1.664 1.658 1.661 1.664 

811-03-AI 122.1 126.9 122.2 128.1 115.31 

03-AI-04 104.2 104.7 104.9 105.1 107.11 111.7 96.4 113.5 

Al-04-812 126.7 132.3 134.1 137.9 133.79 

A similar structure as Ads2M5 has been observed by Haase and Sauer to be 

protonatect8a (the zeolitic hydrogen H3 has been transferred to the oxygen atom 02 of 

methanol). In their work, nevertheless, this structure was optimized only at the HF level. 

Latter on they8b have shown that for systems like methanol, the inclusion of electron 

correlation during the optimization is essential for reliable predictions of the adsorption 
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structures and, hence, properties that are geometry dependent In order to better search the 

potential energy surface in this region, we have started the optimization in a situation where 

one methanol was protonated and in close contact to the other methanol molecule. Wethen 

relaxed the complete system but after a few cycles of the optimization the zeolitic proton 

returned to the surface and the second methanol has moved away, returning to the situation 

depicted in Figure 5.2b. We have then optimized the cluster in two steps: first we have 

maintained the reaction coordinate flxed and optimized the cluster and then, in a second step, 

we have relaxed the whole system. Just as in the other case, the geometry returned 

immediately to the non-protonated conflguration. With the NL correction (not fully 

optimized) the H3 atom was somewhere in between the oxygen atoms 02 and 03, but this we 

have shown earlier in this section to be a deflciency of the method. 

a b 

c d 

~.599.· 

c:;:.-~;3 1.63 
1.831', 

Flgure 5.2. Adsorption modes of two methanol molecules at the acidic site Ads2M4 (a), Ads2M5 (b), 

and Ads2M6 (c and d, tor the 4TOH and 3TOH clusters, respectively). See the pattem of the atoms in 

Figure 5.1. 
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The third mode of adsorption (Ads2M6) is shown in Figure 5.2c. In this mode the 

two methanol molecules interact three fold with the lattice. Because of this, the larger 4TOH 

cluster bas to be used to represent the acidic zeolite. In Figure 5.2d the same structure is 

shown but using the smaller 3TOH cluster. Since for this cluster only two oxygen atoms 

bonded to silicon atoms are available, the third interaction will occur with one of the hydroxyl 

groups bound to the aJuminurn atom. As can be seen in Figure 5.2d an artificial hydrogen 

bond between this last group with the left side methanol group occurs. This does not happen 
if the larger 4TOH is used instead. The energetic information for both adsorption modes is 

shown in Table 5.1. The adsorption energy for the 3TOH cluster (-152 kJ/mol) is much 

stronger than for the 4TOH cluster ( -98 kJ/mol). The artificial extra hydrogen bond is 

certainly the cause for such a large difference in adsorption energy. The conclusion is that the 

us~ of the 3TOH cluster to repcesent this particular adsorption mode is not correct, since this 

cluster is not suitable to represent correctly three fold adsorption. Table 5.1 shows that the 

4TOHINLSCF Ads2M6 is 30 kJ/mol less stabie than the ground state (Ads2Mgs) discussed 

earlier in this section. For the 4TOHINL level an imaginary mode is present. It relates to the 

hydride terrnination of the silicon atoms. The selected geometry is shown in Tab ie 5.2. 

The last topic to be discussed concerns the equilibrium constants (Keq), shown in 

Table 5.3. They are given with respect to the reactants (2CH30H + HOZ) and the various 

adsorption modes of two methanol at the zeolite for different temperatures. They are much 

larger for the complexes Ads2Mgs and Ads2Mtrans than for the others. This was expected, 

since the adsorption energy of the two is much larger than the others. Based on the Keq we 

can say that for each 35 molecules adsorbed in the Ads2Mgs configuration, one will adsorb in 

the Ads2Mtrans configuration. For 473 K this difference decreases to 15. This means that both 

structures can be found in the zeolite po re. Further, for each 2·1 o+ 11 Ads2Mgs complexes, 

only one Ads2Mrot will be found. For the temperatures of the MTG reaction (DME formation, 

==400 K), this difference decreases to 7 .6·1 0+06. 

Tsble 5.3. Equilibrium Constants, Keq (in m6mot2) Between Reactants In the Gas Phase (Re) and 

the Various Modes of Adsorption of two Methanol Molecules at the Acidic Site 

T Re: Ads2Mgs Re : Ads2Mtrans Re : Ads2Mrot Re: Ads2M6 

fig 5.1a fig 5.1b tig 5.1c fig 5.2c 

273 4.08·10+04 1.17·10+03 2.03·10·07 7.61·10·02 

473 2.95·10·06 1.86·10·07 3.86·10·1 3 3.04·10·09 

673 3.88·10·10 3.38·10·11 3.33·10·15 5.38·10·12 

873 4.35·10·12 4.50·10·13 3.64·10·16 2.47·10·13 

1073 3.32·10·13 3.82·10"14 1.15·10·16 4.56·10·14 

Calculations of the equilibrium constants for the Ads2M4 complex are not possible due to the 

presence of an imaginary mode. Structure Ads2M5, as shown in the Ta bie 5.1, was fully 

optirnized (no imaginary modes present). The calculation of the Keq would be possible in this 

case, but since its adsorption energy is 50 kJ/mol higher than the ground state structure (Table 
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5.1), such mode will certainly not be observed at the reaction temperatures. Cernparing the 

equilibrium constants for the Ads2Mgs and Ads2M6 (Table 5.3), one concludes that at room 

temperature for each 5·10+5 complexes Ads2Mgs formed, only one Ads2M6 will be formed. If 

the temperature increases to 473 K, this difference decreases to 1000. At high temperatures as 

673 K, for each 72 Ads2Mgs complexes formed, one Ads2M6 will be formed. This means that 

for temperatures of 473 K and higher both structures could coexist. 

5.3.2. Comparison Between Methanol and Water Adsorption. Recently Krossner and 

Sauer32 have reported two different modes of adsorption for two water molecules at the acidic 

site of a zeolite cluster. For the first, both water molecules are strongly adsorbed to the 

zeolitic surface as well as interacting with each other, while for the second, the two water 

molecules interact with each other but only one of them is really adsorbed to the zeolitic 

lattice. For the first a three fold interaction with the cluster is observed, analogous to the mode 

of adsorption for two methanol molecules, Ads2M6 shown in Figure 5.2c. The basic 

difference is that in the case of water the zeolitic proton is transferred to the right side water 

molecule, with formation of a hydroxonium ion (H30+). Since we did not observe 

protonation for methanol, we decided to repeat the calculation for the water system adsorbed 

to the 4TOH cluster at the DFT/DZVP/NLSCF level. We observed indeed the protonation of 

water at high coverages without any activatien harrier. lt is important to notice that we did not 

observe protonation of methanol for any of the adsorption modes studied. 

Although it is not the objective of this artiele to discuss in details the adsorption of 

water, we would like to address some relevant points cernparing the results we have obtained 

with the DFT results obtained by Krossner and Sauer.32 A structure with geometry and 

infrared spectra (except for intensity) very similar to that obtained by Krossner and Sauer32 

was initially found. Exactly as intheir study, one imaginary mode was present. Analyzing the 

displacement of the atoms along such imaginary mode, we concluded that it was related to the 

proton transfer reaction between two different zeolitic oxygen atoms via the methanol 

molecule. It therefore is a transition state. On displacing the atoms along the imaginary mode, 

a new structure was obtained, now a local minimum in the potential energy surface (no 

imaginary modes), called Ads2Wprot and shown in Figure 5.3a. The geometry of this new 

structure presented some important differences compared to the transition state and, as a 

consequence, a large change in the infrared spectra was observed. In order to check that these 

differences were not due to basis set effects, we repeated the calculation for this new structure 

using the samebasis set used by Krossner and Sauer,32 a TZVP basis set for the oxygens and 

DZVP for all other atoms, DZffZ(O). The structure Ads2Wprot confirmed to be a local 

minimum in the potential energy surface also for the larger basis set. lts geometry is nearly 

the same as the one obtained with the DZVP basis set for all atoms. Adsorption energy and 

selected geometry for the structures just discussed are reported in Table 5.4. The largest 

difference between the transition structure and the local minimum resides in the bonds around 

the oxygen atom 02 (see Figure 5.3a for the atom numbers). The distance 02-H2 is 0.03 A 
shorter, while 02-H3 is 0.07 A longer in Ads2Wprot than it was in the transition state. The 
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distances H2-04 and H3-03 are Jongerand sborter, respectively, by 0.19 A both. This is 

equivalent to say that, although there still exists protonation, the lattice H3 is much closer to 

the surface oxygen than H2 and its distance to the methanol molecule is larger. Also the 

distance H 1-05 is 0.185 A Jonger for Ads2W prot than for the transition state. The ZPE 
corrected adsorption energies we have obtained is -118.7 kJ/mol for the transition structure 
using a DZ basis set and -120.0 kJ/mol for the local minimum (Ads2Wprot) for both DZ and 
DZ/TZ(O) basis set. This means that a very small harrier separates both structures. 
Nevertheless, due to the significant changes in tbe geometry of a few important atoms, 

properties like infrared spectra are largely affected, as one can see in Table 5.5. The modes 

affected mostly are associated to H30+ stretches. 

a b 

Figure 5.3. Adsorption modes of two water molecules at the acidic site Ads2Wprot (a), and 

Ads2Wneutral (b). See the pattem of the stoms in Figure 5.1. 

Krossner and Sauer32 have obtained an adsorption energy for the neutral species of 
-109.4 kJ/mol (for two methanol molecules) and a protonation energy of -21.7 kJ/mol. The 

ZPE correction for the protonation was found to be rather smal!, 0.5 kJ/mol. This gives an 

adsorption energy for the ion-pair structure of -140.5 kJ/mol, compared to -120 kJ/mol 

obtained in the present study. We have observed that the ZPE correction increases the 

adsorption energy of the ion-pair structure with respect to the reactants by "'14 kJ/mol, what is 
significantly more than the value obtained by Krossner and Sauer. Since in both studies the 

same method, basis set, and program was used, the difference in the obtained adsorption 

energy can arise from: i) presence of imaginary modes (for the zeolite cluster of the neutral 
and ion-pair complexes); ii) differences in the size of the cluster model for the zeolite. 

However they found adsorption energy differences not larger than 5 kJ/mol when using 

different sized clusters; and iii) different stationary points have been found for both works. 
Camparing the geometry of the modes of adsorption for methanol and water 

(Figures 5.2c and 5.3a), one sees that in both cases the molecules adsorb three fold to the 

lattice. The distance between Hl-05 is slightly smaller for water (1.727 À) than for methanol 
(1.851 A). The distance between the oxygen 01 and H4 for water (1.523 A) is also much 
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shorter if compared to the analogous distance for methanol 01-H9 (2.670 À). One could say 

that this was the reason why the right side methanol did not undergo protonation. To test that, 

we have started the optirnization with a very short 01-H9 elistance (=1.4 À), but the right side 

methyl group moves upwards, increasing the Ol-methyl distance. 

Table 5.4. Adsorption Energy (kJ/mol) and Geometry of the Modes of Adsorption of Two Water 

Molecules at the ac/die site. Disfances in Ang_stroms and Ang_Jes in Deg_rees 

Ads2Wprota,b Ads2Wprot Ads2Wprota,c Ads2Wneutral 

lig 5.3a lig 5.3b 

Eads -118.7 -120.0 -120.0 -119.5 

01-H1 1.017 1.012 1.014 01-H4 1.030 

01-H5 0.979 0.978 0.979 01 -H5 1.076 

02-H2 1.044 1.015 1.015 02-H2 0.992 

02-H3 1.057 1.131 1.130 02-H3 0.994 

02-H4 1.060 1.045 1.048 05-H1 0.979 

03-AI-04 99.9 99.8 99.8 03-AI-04 104.9 

a Figure nol shown. Similar to Figure 5.3a. b This structure presenled one lmaginary mode related to !he 

hydragen exchange between !he water molecule and !he la!!ice. Additionallntermolecular distances: H1-05 = 

1.699; 01-H4 = 1.523; H2-04 = 1.611; H3-03 = 1.538. Similar s!ructure has been ob!ained by rel 32 with Eads=· 

140.5 kJ/mol. c Structure obtained with !he DZITZ(O) basis set. Intermolecu lar distances: H 1-05 = 1.724; 01-H4 

= 1.552; H2-04 = 1.788; H3-03 = 1.347. 

As just discussed, the adsorption complex of two water molecules (Ads2Wprot in 

Figure 5.3a) is analogous to the Ads2M6 complex for methanol (Figure 5.2c). In the previous 

section we have show that the ground state structure for two methanol adsorption is the 

Ads2Mgs shown in Figure 5.1a, over 30 kJ/mol more stabie than the Ads2M6. In order to find 

out if it is possible that two water molecules assume analogous contiguration as Ads2Mgs we 

have also optimized such a 4TOH/NLSCF adsorption complex. The optirnized structure 

obtained is shown in Figure 5.3b. Protonation was not observed for this structure, so we cal! it 

Ads2Wneutral· Without the ZPE corrections this new structure is indeed more stabie than the 

protonated one (=6 kJ/mol). Including ZPE corrections, however, it becomes 0.5 kJ/molless 

stabie than the protonated structure. Note that Ads2Wneutral is different from the neutral 

structure reported by Krossner and Sauer32 which was found to be over 20 kJ/molless stabie 

than the protonated structure. In that case only one water molecule interacts with the surface. 

In the present case both water molecules interact (three fold) with the zeolitic lattice. 

Comparing both structures, protonated (Figure 5.3a) with nonprotonated (Figure 

5.3b) one sees that for the first, the zeolitic proton has been transferredtoa water molecule. 

The hydrogen atoms make hydrogen honds with the lattice as well as with the second water 

molecule. In the case of Ads2Wneutral the zeolitic proton interacts with a water molecule that 

makes only one hydrogen bond with the other water while its second hydrogen atom is free. lt 
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is clear that the additional hydrogen bond causes protonation. According to Keq calculations, 

at room temperature the proportion Ads2WneutraFAds2Wprot is 2:1. At 473 K the situation 

inverts to 1 :2. This means that an equilibrium between both structures exists. The larger 

energy difference between the methanol structures Ads2Mgs and Ads2M6 (30 kJ/mol) 

compared totheir analogous for water Ads2Wneutral and Ads2Wprot (0.5 kJ/mol) comes from 
the protonation effects observed for water but not for methanol. 

Since the proton affinity of methanol is larger than water, it seems surprising water 

becomes protonated and methanol not. Comparing the protonated water system (Figure 5.3a) 

with the Ads2Mgs and Ads2M6 modes for methanol (Figures 5.la and 5.2c), one counts four 

strong hydrogen honds for the water complex and only three for methanol. The additional 

hydrogen bond is the reason why water is able to become protonated but methanol not. 

Table 5.5. Calculated Harmonie Frequencies (cm·1) and Relative lntensities tor Two Water Molecules 

Adsorbed at the Acidic Site. See the Structures in Figyre 5.3 

Ads2Wprota Ads2Wprot ref 32b Ads2Wneutral 

fig 5.3a fig 5.3b 

F F F F 

H30+ stret 2713 0.69 3115 0.60 2757 0.84 OHF stret 2064 1.00 

2424 1.00 2558 0.74 2428 0.94 H20w1 stret 3494 0.26 

2296 0.96 1791 0.15 2340 0.18 3454 0.15 

H30+ band 1756 0.16 1449 1.00 1744 0.04 H20w2 stret 3707 0.031 

1727 0.01 1724 0.09 1722 0.02 2803 o.5oh 

1526 0.51 1632 0.25 1554 0.32 H20w1 bend 1734 0.06 

H20 stret 3716 o.o5t 3711 0.041 3693 1.oot H20w2 bend 1710 0.01 

3022 o.88h 3065 o.35h 2945 0.66h OHF ip-bend 1496 0.08 

H20 band 1678 0.01 1684 0.02 1672 0.36 OHF op-bend • 1151 0.06 

a This structure presenled one imaginary mode related to the hydrogen exchange between the water molecule 

and the lat1ice. b One imaginary mode present. 1 tree. h hydrogen bonded. lp in plane. op out of plane. 

5.3.3. Three Methanol Molecules Adsorption. We have also studied one of the possible 

modes of adsorption of three methanol molecules at the acidic site of a zeolite as depicted in 

Figure 5.4. We call it Ads3M for easier reference. Information of geometry, energy and 

frequencies is given in Table 5.6. lts adsorption energy, -153 kJ/mol (or -51 kilojoules per 

mol of methanol) is consistent with the adsorption energy of two methanol molecules, -130 

kJ/mol ( or -65 kJ/mol of methanol) and one single methanol molecule ( -75 kJ/mol). The 

decrease of the heat of adsorption according to increasing surface coverage has been observed 
theoretically32 as well as experimentally3,33 before. It comes from the decrease in the 

interaction strength between the adsorbed molecules themselves as well as with the lattice. 

Figure 5.4 shows that the OH groups of the three methanol molecules are disposed around the 

acidic site in a 10 atoms ring. Although we did not observed proton transfer from the lattice to 
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the methanol molecules, in the confined zeolitic pore harrier free protonation would not be 

surprising. For such a large system, electrostatic effects of the cavity can be very important. 

~606 
, ·-

® ,,' 3 
Al 1.694 

~ Si 

® c 

• 0 

0 H 

Figure 5.4. Adsorption mode ot three methanol molecules at the acidic zeolite site (A). 

Table 5.6. Adsorption (lEads· kJ/mol} and Total (én, Hartree) énergies, ZPé (kJ/mol), Selected 

Geometry (Angstroms and Degrees), and Calculated Harmonie and lmaginary Frequencies (IF, cm·1J 

and lntensities (km/mol) tor the Three Methanol Adsoption Complex 

Energelles Geometry 

Eads -153 01 -H1 1.002 01-C1 1.439 

En -1475.380777 02-H2 1.009 02-C2 1.443 

ZPE 666.2 03-H3 1.022 03-C3 1.446 

IF 13 04-H4 1.081 04-AI-05 107.68 

Harmonie Fregueneies 

O-H1 stret O-H2 stret O-H3 stret O-H4 stret C1-H stret C2-H stret C3-H stret 

F F F F F F F 

3259 836 3126 1338 2872 1603 2010 3264 3071 68 3072 98 3091 17 

3021 50 3036 52 3046 22 

2947 132 2956 52 2970 95 

0 - No lmaglnary frequency. 

5.3.4. Normal Mode Frequencies. The experimental spectrum4a and calculated harmonie 

infrared frequencies for high methanol coverages are presenled in Figure 5.5 and Tables 5.6 

and 5.7. The calculated frequencies for the Ads2Mgs and Ads2Mtrans structures seem to agree 

remarkably well with experiment. In the experimental spectrum for high methanol coverages 

(lmbar),4a shown in Figure 5.5, the shoulders observed at "'2900-2450-1650 cm·l are 
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probably due to the residual A-B-C pattem from hydrogen bonded methanol molecules 

adsorbed end-on in the acidic site.6 Also the small shoulder in the experimental spectrum at 

=3550 cm-I remains from the low methanol coverages spectrum. 

0Hm2 
I 
I 

0Hm1 I 

I 

3500 3000 2500 

Ads2M98 {I) 

Ads2Mtrans (11) 

Ads3M (111) 

2000 1500 

Figure 5.5. Experimental spectrum4a for high methanol coverages and calculated intrared OH stretch 

modes of the most stabie adsorption complexes of two and three methanol molecules adsorbed at the 

acidlc site of the zeolite. Relative intensities are presented. Frequencies are given in cm-1. See the 

label of the atoms in Figure 5. 1. 

C-H stretching modes are in the region 3080-2959 cm· I and, exactly as for low 

methanol coverages, they are a little higher than the experiment. The increase in intensity of 

these bandscan be attributed to a summation effect resulting from the presence of two methyl 

groups in the samespeetral region. The experimental band4 at =3350 cm-I was calculated to 
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be due to the OH stretching mode of the left side methanol molecule (mi, see Figure 5.5) 

interacting with the basic oxygen of the frame, at 3308 and 3367 cm· I for the Ads2Mgs and 

Ads2Mtrans structures, respectively. The OH stretch for the right side methanol molecule m2, 

strongly perturbed by the presence of the other methanol and the acidic proton, shifts to much 

lower wavenumbers, =2800 cm·l. This contradiets the assignment of a band at this position in 

the experimental spectrum4 as due to CH stretching mode. However the theoretica! result can 

be uncertain because only the harmonie approximation has been used. The infrared spectrum 

of the isotopic CD30H species shows that all (sharp) bands at =3000 shift to lower wave 

numbers, confirrning to be due tothemethyl group rather than OH stretch.34 

Table 5.7. Ca/culated Harmonie Frequencies (crrr1) and lntensities (km/mol) tor the Various 

Adsorption Complexes of Two Methanol Molecules 

O-H1 stret 

O-H2 stret 

O-H3 stret 

C1-H stret 

C2-H stret 

Ads2Mgs 

fig 5.1a 

F 

3308 847 

2772 1523 

1724 1893 

3069 24 

3039 28 

2957 59 

3108 16 

3056 17 

2974 21 

Ads2Mtrans Ads2Mrot 

fig 5.1b fig5 .1c 

F F 

3367 752 3503 589 

2837 1560 3671 45 

1833 2767 2833 2146 

3080 16 3045 46 

3057 39 3008 49 

2972 57 2938 92 

3074 18 3062 43 

3042 29 3044 41 

2959 45 2956 44 

Ads2M4 Ads2M5 Ads2M6 

fig 5.2a fig 5.2b fig 5.2c 

F F F 

3557 302 3542 342 3451 616 

3208 1001 3160 1251 3290 647 

2787 1455 2899 801' 2085 2075 

3050 56 3049 61 3052 49 

2974 81 2952 118 2988 78 

2918 79 2902 472' 2926 97 

3091 29 3100 85 3104 26 

3072 19 3063 24 3071 13 

2982 45 2978 31 2984 20 

• The CH stretchin9 mode was contaminated by the OH3 stretch. The intensity of the CH stretch band has thus 

increased while the OH3 stretch has decreased. 

The shift of OH stretch frequency of the frame is very large, calculated at =1800 

cm·l. lts identification in the experimental spectrum is uncertain due to the presence of 

several very broad bands in this region. Table 5.7 shows the harmonie infrared spectra for all 

other adsorption complexes of two methanol molecules adsorbed at the acidic site of the 

zeolite. Because they all have a much higher adsorption energy, the chances that they are 

going to be observed at room temperature (the temperature that the experimental spectra were 

measured) are minimaL So, we will not discuss them explicitly. 

The calculated spectrum for three methanol molecules adsorbed at the acidic site is 

shown in Table 5.6 and a comparison with the experimental spectrum is shown in Figure 5.5. 

It is similar to the spectrum obtained for the adsorption of two methanol molecules at the 

acidic site of the zeolite. The two bands at 3260 and 3120 cm· I due to OH stretching of 

methanol molecules mi and m2 (see Figure 5.5) are in very good agreement with the 

experimental very broad band in the region 3100-3300 cm· l. The OH stretch for the third 

methanol molecule m3, strongly perturbed by the presence of m2 and the acidic proton, shifts 
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to much lower wavenumbers, 2870 cm-I, in the same region as obtained for the spectrum of 

two methanol molecules. Also here the shift of OH stretch frequency of the lattice is large, 

calculated at around 2000 cm-I. lts identification in the experimental spectra is difficult due to 

the presence of several very broad bands in this region. C-H stretching modes are all in the 

region 3090-2950 cm-1. 

5.3.5. Acidity Affects. Using force-field method Kramer and van Santen35 have shown that 

the proton affinity (the theoretica} measurement of the zeolite acidity) can vary over a range 

of 1-2 eV. As we have shown earlier,36 on mak.ing the Si-H honds close to the proton Jonger, 

the Si-0 bond becomes shorter, and as consequence, 0-proton Jonger. In another words, the 

0-proton bond becomes weaker, and the zeolite, more acidic. In the opposite way, to make 

Si-H honds shorter equals making the zeolite cluster less acidic. If the Si-H honds far from 

the proton are changed instead, the effect is nearly the same, but now it is of "long distance", 

and so, weaker. To change the Si-H honds in the transition structures will provoke a different 

response according their nature, more covalent or ionic. The alternation in bend distances due 

to the change in Si-H bond length are in agreement with the Bond Order Conservation (BOC) 
arguments.37 Changes in the acidity of the system imply in adsorption and activation energies 

as well as geometry changes. As a consequence of the last, also geometry dependent 

properties like IR spectra can change significantly. We have studied the acidity effects over 

the most important adsorption complexes for methanol low and high coverages adsorption. 

Before discussing the acidity effects we like to show the energetics involved in the 

deprotonation of the zeolite cluster according different clusters size as well as different Si-H 

bond distances, as shown in the Table 5.8. 

Tsble 5.8. Deprotonation Energy (Edeprot. kJ/mol) tor Different Size Clusters and Si-H Bond 

Distances. NLSCF Correction Used and lncluding ZPE Correct/ons 

Si-H 

Edeprot 

eq- 0.2' 

+1285 

eq 

+1261 

3TOH 

eq + 0.2' eq + 0.3' 

+1238 +1226 

• ZPE corrections of the structure at the equilibrium Si-H bond distance. 

3TH 

eq 

+1264 

1TOH 

eq 

+1336 

The NLSCF deprotonation energies of the 3TOH and 3TH clusters are nearly the 

same (+1260 kJ/mol) while for the smalllTOH, it is 70 kJ/mol higher. This indicates that the 

lTOH cluster is less acidic than the two 3T clusters. Comparing the adsorption and activation 

energies for the different clusters along this thesis, one observes differences not larger than 10 

kilojoules. The reason for such a small difference are the stabilization effects resulting from 

the interaction between the protonated system (positively charged) with the negatively 

charged lattice. When the zeolitic 3TOHINLSCF cluster is made more acidic by elongating 

the Si-H bond distances near to the proton by 0.2 A, the deprotonation energy decreases by 

23 kJ/mol, as shown in Table 5.8. Making the cluster less acidic (Si-H honds 0.2 A shorter) 

increases the deprotonation energy by 24 kJ/mol. Table 5.9 shows the results obtained for the 
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short distance effects of proton affinity changes. Only the effect of making the zeolite clusters 

more acidic has been studied. The table shows that the general tendency of the adsorption 

energy is to decrease with increasing acidity of the zeolite, as expected. The changes in the 

adsorption energy are smaller for one methanol adsorption complex (decrease by 1 kJ/mol), 

than for two methanol molecules (3 kJ/mol). This means that local effects are more important 

for high methanol coverages adsorption complexes. Properties like geometry and infrared OH 

stretching modes do not vary much for one methanol, as one sees in Table 5.9. 

Tsble 5.9. Changes in fhe Adsorpfion Energies, some Selecfed Bond Disfances (Angsfroms) and 

Harmonie Frequencies (cm-1) of some Adsorpfion Complexes According fo Changes in fhe Terminal 

Si-H Bond Disfances 

Adsend-on Ads2Mgs Ads2Mtrans 

rel 6 lig 5.1a lig 5.1b 

Si-H eg +0.2 eg +0.2 +0.3 eg +0.2 

Eads -73 -74 -130 -133 -136 -125 -126 

Geomet 

01-H1 1.527 1.501 01-H1 1.001 1.005 1.013 0.999 1.000 

01-H2 1.005 1.006 01-H2 (C2) 1.625 1.542 1.439 1.622 1.586 

02-H1 1.052 1.062 02-H2 (C2) 1.029 1.049 1.083 1.027 1.035 

03-H1 1.786 1.771 02-H3 1.363 1.241 1.142 1.400 1.338 

01-C1 1.449 1.450 03-H3 1.115 1.204 1.316 1.096 1.113 

03-C1 04-H1 1.785 1.744 1.687 1.854 1.844 

Harmonie Freguençies 

OHMeOH stret 3237 3231 01H1 stret 3308 3195 

OH1rame stret 2398 2334 02H2 stret 2772 2476' 

03H3 stret 1724 1126 

H202H3 bend 1703 

• The 0 2H2 stretching mode is, in this case, coupled with the 0 2H3 stretch (asymmetrical). 

The changes for the adsorption of two methanol molecules, however, are quite large. 

The increase in zeolite acidity results in the harrier free proton transfer from the zeolitic 

lattice to one of the adsorbed methanol of the structure Ads2Mgs. as can be observed from the 

increase of the 03-H3 and decrease of the 02-H3 bond distances. This shows that for more 

acidic zeolites, methanol adsorbed at higher coverages can be found in its protonated form. 

Protonation was not observed for the Ads2Mtrans complex, not even when a very large 

increase of the right side Si-H distances (eq + 0.3 Á) is applied. Note that this last is possibly 

not correct because it results in very large distortions of the system. In the Ads2Mgs case both 

methyl groups interact weakly with the third basic oxygen of the zeolitic cluster (05), while 

in the case of the Ads2Mtrans structure, only one of the methyl groups is able to interact with 

the lattice oxygen 05. Probably this extra stabilization effects makes the first to be easier 
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protonated than the last. Because the Ads2Mgs mode is now almost protonated, its infrared 

spectrum changes quite drastically. Table 5.9 shows a few normal modes for the more acidic 

Ads2Mgs complex comparing with equilibrium. The OH stretching modes shift toeven lower 

wavenumbers and a bending mode (H202H3) appears. 

5.4. Conclusions 

Density Functional Theory was used to study different modes of adsorption of two 

and three methanol molecules in an acidic zeolite. Harmonie infrared frequencies for the 

adsorption modes were presented and equilibrium constants discussed. In total six different 

modes of adsorption of two methanol molecules at the acidic site were obtained. 

Nevertheless, according to the equilibrium constants, from the six only two can be observed 

at the reaction temperatures. Their adsorption energy was calculated to be -130 and -125 

kJ/mol (given per two methanol molecules). This number agrees with one experimental 

adsorption energy reported in the literature,30a -63 kJ/mol, which is given per mol of 

methanol. The other two adsorption energies reported in literature (-1083 and -11530b kJ/mol) 

are considerably higher than calculated in the present work. The third mode of methanol 

adsorption is over 30 kJ/mol higher in energy than the most stabie one. Only at higher 

temperatures this mode will be populated. We have studied also one of the modes of 

adsorption of three methanol molecules at the acidic site. It results in an adsorption energy of 

-153 kJ/mol ( or -51 kJ/mol of methanol). 

One mode of adsorption for two methanol molecules at the acidic site, observed by 

another work8 to be a protonated structure was, in this study, observed to be a neutral 

hydrogen bonded species. The probable reason for the difference is that in that work the 

structure was optimized at the HF level, which was observed latter by the same authors not to 

be adequate to deal with systems like methanol, where strong hydrogen bridges are present. 

Forthese cases a MP2 optimization is required.8 An analogous deficiency occurs with DFT 

when the nonlocal corrections are included only at the end of the optimization instead of 

selfconsistently. We have shown here that the first procedure gives incorrect geometries and, 

in some cases, even physical transference of the proton from the zeolite to the adsorbed 

molecule. Recently it has been shown32 that one mode of adsorption of two water molecules 

at the acidic site is protonated (the zeolitic proton is observed to migrate to one of the water 

molecules, generating a H30+ structure). The analogous adsorption complex for methanol is 

found by us to be a neutral species. We also find another mode of adsorption of two water 

molecules without protonation with the same energy as the protonated species. 

The experimental infrared spectrum4 obtained for high methanol adsorption 

coverages show a new broad band at 3350 cm-I, that can be assigned due to one methanol OH 

stretch interacting with the zeolite basic site. A band at 2750-2850 cm-I was calculated to be 

due to OH stretch of a second methanol molecule interacting with the other adsorbed 

methanol molecule and the frame. This band is not confirmed by experiments involving 

104 



The Adsorption of Methanol at High Coverage to Zeolite Acid Sites 

isotops.34 Finally, a study of effect of changes in the proton affinity of a few systems has 

been studied. We have observed that the increase of the cluster acidity provokes a decreasein 

the adsorption energies as well as activatien harriers. For high methanol coverages, no barrier 

of protonation has been observed when the system is made more acidic. As a consequence, 

properties like geometry and infrared spectra change considerably. Almost no change was 

observed by making the Iow methanol coverages adsorption complexes more acidic. 
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Dimethyl Ether Formation 
from Methanol Catalyzed 

by Zeolitic Protons 6 

Density functional theory is used to study the zeolite acid catalyzed 

methanol dehydration to dimethyl ether. Three different reaction pathways 

are proposed. In the first, methanol adsorption and surface methoxy species 

formation are the initia[ elementary steps for this reaction. Subsequent 

dimethyl ether formation by reaction of a new methanol molecule with the 

surface methoxy species takes place. The second path involves the 

simultaneous adsorption and activation of two methanol molecules with 
formation of dimethyl ether and water in one step. The third path involves 

also the simultaneous adsorption and activation of two methanol molecules. 

The diJterenee is that, like in the first path, initially a methoxy surface 

species will be formed from dehydration of one of the methanol molecules 

and this will be followed by dimethyl ether formation. The second path 

appears to be the preferred route for dimethyl ether formation, since its 

activation harrier is lower than the other two paths. The effect afmaking the 

zeolitic cluster slightly more acidic (by lengthening the Si-H bond distances) 

over the activation harriers of dimethyl ether formation has been studied. 

Changes of the order of 5 kJ/mol are observed. Calculated harmonie 

infrared spectra for DME is discussed. Additionally, an analysis of the 

reaction ra te constants for the three reaction paths of methanol dehydration 

is presented. 



Chapter6 

6.1. Introduetion 

The zeolite acid catalyzed conversion of methanol to synthetic fuels, that are 

hydrocarbons in the gasoline boiling range, is attracting a great attention of the scientific 

community since its discovery.l lt is known as the methanol-to-gasoline, or MTG process. 

Several different experiments established2 that methanol first dehydrates to dimethyl ether 

(DME) and that an equilibrium mixtm·e of methanol and DME is converted to olefins, 

aliphatics and aromatics up to C10. The mechanism of methanol dehydration and, specially, 

the formation of the first C-C bond and the nature of the intermediates involved is still not 

fully understood. 

Concerning DME formation, different bimolecular mechanisms have been proposed 

in the literature,3 all invalving reactions temperature above 473 K. Bandiera and Naccache4 

have studied methanol dehydration on a highly dealuminated H-mordenite (Si/Al>80). Their 

kinetic measurements are consistent with the bimolecular Langmuir-Hinshelwood (L-H)5 

mechanism, known to involve two surface species. The mechanism proposed by Bandiera and 

Naccache4 involves initia! reaction of one methanol molecule at a Br!1Snsted acid site, H+, and 

another at its adjacent base site, Q2-, with formation of the two species, [CH3•0Hz]+ and 

[CH30]·, in the acidic and basic sites, respectively. Upon condensation they give dimethyl 

ether and water. Another possible route for dehydration of methanol to DME is the Rideal

Eley (R-E) mechanism, proposed by Qinwei and Jingfa,6 which involves the reaction of a 

surface species and a gas phase methanol molecule. In this mechanism, only an acidic site is 

required, which attacks the nucleophilic oxygen of the methanol molecule. Kubelková et al.7 

have examined the formation of DME on HY and H-ZSM5 zeolites modified with non 

skeletal Al. For HY, where nonskeletal Al atoms were not present, FfiR spectra suggest that 

methanol is first protonated to methoxonium (CH30H2+) ion, which upon dehydration leaves 
methyl groups bonded to the zeolitic surface. Later on, at temperatures in the range of 453-

573 K, those surface methyl groups can react with another methanol molecule (R-E 

mechanism) to form dimethyl ether. Above 573 K, those surface methoxy groups form C2-C5 

aliphatics and C4-C10 aromatics compounds. Schiffino and Merrill8 studied methanol 
dehydration over y-Alurnina. They propose a mechanism with two parallel reaction pathways 

for the production of dimethyl ether. One pathway concerns the reaction between molecularly 

adsorbed methanol and a methoxy species, and the other is the reaction between two adsorbed 

methoxy species. The reaction rate obtained was of zero-order in methanol concentration, 

letting the authors to conclude that the reaction rate for dimethyl ether formation follows a 

Langmuir-Hinshelwood type expression. lt is important to notice that the reaction mechanism 

involved on an AJumina type catalyst is different from that in a zeolite. The catalytic activity 

of alumina for methanol dehydration is associated with the Lewis acid - Lewis base pair 

formed during surface dehydration. There, the electron-rich oxygen anions show basic 

character and the electron-deficient aJuminurn cations show acid character. In contrast the 

catalytic activity in acidic zeolites is related with the Br!1Snsted acid - Lewis base pair. 

Br!1Snsted acidic sites are involved in reactions of hydragen transfer, while their adjacent 
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Lewis basic sites are able to stabilize carbonium or carbenium ions formed on the surface or 

receive protons back, regenerating the acidic site. 

It has been shown in the last two chapters how methanol, at low and high coverages, 

adsorbs to the acidic zeolite and how the reactions of hydrogen exchange and dehydration (or 

surface methoxy species formation) proceect.9·11 In the present study we try to learn about the 

consecutive step in the MTG process, the dimethyl ether formation. We will present three 

different parallel reaction pathways for the production of dimethyl ether. The frrst (Path I) is 

close to that proposed by Kubelková et aJ.7 However we do not find the methoxonium ion as 

an intermediate, but rather as a transition state (ref 9 and references therein). In this first path, 

the reaction proceeds via two distinct steps. Initially one methanol molecule adsorbs in the 

acidic site of the zeolite and via a transition state with characteristics of a carbenium ion a 

methyl group becomes bonded as a methoxy species to the basic oxygen of the zeolitic 

surface and a water molecule is released (eq 6.1a).9·11 In a second step another methanol 

molecule approaches the surface bonded methyl group and a DME molecule is formed, while 

the acidic zeolite is regenerated (eq 6.lb). 

CH30H + ZOH ~ (CH3+ ••• OH2+ ••• ZO·)t ~ ZOCH3 + H20(g) 

ZOCH3 + CH30H ~ (CH3+ ••• CH30+ ••• zo-)t ~ ZOH + (CH3)20(g) 

(6.la) 

(6.1 b) 

The second path (Path II) involves the simultaneous adsorption and reaction of two 

methanol molecules, with formation of dimethyl ether and water in one step (eq 6.2). There, 

the zeolitic proton is transferred to the hydroxyl group of one of the methanol molecules, 

generating a water molecule. Simultaneously the methyl group bincts to the oxygen atom of 

the second methanol molecule and the hydrogen atom (of the second methanol molecule) is 

back donated to the zeolite, with a DME molecule being, thus, released. The third path (Path 

III) is similar to the first except tbat now it proceeds with the simultaneous adsorption of two 

methanol molecules. Initially the dehydration of one of the methanol molecules auxiliated by 

the second methanol occurs (eq 6.3a). Latter on, the second methanol reacts with the surface 

methoxy group formed originating dimethyl ether (eq 6.3b). According to this mechanism the 

water molecule formed remains adsorbed during the DME formation step. 

2CH30H + ZOH ~ (CH30H+ ••• CH3+ ••• OHz+ ••• ZO-)t ~ 

ZOH + (CH3)2Ü(g) + HzO(g) 

2CH30H + ZOH ~ (CH30H ••• CH3+ ••• OHz+ ••• ZO-)t ~ 

ZOCH3 + HzO(ads) + CH30H(ads) ~ 

(HzO ••• CH3+ ••• CH3ü+ ••• ZQ-)t ~ ZOH + (CH3)2Ü(g) + HzO(g) 

(6.2) 

(6.3a) 

(6.3b) 

We have used density functional theory to obtain reactants, adsorption complexes, 

transition states and products involved in all paths of DME formation. Different size clusters 

have been used to represent the acidic zeolite. Adsorption energies and activation barriers 

give the possibility for a comparison between the different studied paths. Additional 
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calculation of partitions functions allows an analysis of the rate constants. At last, the zeolite 

acid strength changes effects over activation harriers as well as geometries are presented. 

6.2. Metbod 

6.2.1. Computational Details. All calculations in this work are based on density functional 

theory (DFT)l2 using the DGauss program (version 2.1 and 3.0) part of the UniChem 

package from Cray Research, lnc.J3 The local density approximation (LDA) is used, with the 

exchange-correlation potential given in the form parametrized by Voskoet aJ.J4 The LDA 

without any nonlocal correction has been found to be inadequate for the calculation of 
accurate binding energies for reactions which involve hydrogen transfer. IS, 16 Because of that, 

nonlocal exchange and correlation corrections due to Beckel7 and Perdew,l8 respectively, are 

included to the final total LDA energy (NL). This level of correction is found to be very good 

for binding energies, but for systems which present strong hydrogen bond (the case of 

methanol), properties dependent on the geometry of the structure (namely infrared spectrum) 
are not correctly described, as we will show. In order to obtain more accurate optimized 

structures the nonlocal correction has also to be included during the optimization in a self

consistent manner (NLSCF). 

Molecular orbitals are expressed as a linear combination of atomie Gaussian-type 

orbitals. The basis sets are of double-zeta quality and include polarization functions for all 

non-hydrogen atoms, DZPV.l9 They were optimized for use in density functional calculation 

in order to minimize the basis set superposition error (BSSE)20 as has been demonstrated by 

Radzio et aJ.20b in studies of the Crz molecule. A second set of basis functions, the fitting 

basis set,21 is used to expand the electron density in a set of single-partiele Gaussian-type 

functions . Total LDA energy gradients are computed analytically.22 For most of the structures 

discussed here, the second derivatives were obtained analytically, as implemented in the 

DGauss 3.0. In a very few cases the frequencies were obtained by evaluating the matrix of the 

second derivatives by a finite difference scheme using the analytic first derivatives.23 

Geometry optimization calculations are carried out to a energy minimum (reactants, 

adsorption complexes and products) and to a saddle point (transition states, TS). Unscaled 

harmonie frequencies have been used in the rate and equilibrium constants calculations and 

zero-point energy (ZPE) corrections included for all optimized structures. No symmetry 

constraints have been used in the optimization of any of the studied structures. 

The molecular system used consisted of two methanol molecules, dimethyl ether 

and water. Several different size clusters, the single HOHAlHzOH, named 1 TH for easier 

reference, HOHAI(OH)zOH or 1 TOH, H3SiOHAIHzOSiH3 or 3TH, H3SiOHAI(OH)zOSiH3 
or 3TOH, and H3SiOHA!(OH)(OSiH3)2 or 4TOH have been used to represent the acidic 

zeolite. The short narnes inform the number of tetrahedral (T) atoms used in the respective 

cluster and the termination "H" or "OH" refers to the kind of termination in the aJuminurn 

atom, hydrogen atoms or hydroxyl groups, respectively. In all cases the peripheral honds of 
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the silicon atoms were saturated with hydrogens. Some of the clusters have been also used in 

their methoxy form, where the acidic proton was replaced by a methyl (CH3) group. No 

symmetry or geometry constraints have been imposed in any of the studied structures. 

Several different approaches can be used to represent the zeolitic/adsorbate system: 

i) the cluster approach, used in the present work, ii) to embed the cluster in a set of point 

charges chosen to reproduce the bulk potential24 and more recently, iii) first principal 

calculations where the full zeolite structure is calculated using periadie boundary 

conditions.25,26 The last seems the most complete way of representing the zeolite/adsorbate 

system, but it still requires more extensive tests in order to be clearly validated. Unfortunately 

its computational expense preventsits current widespread applicability. Also, at the present, it 

is not able to perfarm transition state search calculations, very important in the present 

work.9,10 To embed a cluster in a set of point charges allows for an account of the 

electrastatic potential of the surrounding lattice, but it has the inconvenience of uncertainty of 

the boundary conditions, where the cleavage of the framewerk will occur. lt has been shown 

recently for methanol and water24 that the use of an embedded method enhances the substrate 

binding effects with respect to the single cluster approach. According to Graetbanks et a!.24 
the adsorption of a single methanol molecule in a embedded cluster is 10-40 kJ/mol stronger 

than in the calculations performed using the single cluster approach. The authors suggest a 

possible overestimation of such effect. Despite an increasing interest in the embedding 

approaches, most of the zeolite rnadeling presented up to now is based on cluster models. One 

of the disadvantages of the use of the cluster approach is that the interaction of the adsorbate 

with the rest of the cage is neglected. It does not allow for a broader range of geometries that 

the adsorbed molecule can assume when inside of the zeolite pore, and it is incapable to 

simulate different structure/acidity relations of the various zeolites. Finally, optirnizing all 

atoms of the cluster free of constraints can overestimate the degree of relaxation. 

A big advantage of the cluster approach is its facility on treating complex systems as 

transition states and, especially, its low computational expenses. Some of the clusters used 

here present the same deprotonation energy as a real zeolite (H-ZSMS) and others are less 

acidic. Nevertheless, the changes in adsorption energies and activatien harriers are aften 

found only to vary by few kilojoules per mole for the various clusters as well as when the 

acidity of the cluster is changed. This is due to compensation effects of the transition state's 

positive charge by the negative charge left in the lattice.27 We here are using the cluster 

approach, while noting that the adsorption energies presented represent a lower bound due to 

neglect of long range electrostatic effects. The results presented here are a first attempt in 

direction of understanding reactions of importance for the MTG process. They can be used in 

the future as starting point for more elaborated calculations. 

6.2.2. Reaction Rate Constants. The reaction rate constants have been calculated using the 

transition state reaction rate theory (TST).28 It is based on the application of statistica! 

mechanics to reactants and activated complexes. For path I, the first step of the reaction refers 

to the adsorption and dehydration of a methanol molecule according to eq 6.la Details of it 
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have been shown earlier.9 In the second step of the reaction (shown in eq 6.lb), where a 

methanol molecule interacts with a surface methoxy, the equilibrium constant (Keq) between 

reactants (methanol in the gas phase and the surface methoxy, H3COZ) and the adsorption 

complex (CH30H-H3COZ)ads is given by 

Eads 

Keq =(NA V) qv(CH30H-H3COZ)ads e- kBT 

qv.qr.qt(CH30H).qv(H3COZ) 
(6.4) 

where NA and kB are Avogadro and Boltzman's constants, V is the volume and T is the 

temperature of the system. Eacts is the adsorption energy which includes already the zero-point 

energy correction. In the equation, qv. qr, and q1 are the vibrational, rotational and 

translational partition functions. For the methanol molecule all three must be evaluated. For 

the adsorption complex (CH30H-H3COZ)ads and the surface methoxy (H3COZ), assuming 

that the zeolite does not rotate or translate, only the vibrational partition function neects to be 

calculated. The reaction rate constant (kr) expressed in terros of rate per active site is given by 

(6.5) 

where h is Planck's constant and Ebaris the activation barrier which already includes the ZPE 

corrections. Just as for Keq. assuming that the zeolite does not rotate and translate, only the 

vibrational partition function has to be evaluated for the transition state (TS) and adsorption 

complex (CH30H-H3COZ)ads· Keq will be expressed in terros of [mo!-lm3] while kris given 
in [s-1]. 

For paths II and III, where two methanol molecules interact with the acidic zeolite 

cluster, the reaction is of second order. The adsorption equilibrium constant will be given by 

(6.6) 

For the methanol molecule qv, qr. and q1 must be evaluated. For the adsorption complex 

(2CH30H-H3COZ)ads and zeolitic cluster (HOZ), assuming that the zeolite does not rotate or 

translate, only the vibrational partition function needs to be calculated. The equilibrium 

constant is expressed in terros of [mol-2.m6]. The reaction rate constant is similar as for path I 

(eq 6.5) except that different transition states and adsorption complexes are involved. It will 
be expressed in [s-1]. 

The naturallogarithm of the reaction rate constant, ln kr, is a linear function of the 

redprocal temperature (lff) according to the eq 6.7. In the equation, Eact is the Arrhenius 

activation energy and A TST is the preexponential factor. The former is related to the change 
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in activation entropy of the system on going from reactants to TS. If, instead of merely kr. the 

product of kr and Keq (called here effective rate constant, keff) is plotted, E~~~ (effective 

Arrhenius activation energy) and A~W (effective pre-exponential factor) are obtained. In 

general E~~~ and A~W are complex functions of the concentrations and rate constant 

parameters of the elementary reactions that form the reaction sequence. 

(6.7) 

6.3. Results 

6.3.1. Dimethyl Ether Formation According to Path I. The first path (Path I) involves two 

different elementary steps, as shown in Figure 6.1. The first step is associated with the initia! 

adsorption of one methanol molecule at the zeolite acidic site which is then dehydrated 

leaving a methyl group attached to the basic oxygen of the zeolite. This step was discussed 

earlier with detail.9 The activation barrier taken with respect to the most stabie mode of 

adsorption of one methanol molecule at the acidic site (PI-adsend-on• where PI in the name 

refers to Path I, Pil to Path II, etc.) is rather high, +215 kJ/moi.9 Using Hartree-Fock plus 

MP2 correction 11 this barrier was found to be +231 kJ/mol. The methoxonium ion 

(CH30H2+), proposed7,29 to be a stabie intermediate species in the dehydration process, was 

found, in a cluster approach, to be a transition state9, ll,30 for the reaction of hydrogen 

exchange. Notwithstanding the question whether methanol protonates or not has been brought 

to the surface again recently as a result of first principle lattice structure calculations 

performed by Shah et ai.25 The energy difference between the protonated and nonprotonated 

methanol is of the order of 10 kJ/mol. This small difference does not change the conclusions 

related to the DME formation process presented here. Upon methanol dehydration, a methyl 

group is left attached to the zeolitic surface as well as a water molecule adsorbed to the 

surface. Watercanthen desorb (+22 kJ/mol) leaving the methoxy surface free to react with 

another (methanol) molecule. 

The dehydration process is foliowed by the activation of a second methanol 

molecule by the surface methoxy species. The adsorption of the second methanol to the 

surface methoxy (PI-adsl) is exothermic with an adsorption energy of -37 kJ/mol, as shown 

in Figure 6.1. Note that ads in the nàme refers to adsorption complex and ts refers to 

transition state. The adsorption energy is almost half than that observed for methanol at the 

acidic site, -75 kJ/mol, confirming much weaker interaction with the surface. With respect to 

this state, the true activation harrier for DME formation (the energy difference between PI

ads1 and PI-tsl) was calculated to be +160 kJ/mol. The transition state PI-tsl has 

characteristics of a carbenium ion with a trigonal planar geometry. Figure 6.1 shows that the 

product formed, DME, requires 40 kJ/mol to desorb from the surface. The rate limiting step 

for DME formation according to this first pathway is the dehydration of the first methanol 
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molecule, +215 kJ/mol. According to Bandiera and Naccache,4 the methanol dehydration to 

DME on a dealuminated H-mordenite has a true activation harrier of +80 kJ/mol. This is 

much smaller than that calculated for the dehydration process for Path I and indicates that a 

different path is foliowed for this reaction. 

;:tH.oH", '\ t 
~PI ~o<ol ; t \ ..... ,,. :~. ,;;:: .. , 
I I I I 
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8o 
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ZOH + ; 1t40 \ ZOCH• + Ebar1 12~ ZOH + 

I I H 0 ) + I 1
1 H20(g) + 2CH.OH(g) 2 (g I 

-.,- .. -: _ ~ &,...,.* CH.OH!g) ~~ _ ~ ~·~ 
\,, ~* 

1
: ~~;;..- 'E~ds1 37* \ ~E 

21
* 

' ö ~d~ ~2-~ H•OH., AA 
"'+~H30H<ol ~ ~:H;;<•l 

· Pl-adsweter -r ~H20<ol 
Pl-adst 

ads2 
Pl·adsond·on 

Figure 6.1. PATH I. Reaction energy diagram tor OME formation via a surface methoxy lntermediate 

invalving one methanol molecule at each step (kJ/mol). • For the 3TH/NLSCF. 

Table 6.1 shows the energetic and dynamic information obtained for various clusters 

and level of calculation. Figure 6.2 shows some of the structures involved in Path I in more 

detail. According to Table 6.1 the structure PI-adsl presents no imaginary modes for both 

3TH/NL and NLSCF, while for the smaller 1 TH and larger 3TOH clusters it presented some 

imaginary modes. In the first case, due to an artifact of the cluster, the terminal hydrogen 

atom (in place of the left-side SiH3 group in the larger cluster) makes a strong hydrogen bond 

with methanol. The structure formed is similar to that earlier observed for one methanol 

adsorbed at the acidic site, PI-adsend-on. shown in Figure 6.1, except that the CH3 group 

replaces the left-side SiH3 group. To avoid such an artificial hydrogen bond, the dihedral 

angles associated to CH3 and the terminal hydrogen atom were kept frozen for the same 

geometry as for the 3TH cluster. As a result of the frozen coordinate, one imaginary mode 

appears. The adsorption energy is nearly 10 kJ/mollower than for all other clusters and levels 

of calculation. For the large 3TOH cluster, the imaginary modes are due to the rotation 

movement of the -OH and -H terminations of the aluminum and silicon atoms, respectively. 

In our previous studies9,31 we observed that the change in energy is not significant when 
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those imaginary modes (related to Si and Al's terminations) are removed, while the 

computational effort involved in fully optirnize such structures is rather large. Figure 6.2a 

shows that the methyl group of the structure PI-adsl is below the plane defined by the atoms 

02-Al-03 while the adsorbed methanol molecule took a position above this plane. The 

hydrogen of methanol, Hl, interacts with the lattice oxygen 02. The atom H6 of the methyl 

group is the ciosest to the methanol molecule at a distance of 3.333 Á, as it can be seen ~n the 

figure. Table 6.2 shows a few selected geometrical parameters for the structures associated to 

the DME formation step according to Path I. 

Tsble 6.1. PATH 1: Total Energies· (En, hartree), Adsorption or Activation Energies (kJ/mol), ZPE 

(kJ/moll and /magJnaty_Modes (IF1 cnr'l tor the AdsOfJ2.fion Modes and TS 

Structure Flgure cluster/correc. EadSiba[ En ZPE IF 

Pl-ads1 3TOH/NLSCF Eads1 -35 -1283.135069 462.4 -245;-148 

3TOH/NL Eads1 -26 -1283.115104 461.5 -266;-159 

6.2a 3TH/NLSCF Eads1 -37 -1132.512412 431.4 (lJ 

3TH/NL Eads1 -26 -1132.493666 431.0 (lJ 

HH/NL Eads1 -47 -551 .04 7306 343.8 -119 

Pl-ts1 3TOH/NLSCF Ebar1 129 -1283.073883 466.2 -461 ;-53 

3TOH/NL Ebar1 127 -1283.057555 463.3 -528 

6.2b 3TH/NLSCF Ebar1 123 -1132.450611 429.1 -505 

3TH/NL Ebar1 129 -1132.432841 425.9 -545 

HHINL Ebar1 127 -550.980797 343.7 -569 

Pl-ads2(//) 3TOH/NLSCF Eads2 -56 -1283.149105 462.3 -190 

3TOH/NL Eads2 -51 -1283.129511 461.7 -226; -30 

6.2c 3TH/NLSCF Eads2 -42 . -1132.522184 431.1 (lJ 

3TH/NL Eads2 -43 -1132.504695 427.9 (lJ 

HHINL Eads2 -39 -551 .051192 345.2 (lJ 

Pl-ads2(.l) 3TOH/NL Eads2 -47 -1283.127097 456.9 -258;-73 

6.2d 3TH/NLSCF Eads2 -44 -1132.521941 427.8 (lJ 

3TH/NL Eads2 -45 -1132.504926 425.7 (lJ 

HH/NL Eads2 -36 -551.049757 344.4 (lJ 

• ~E of the reaction: 3TOH/NLSCF=-15, 3TOHINL=-13, 3TH/NLSCF=-21, 3TH/NL=-15, HH/NL=-17. 

The transition state for DME formation PI-ts 1 is shown in detail in Figure 6.2b. The 

arrows in the figure show that the CH3 group is leaving the surface and will bind at the 

oxygen atom of the adsorbed methanol molecule and this last will lose its proton to the 

surface regenerating the acidic site. In Figure 6.1 one sees that the apparent activation barrier 

for DME formation, +123 kJ/mol, is just a little smaller than the barrier for dehydration, 

+ 140 kJ/mol. Such a sirnilarity is due to the fact that both transition states resembie each other 

in nature. In both cases the methyl group directed to the surface is a carbenium-like structure 

with a hybridization near to sp2, that is stabilized by the surface oxygen 03. The basic 

115 



Clulpter6 

difference between the transition states Pl-tsdehyd and PI-tsl (Figure 6.1) is that in the first 

case the methyl group will bind to the surface, generating the surface methoxy, while in the 

second, the methyl group is leaving the surface and will bind to the methanol molecule in 

order to form dimethyl ether. Opposite movement is observed for the proton. This is a typical 

acid-base catalyzed reaction, where 02 is the Br!l)nsted basic site receiving a proton from the 

methanol molecule, while 03 is the Lewis acidic site, receiving the pair of the electrons left 

by the methyl group. 

a 

c 

b 

d 

I 
~1.578 

Figure 6.2. Structures associated with OME tormation according to Path 1: adsorption mode of one 

methanol at the methoxy surface, Pl-ads1 (a), transition state tor OME formation, Pl-ts1 (b), and 

adsorption of the OME formed parallel, Pl-ads2(11) (c), and perpendicular Pl-ads2(.L) (d) to the surface. 

See the pattem of the atoms in Figure 6. 1. 

Table 6.1 shows that the activation harriers do not differ much according to different 

clusters and kind of correction used, found to be in the range of 123-129 kJ/mol. It shows also 

that all TS's were correctly optirnized to one imaginary mode, the reaction coordinate, except 
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the 3TOH/NLSCF. The additional imaginary mode for the last is related to the rotational 

movement of one of the hydrogen atoms of the hydroxyl group terminating the aluminum 

atom. Exactly as for the previous structure discussed, the improvement would be very small 

on optimizing this structure until only one IF, so we did not proceed with the optimization. 

Table 6.2 shows that the distance of methanol to the surface in the TS does not differ much 

compared to the adsorption complex, PI -ads 1, while the H 1-0 l di stance becomes slightly 

longer, as expected. The surface methyl group is now almost l Á closer to the methanol 

molecule than it was in the adsorption complex, showing the increasing interaction between 

those two groups. With respect to the cluster, the major changes are in the surroundings of the 

aluminum atom and, especially, the dihedral angle involving the Si2 atom. Becalise the 

methyl group is now further from the surface, the SiH3 group can relax and the dihedral angle 

Si-04-Al-02 is now almost 180°. 

Table 6.2. Path 1: Selected Geometry3. Disfances in Angstroms and Angles in Degrees 

Pl-ads1 Pl-ts1 b Pl-ads2(//) Pl-ads2(.L) 

tig 6.2a tig 6.2b tig 6.2c tig 6.2d 

H1-01 0.995 1.015 1.662 1.578 

01-C1 1.435 1.452 1.439 1.447 

01-C2 3.698 1.921 1.443 1.449 

H1-02 1.849 1.864 1.019 1.019 

03-C2 1.465 2.065 

C1-01-C2 111.9 111.2 

02-Si1 1.663 1.672 1.719 1.712 

02-AI 1.795 1.876 2.005 1.991 

03-AI 1.990 1.889 1.771 1.785 

03-812 1.752 1.677 1.647 1.654 

Si1-02-AI 135.6 121.9 120.0 128.3 

02-AI-03 99.4 105.1 98.0 94.7 

AI-03-Si2 126.9 126.8 142.5 130.1 

8 For the 3TH cluster and NLSCF level of calculation. b Angle 01 -C1-03=147.6. 

The DME formed adsorbs relatively strong to the zeolitic surface with an adsorption 

energy of =40 kJ/mol, as shown in Figure and Table 6.1. The products formed (acidic zeolite 

+ DME + H20) are on the order of 20 kJ/mol more stabie than reactants ( surface methoxy + 
methanol + H20). Note that H20 has been formed in the first step of the reaction. The oxygen 

atom of the DME adsorbed at the acidic site interacts with the zeolitic proton. This one fold 

interaction leaves DME relatively free to rotate around the axis defined by the atoms 

OoME'"Hframe· Two different modes of adsorption for DME at the acidic surface were found 

to be possible, one where DME is parallel to the plan defined by the atoms 02-Al-03, PI
ads2(//), and another where DME is perpendicular to it, Pl-ads2(..l). They are shown in 
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Figures 6.2c and 6.2d, respectively. The parallel structure was shown in Figure 6.1. Table 6.1 

shows that they present almost the same adsorption energies with the parallel one being only 

3 kJ/mol less stabie than the perpendicular one (at the 3TH/NLSCF level). For the larger 

3TOH cluster, Table 6.1 shows the existence of two imaginary modes for both modes of 

adsorption. Again such modes are related to the terminations of the aJuminurn and silicon 

atoms. At this level, DME adsorbed parallel to the surface is found to be 3 kJ/mol more stabie 

than the perpendicular structure. Figures 6.2c and 6.2d show that the PI-ads2(.L) is nearly 

0.1 Á closer to the surface than the parallel structure. The enthalpy of adsorption has been 

measured32 to be -82.4 kJ/mol. Additionally, the authors performed DFT calculations for the 

DMEIH3SiOHAIH3 system using a DZPV basis set and optimizing the structures at the single 

LDA approximation. They have considered the two different conformations for DME, 

perpendicular and parallel to the surface. The calculated32 adsorption energies are -89 and 

-97 kJ/mol for the perpendicular and parallel structures, respectively. Looking to the diagram 

of Figure 6.1 one sees that the heat of adsorption for parallel structure calculated here is of the 

order of -40 kJ/mol, half of that measured and calculated by Fujino et aJ.32 It has been shown 

earlier by us16 and others15 that the LDA without any nonlocal correction is notadequate for 

the calculation of accurate binding energies for reactions which involve hydrogen transfer. 

Differences as large as 80 kJ/mol have been observed for the LDA and NL energies.16 The 

fact that the adsorption energies calculated by Fujino et al.32 are very close to the experiment 

is certainly coincidental. The distance OoME···Hrrame of DME adsorbed paraleB and 

perpendicular obtained in Fujino's calculations (1.46-1.44 Á, respectively) are close to that we 

have obtained here using the single NL correction for the smaller 1 TOH cluster (1.462 and 

1.438 Á) and larger 3TH cluster (1.44 and 1.39 Á). We show in ref 9 and 33 that the 

geometry of systems involving strong hydrogen bonds is only correct when the nonlocal 

correction is included selfconsistently. Figures 6.2c and 6.2d show that the OoME···Hframe 

distances obtained with the NLSCF correction, 1.662 and 1.578 Á, are Jonger than for the NL 

correction. We have shown in other works9,33 that properties that are geometry dependent, as 

infrared spectrum, are not correct for the LDA or NL corrections. This will be confirmed 

latter in the harmonie frequencies discussion. 

Table 6.3 shows the Mulliken charges for the adsorption complexes and transition 

states of all paths, I, II and III. For Path I the charges of the 3TH/NLSCF structures are 

presented, for Path 11 the 3TOH/NLSCF and for Path III, the 1 TOH/NLSCF charges are 

shown. A very important point to address is the charge of the aJuminurn atom. Comparing the 

charge obtained for the Al atom in the structures of Path I, where the 3TH cluster has been 

used, with the charge of Al in the structures of Path II, where the 3TOH cluster was used 

instead, a large difference is observed. This difference is basically due to the presence of the 

oxygen atoms in the OH termination of the aJuminurn atom in the 3TOH cluster, that are 

much more electron demanding than single hydrides of the 3TH cluster. We have shown 

earlier9,!6,31 that adsorption energies or activation harriers differ only by a few kilojoules per 

mole if 3TH or 3TOH clusters are used. Also properties like infrared spectra9 do not differ 

significantly if one or other cluster is used. Although we have performed the,calculations for 
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the larger 3TOH cluster we mainly discuss the 3TH/NLSCF results because at this level all 

structures were fu!ly optimized (no imaginary modes present on adsorption complexes and 

only one IF for TS's). The charge of the methyl group increases by +0.150 on going from the 

adsorption complex PI-ads1 to the transition state PI-tsl. Methanol, on the other hand, 

became also positively charged in the TS ( +0.235). 

Table 6.3. Mulliken Charg_es for the NLSCF corrected Adsore_tion ComeJexes and TS's for All Paths 

Pl-ads1 Pl-ts1 Pil- Pil- Pll-ts2 Plll-ts1 Plll-ads3 Plll-ts2 

ads2Mgs ads2Mrot 

flg 6.1 fig 6.1 fig 6.4 fig 6.4 fig 6.4 fig 6.6 fig 6.6 fig 6.6 

01 -0.594 -0.487 -0.636 -0.614 -0.518 -0.713 -0.875 -0.869 

02 -0.728 -0.781 -0.623 -0.619 -Q.709 -0.642 -Q.618 -0.507 

03 -0.530 -0.703 -0.788 -0.787 -0.776 -0.882 -0.816 -0.797 

04 -0.724 -0.707 -0.773 -0.798 -0.790 -0.880 

05 -0.733 -0.556 -0.728 

H1 0.484 0.488 0.492 0.476 0.500 0.433 0.443 0.482 

H2 0.488 0.432 0.444 0.471 0.429 0.417 

H3 0.537 0.553 0.488 0.506 0.474 0.485 

CH3 (C1) 0.146 0.234 0.196 0.141 0.202 0.412 0.307 0.413 

CH3 (C2) 0.295 0.448 0.272 0.239 0.392 0.183 0.140 0.217 

Al 0.421 0.411 0.895 0.950 0.906 0.836 0.871 0.840 

The last topic to discuss in this section is reaction ráte, and effective rate constants. 

Table 6.4 shows the calculated equilibrium constants, Keq (between reactants and the 

adsorption complex PI-ads1) and rate constants, kr (between the adsorption complex PI-ads1 

and the TS PI-ts 1) for different temperatures. The rate constants are, at room temperatures, 

much smaller than Keq. but they increase very rapidly to large values at high temperatures. 

The Keq decrease slowly with temperature. The Arrhenius plot (In kr and In Kerf versus 

lOOOff) for the 3TH/NLSCF structures of Path I are shown in Figure 6.3. As discussed in the 

methods section, the effective rate constants, Keff, are given by the product between kr and 

Keq· From a linear fit of the curves the Arrhenius-true and Arrhenius-apparent activation 

energies as well as Arrhenius and Arrhenius-effective pre-exponents can be obtained. The 

values obtained are shown in Table 6.4. The Arrhenius-true activation energy (given by kr) 

refers to the energy difference between the TS and the most stabie adsorption mode while the 

Arrhenius-apparent activation energy (given by Keff) refers to the harrier with respect to the 

reactantsin the gas phase. The Arrhenius true activation energy (EacÛ is +161 kJ/mol, what 

differ by 1 kJ/mol from the calculated true harriers shown in Table 6.1 (37 + 123 kJ/mol). The 

Arrhenius-apparent activation energy (E~~{) obtained from the linear fit of the Keff curve is 

+131 kJ/mol. This should be compared to the calculated value +123 kJ/mol as shown in Table 

6.1. Table 6.4 also shows the kr's obtained for the first step of the reaction,9 the dehydration 
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of the first methanol molecule, at the 3TH/NLSCF level (AlHINLSCF in that reference). We 

like to stress that although we have shown the kinetics involved in the DME formation, the 

rate lirniting step of the reaction is the dehydration, seen that the rate constauts for this last are 

much smaller, specially at lower temperatures, due to a much higher activation harrier. So the 

reaction will mostly depend on the kinetics given by the dehydration step. Note that there is a 

typing rnistake34 in ref9. Forthekr's shown here this has been corrected. 

20 

10 

0 

-10 

-20 
0 PATH I (OME form.) 

-30 
0 PATH 11 (OME form.) 

-40 
ó. PATH 111 (MTX form.) 

0 PATH 111 (OME form.) 

-50 

0.5 1.5 2 2.5 3 3.5 4 

1000/T (K-1) 

...... .... 0 

i 
c:' 
ö 

-10 

.§. 

= g; Gl 

-20 

:w: ii: 
.s ...... .... 

\n 
(') 

E 

-30 PATH I (OME form.) 

PATH 11 (OME form.) 
.... ..... 

0 
-40 PATH 111 (MTX form.) 

.§. 0 PATH 111 (OME form.) 
ii: -50 

0.5 1.5 2 2.5 3 3.5 4 

1000/T (K-1) 

Flgure 6.3. Arrhenius plot: temperafure (T) dependenee of the natura/logarithm of the ra te constants, 

In kr. as welf as effective rate constants, In Kett. tor all reaction paths. The symbols represent the 

ca/culated In kr and Kett and the lines the linear fit. 

120 



DiTMthyl Ether FomuJtion from Methanol Catalyzed by Zeolitic Protons 

Table 6.4. Equilibrium Constants', (Keq. in rrf3mot1 tor Path /, and in m6mot2 tor Path //) Between 

the Gas Phase Reactants (Re) and Adsorption Modes; Rate Constants' (kr. in s·1) Between an 

Adsorption Mode and the Transition State, tor Different Temperatures (T. in K). Pre-exponents • (A TST, 
s·1) and Effective Pre-exponents' (A;f, rrf3mot1s·1 tor Path /, and in m6mot2s·1 tor Path //)as welf 

as Arrhenius and Arrhenius-Ettective Activation Barriers (Eact and E;~, kJ/mol). See the Name of the 

Structures in Fig_ures 6. 1 and 6.4 

Path I Path 11 

PI-/Pil· Re:ads1 ads1 :ts1 dehz:d. ref 9 Re:ads2Mgs Re:ads2Mrot ads2Mr0 t:ts2 

T Keq kr kr Keq Keq kr 

273 5.23-10"04 9.13-10·19 2.40·10·28 4.08-10+04 2.03-1o·07 1.19-10·16 

473 9.90-1o·07 8.46-10·06 8.55-10"11 2.95-10·06 3.86-1o·13 7.09-10·05 

673 1.11-1o-o1 1.57-1 o+OO 1.26·10·03 3.88-10·10 3.33-1o-1s 4.68-1Q+00 

873 4.12·10·08 1.14-1 o+03 1.01-10+01 4.35-1o-12 3.64-1o·16 1.96·10+03 

1073 2.51·10·08 7.16·10+04 2.86·10+03 3.32·10·13 1.15·10·16 8.71-10+04 

ATST 4.68-10+12 1.17·10+14 1.17-1o+12 

ATST 
eH 3.22-10+03 3.63-10+04 3.73·10·07 

Eact 161 218 147 

E"" a cl 131 148 27 

• Structures obtained at the 3TH/NLSCF level lor Path I and 3TOH/NLSCF lor Path 11 were used. 

6.3.2. Dimethyl Ether Formation According to Path 11. The reaction energy diagram for 

the second reaction path of methanol dehydration (Path 11) is shown in Figure 6.4. The 

hydride termination of the silicon atoms is, for clarity, not shown. It starts with the 

simultaneous adsorption of two methanol molecules at the acidic site of the zeolite foliowed 

by the rotation of the methyl group of one methanol molecule. The two adsorption complexes 

involved in these steps PII-ads2Mgs and PII-ads2Mrot have been extensively discussed 

previously.33 They are called Ads2Mgs and Ads2Mrot there. Figure 6.4 shows that the heat of 

adsorption of two methanol molecules at the acidic site is rather strong, -130 kJ/mol ( or -65 

kJ per mole of methanol). Note that the experimental adsorption energy is given in terms of 

"kilojoules per mole of methanol" . As expected, the last ( -65 kJ/mol) is slightly lower than 

the one calculated earlier9 for a single methanol molecule ( -73 kJ/mol for the 3TOH cluster). 

This result agrees with one of the ex perimental heats of adsorption for methanol in H-ZSM5 

zeolite reported in the literature, -63 kJ/mol,35 but it is lower than other two, -10836 and -115 

kJ/moJ.37 The adsorption is foliowed by the rotation of the methyl group of the right side 

methanol molecule in such a way that the methyl group is now free to interact with the 

hydroxyl group of the left-side methanol molecule (PII-ads2Mrot)- The last is z55 kJ/molless 

stabie than PII-ads2Mgs· The transition state PII-ts1 shown in Figure 6.4 is associated with the 

rotation of the methyl group from the ground state configuration (PII-ads2Mgs) to a position 

somewhere between the oxygen atoms of both methanol molecules, the adsorption complex 

PII-ads2Mrot· With the only objective of having a rough idea of how high is the harrier 
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involved in such rotation, the TS was obtained using the small 1 TH cluster and NL 

correction. We found that the PII-ts1 is only 1 kJ/molless stabie than the adsorption complex 

PII-ads2Mrot obtained for the samecluster and level of calculation. Also its geometry does not 
differ much from the adsorption complex. The basic difference is that PII-ts 1 presents an 

imaginary mode associated to the rotation movement 

Flgure 6.4. PATH 11. Reaction energy diagram tor OME formation according to an associative 

mechanism (kJ/mol). • For the 3TOH/NLSCF. a The 4TOH/NLSCF is considered. 

Although Path 11 wil! start with the ground state adsorption mode, the formation of 

the adsorption complex PII-ads2Mrot is fundamental, since the presence of the methyl group 

between the OH groups of both methanol molecules is necessary in order to generate the 
transition state responsible for the DME formation, PII-ts2 in Figure 6.4. There the zeolitic 

proton will be transferred to the right side methanol and the C-0 bond will be broken, 

forrning water plus the carbenium-like ion in the center of the structure. In the left side 

methanol, the 0-H bond breaks and the hydrogen is transferred back to the zeolite 
regenerating the acidic site. Oxygen binds to the central methyl group forming dimethyl ether. 

This transition state, PII-ts2, is shown in details in Figure 6.5a. The arrows correspond to the 

displacement of the atoms along the reaction coordinate. They are concerted movements. The 
arrow on atom H3 represents the movement of this atom from the surface towards the OH 

group, resulting in a water molecule. The water molecule tends to move away from the cluster 

surface. Simultaneously to the water fonnation, the methyl group tries to bind to the 01 atom 

of the left side methanol molecule, generating DME. The atom Hl leaves 01 and moves 
towards the basic oxygen atom 04 regenerating the acidic site. Although the transition state 
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seems very complex, the activation harrier at the 3TOH/NLSCF level is very low, only +15 

kJ/mol with respect to reactants in the gas phase, as shown in Table 6.5. With respect to the 

adsorption complex of the two methanol molecules (PII-ads2Mg5), the true activation harrier 

for this path becomes +145 kJ/mol. This should be compared to the experimental true 

activation barrier4 for methanol dehydration to DME for dealuminated H-mordenite, reported 

to be +80 kJ/mol. With respect to the mechanism proposed by Bandiera and Naccache,4 

although the general idea is the same as for Path II, the details of the mechanism are different. 

In between the intermediates proposed CH30H2+ and CH30-, the first is a TS9,11,30 (in the 

cluster approach) and the second was not obtained in the calculations. In the Path 11 we 

propose that two methanol molecules adsorb at the Lewis basic and Br~nsted acid sites, 

which then undergo the reaction via a complex carbenium-like TS. lt is possible to see also on 

Table 6.5 that the harriers for the 3TOH and 3TH clusters at the NL level differ by only one 

kJ/mol from the one obtained for the very small 1 THINL cluster. lt decreases by 6-10 kJ/mol 

on going from the NL to NLSCF correction (for the 3TH and 3TOH clusters, respectively). 

The activation harrier obtained for Path II is 70 kJ/mollower than the limiting step found for 

the pathway involving the intermediate surface methoxy species, Path I (+215 kJ/mol). At this 

point one concludes that Path 11 will have preferenee over Path I. The reaction mechanism is 

of the SN2 (Back-side)38 type, sirnilar as in the homogeneous phase. 

a b 

' 
1 .659'-

Figure 6.5. Structures related to the OME formation according to Path 11: transition state tor OME 

formation, Pll-ts2 (a), and adsorption complex of the produels (OME and H20), Pll-ads3 {b). See the 

label of the atoms in Figure 6.4. 

Table 6.6 shows the geometry for some structures of Path IJ. In the transition state 

(see the number of the atoms in Figure 6.5a) the distance H3-03 is rather long ( 1.600 Á), 

while H3-02 is short (1 .034 Á), showing that the water molecule is almost formed. Although 
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the Ol-Hl bond is 0.037 Á Jonger than in the adsorption complex PII-ads2Mrot. it is still 

relatively short ( 1.028 Á) preserving the characteristics of the methanol molecule. The H 1-04 

distance is 0.235 Á shorter than it was in the adsorption complex. The central methyl group 

takes a position nearly halfway in between 01 and 02. The central methyl group has a sp2 

hybridization or, in another words, it has a trigonal planar geometry. This is characteristic of 
carbenium ion structures, but the difference is that in the present case it is not free in the 
zeolite pore, but adsorbed to the surface, being stabilized not only by the lattice itself, but also 

by the left side methanol and right side water molecules. The zeolitic cluster is nearly 
symmetrical, with distances (Al- and Si)-0(2 and 4) almost the same. In the adsorption 

complex (PII-ads2Mr01) they were asymmetrie. The dihedrals Si-0-Al-0 are rather small, 
showing a considerable distoetion of the cluster. The charge in the carbenii.Jm-like structure 

(see Table 6.3 for Mulliken charges) is +0.392, for H20 it is +0.223, and for methanol it is 
+0.184. The larger positive charge is concentrated, as expected, in the carbenium-like 

structure. 

Tsble 6.5. Path 11: Tota/a (En, hartree), and Adsorption or Act/vation Energles (kJ/mol), ZPE (kJ/mol) 

and lmaginary Modes (IF, cnr1) tor the Adsoptlon Modes and TS. See Structures lb Figure 6.4 

Structure cluster/correc. Eads/bar 

Pll-ads2M!ls 3TOH/NLSCF Eads1 ·130 

3TOH/NL Eads1 -118 

3THINL Eads1 -128 

1TOH/NLSCF Eads1 -121 

1TH/NL Eads1 -126 

Pll-ads2Mrot 3TOH/NLSCF Eads2 -74 

3TOH/NL Eads2 -66 

1TH/NL Eads2 ·72b 

Pll-ts2 3TOH/NLSCF Ebar2 15 

3TOH/NL Ebar2 26 

3TH/NL Ebar2 26 

1TH/NL Ebar2 27 

Pll-ads3 4TOH/NLSCF Eads3 ·74 

3TOHINLSCF Eads3 ·84 

3TOH/NL Eads3 ·72 

1TOH/NLSCF Eads3 ·69 

1TH/NL Eads3 -74 

En 

-1359.616470 

-1359.593459 

-1208.973133 

-778.158336 

-627.503657 

-1359.576862 

-1359.576862 

·627.503809 

-1359.562234 

-1359.540431 

-1208.917201 

·627.464713 

·1650.342735 

·1359.609522 

-1359.586748 

-778.147729 

·627.510900 

ZPE 

526.3 

523.8 

484.3 

446.6 

399.8 

531.5 

531.5 

411.9 

528.9 

527.8 

490.1 

407.6 

578.3 

534.2 

533.6 

448.9 

410.3 

IF 

-147;-37 

·366 

·445 

·478 

·506 

8 &E of the reaction: (1TH, 1TOH, 3TH, 3TOH)INL=·18, (1TH, 1TOH, 3TH, 3TOH, 4TOH)/NLSCF=·20. b Eads2 = 

-62 kJ/mol at the 1TOHINL level. 0 • No lmaglnary frequency. 

The last structure to be discussed in path II is PII-ads3, shown in Figure 6.5b. When 

dimethyl ether and water are formed, they stay adsorbed at the acidic site of the zeolite. Note 
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that they adsorb three fold to the aciclic cluster, making it necessary to use the larger 4T atoms 
cluster to correctly represent analogous environment in all lattice oxygens. The adsorption 

energy with respect to the products in the gas phase (Table 6.5) is -74 kJ/mol for the 4TOH 

cluster at the NLSCF level of calculation. This is different than the result obtained for the 

3TOH cluster. There, a relatively stronger adsorption energy has been obtained, -84 kJ/mol. 

On the 3TOH cluster the water molecule adsorbs at two different lattice oxygens. One which 
is terminaled by a SiH3 group and the other by a hydroxyl group. This non-equivalent 

interaction is certainly not correct and results in not correct results. The large desorption 

energy is a result of the strong interaction between DME and H20 themselves and with the 

framework. The .6E of the reaction was found to be -18 and -20 kJ/mol at the NL and NLSCF 

level, respectively. Note that now it does not matter which cluster is being used, since it 

appears in both si des of the reaction, reaetanis and products. Geometrie parameters are shown 

in Table 6.6, and some additional distances in Figure 6.5b. The di stance of the DME's 01 
atom to the zeolitic proton H 1 in the presence of water is of the same order as that obtained 

for the DME adsorbed at the acidic site in absence of water (Figures 6.2d and 6.2e). The 

distances between the hydrogen atoms of the water molecule with the basic zeolite oxygen 
atoms 03 and 05 are 1.931 and 2.157 À. The system is a little asymmetrie. 

Tab/e 6.6. Path 11: Se/ected Geometry. Distances in Angstroms and Angles in Degrees 

Pil- ads2Mrota ts2a ads3b ads2Mrota ts2a ads3b 

lig 6.4 lig 6.5a lig 6.5b lig 6.4 lig 6.5a lig 6.5b 

01-H1 0.991 1.028 1.659 Si1-03 1.746 1.678 1.654 

01-C1 1.437 1.445 1.441 03-AI 1.909 1.823 1.776 

01-C2 1.993 1.442 Al-04 1.764 1.822 1.910 

02-H2 0.977 0.983 0.993 04-Si2 1.664 1.682 1.754 

02-H3 1.608 1.034 0.985 Si1-03-AI 115.3 124.7 138.7 

02-C2 1.460 1.945 03-AI-04 107.1 110.2 118.7 

03-H3 1.025 1.600 2.157 AI-04-Si2 133.8 125.2 114.7 

04-H1 1.869 1.634 1.017 

8 3TOH/NLSCF. b 4TOH/NLSCF; 05-H2=1 .915, Al-04=1.787, Si3-05=1.666, AI-05-Si3=128.8, and 03-AI-

05=118.8. 

The last topic to be discussed in the present section are the reaction rate, and 

effective rate constanis shown in Table 6.4. The calculated equilibrium constanis (Keq) have 

been shown in the other article,33 but we repeat it here for completenessof the table. We have 

calcu1ated the rate constanis (kr) between the most stabie adsorption mode PII-ads2Mgs and 
the transition state for DME formation, PII-ts2 (shown in Figure 6.4) for different 

temperatures. As can be seen in Table 6.4, the rate constanis for Path II are much larger than 

the rate constants for the lirniting step of the reaction Path I (dehydration). Again, the reason 

is the large difference in activatien energy between both paths. At room temperatures, kr for 
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Path II is 10+11 times larger than Path I. This difference decreases to 106 and 103 when the 

temperature is increased to 473 and 673 K, respectively. From the kinetics point of view, Path 

II has preferenee over Path I, even at high temperatures. The Arrhenius plot (In kr and In kerf 
versus IOOO!f) for Path 11 for structures obtained using the 3TOH cluster with the NLSCF 

correction is shown in Figure 6.3. From a linear fit of the curves, the Arrhenius-apparent 

(E~~L from Kerr). the Arrhenius-true (Eact. from kr) activation energies, and pre-exponents 

(A TST and ArflT) can be obtained, as shown in Tab ie 6.4. The Arrhenius-true activation 

energy is +147 kJ/mol, what differs by a few kilojoules per mole from the calculated true 

harrier+ 145 kJ/mol. The Arrhenius-apparent activation energy obtained from the linear fit of 

the Kerf curve is +27 kJ/mol which should be compared to + 15 kJ/mol, the calculated value. 

6.3.3. Dimethyl Ether Formation According to Path 111. The energetics involved in the 

mechanism of DME formation according to Path lil is shown in the diagram depicted in 

Figure 6.6 and some (additional) structures are shown in detail in Figure 6.7. Since several 

structures involved in the present path involve a three fold interaction with the cluster, the 

small 3TOH cluster is not adequate to correctly repcesent the zeolitic system. The larger 4T 

atoms cluster is necessary. Additionally, because methanol involves strong hydrogen bridges, 

the NLSCF correction is indispensable. This would make the calculations very expensive. We 

have shown in the previous cases (Paths I and 11) that the energy difference for structures 

obtained with large and small clusters is not larger than 10 kJ/mol. Because of this we have 

studied reaction Path lil using only the 1 TOH cluster at the NLSCF level of correction. All 

structures were correctly optirnized to none (adsorption complexes) or one (transition states) 

imaginary mode as shown in Table 6.7. Like for the reaction Path 11, Path lil starts with the 

simultaneous adsorption of two methanol molecules at the acidic and basic sites. The most 

stabie mode of adsorption for two methanol molecules, the ground state structure (or PIII

ads2Mg5), obtained at the 1TOH/NLSCF level is shown in Figure 6.6. As discussed in the 

other work33 the 1TOH cluster is less acidic than a 3T cluster. Because of this, slightly higher 

adsorption and activation energies are expected. This is indeed true and can be observed 

comparing the adsorption energy of the ground state structure obtained at the 3TOH/NLSCF 

level (-130 kJ/mol in Figure 6.4) with the 1 TOH/NLSCF level (-121 kJ/mol on Figure 6.6). 

Looking to ground state adsorption complex of two methanol molecules (Figure 6.6) 

one sees that the methyl groups of both methanol molecules can direct1y interact with the 

third zeolitic oxygen (05). From the interaction of the left-side methanol with the oxygen 05, 

the transition states depicted in Figures 6.7a or 6.7b can be formed. Note that now the system 

is being observed from a different point of view, what can be foliowed from the number of 

lattice oxygens. Following the arrows in the Figure 6.7a, one sees that the zeolitic proton is 

being transferred to the right-side methanol and, simultaneously, this methanol transfers its 

hydrogen to the left-side methanol, forrning a water molecule. The bond C-0 of the lef~-side 

methanol is being broken and the methyl group (carbenium-like structure) will be transferred 

to the surface generating the methoxy surface species. The system interacts three fold with the 

lattice. As shown in Table 6.7, this transition state involves an apparent activation harrier of 
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+81 kJ/mol for the NL correction. The transition state of Figure 6.7b, just like for the previous 

case, is also responsible for the reaction of methoxy surface formation. The basic difference 

between both TS's is the position of the hydrogen atom Hl. In the TS of Figure 6.7a the 

hydrogen a torn H 1 is close to the lattice oxygen 04 ( 1.945 Á) while in the TS of Figure 6. 7b 

it is much further away (4.524 Á) indicating that this atom does notinteract with the lattice. 

Another large difference between both structures is the activation energy: the second TS 

presents an activation harrier of only +39 kJ/mol with respect to the reactants in the gas 

phase. In the first case the carbenium-like methyl group is, geometrically speaking, in a very 

unfavorable situation comparing the TS of Figure 6.7b. The CH3 group is clearly being 

"compressed" against the zeolitic surface in order to allow the interaction of the 01 with the 

surface. One can conclude that from the short CH3-lattice distance, 1.936 A. 

intermediale invalving the adsorption and activation of two methanol molecules (kJ/mol). Results 

obtained tor 1 TOH cluster and NLSCF correction • For the 3TOH/NLSCF. 

In the TS of Figure 6.7b, the second methanol molecule works as a kind of "bridge" rnaicing 

the transference of the proton from the lattice to the water molecule being formed. Following 

the arrows in Figure 6.7b one sees that the zeolitic proton H3 is being transferred tomethanol 

and this last gives its hydrogen (H2) to 01 generating water. With the presence of the extra 

methanol molecule, a 8-membered ring TS is formed, which has less strained geometry than 

the TS of Figure 6.7a or, in the case of Path I, in Figure 6.1 b, where 6-membered ring 

transition states are formed. The angle 0 1-C 1-05, close to 180., is much larger than in the 
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two cases just mentioned. The larger angle allows the carbenium-like ion formed to become 

as close as possible to the trigonal planar geometry, its most stabie configuration. Since this is 

a SN2 type reaction, the "umbrella effect" of the hydrogens of the CH3 group approaching the 

surface can be observed. An angle of 180° will produce the least distorted geometry for the 

carbenium ion, and thus, a more stabie TS as discussed before.ll ,39 Also the polarizable 

adsorbed molecule (methanol) will help in the stabilization of the polar transition state. 

a b c 
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Figure 6.7. Structures related to the OME formation according to Path 1/1. TS tor surface methoxy 

formation (a) and (b, P/11-tst), adsorption comp/exes tor water and methanol at the surface methoxy 

(c, Plll-ads2) and (d, Plll-ads3), and TS tor OME formation (e) and (f, Pl/l-ts2). 

At this point the condusion is that the reaction will praeeed via the TS depicted in 

Figure 6.7b. This means that the true activation barrier for methoxy formation from the 

simultaneous adsorption and reaction of two methanol molecules is + 160 kJ/mol, as can seen 

in the diagram depicted in Figure 6.6. This value is much lower than obtained for Path I 

(+215 kJ/mol) shown in Figure 6.1, being the preferred route for the methoxy surface 

formation. Using the samecluster and optimizing structures at the MP2/6-31G**//RHF/3-

21G level, Sinclair and Catlow39 have reported recently that the true barrier for methoxy 

formation with respect to the most stabie adsorption mode, Pill-ads2Mgs. is +194 kJ/mol. It is 
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34 kJ/mol higher than obtained in the present work. For the ground state structure they found 

a much stronger adsorption energy, -152 kJ/mol, than in this study, -121 kJ/mol. As observed 

by authors themselves, this value is probably overestimated. In their model Sinclair and 

Catlow39 propose not a three fold interaction of the methanol molecules with the zeolitic 

cluster, but a two-fold interaction. This results intheneed of a complex rotation starting from 

the ground state adsorption mode in order to be able to obtain the TS depicted in Figure 6.6 

(PIII-ts1). When a three fold interaction is considered, such a rotation is not necessary. 

Tsble 6.7. Path 111: Binding (Eads or Ebar. kJ/mol) and Total Energies~ (En, hartree), ZPE (kJ/mol), 

lmag_inact, modes (IFl and Geometct, (Ang_stroms and Deg_reesl 

TS6 Plll-ts1 b Plll-ads2 Plll-ads3 TS6 Plll-ts2c 

flg6.7a lig 6.7b lig 6.7c lig6.7d lig 6.7e lig 6.71 

Correction NL NLSCF NL NLSCF NLSCF NLSCF 

EadsiEbar 81 39 -50 -68 88 30 

En (·778.-) .067405 .096609 .117691 .140083 .078002 .100305 

ZPE 446.8 444.3 446.3 451 .8 444.6 445.6 

IF -506 -391 13 13 -433 -390 

Geomet 

01-H1 1.007 0.982 0.976 0.989 1.000 1.034 

01-H2 1.029 1.060 1.006 0.990 0.997 0.977 

01-C1 1.962 1.903 2.882 3.155 3.157 

02-H2 1.612 1.500 1.662 1.901 3.601 

02-H3 1.030 1.033 1.012 0.997 1.024 1.038 

02-C1 3.120 3.189 3.358 3.452 1.938 1.915 

02-C2 1.415 1.445 1.413 1.434 1.451 1.448 

03-H3 1.569 1.600 1.632 1.805 1.764 

04-H1 1.945 4.524 5.375 1.946 1.772 1.591 

05-C1 1.936 2.077 1.461 1.479 2.095 2.046 

Al-03 1.787 1.830 1.763 1.776 1.838 1.769 

Al-04 1.785 1.768 1.725 1.749 1.780 1.823 

Al-05 1.738 1.852 1.919 1.940 1.863 1.858 

• See Table 6.5 lor the energetic and dynamic information of the adsorption complex of reaetanis and produels 

( called Pll-ads2Mgs and Pll-ads3 there). 8 Higher energy transition stales lor surface methoxy and DME 

formation. bThe angle 01-C1-05 = 169'; For 3TOH/NLSCF (En=-1359.552168, ZPE=525.3, IF=-433,-38,-18). 

c The angle 02-Cl-05 = 170'; For 3TOH/NLSCF (En=-1359.555708, ZPE=525.6, IF=-435,-101 ,-88). liJ- No 

imaginary frequency. 

Methanol will stay adsorbed together with the water molecule at the methoxy 

surface formed. The adsorption proceed in two steps. An adsorption complex very similar to 

the transition state itself is formed first, PIII-ads2, as depicted in Figure 6.7c. This structure is 

50 kJ/mol more stabie than the initia! reactants. If the hydrogen at om of the water molecule is 
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now allowed to interact with the zeolitic lattice, the adsorption energy decreases by 16 kJ/mol 

with formation of the second adsorption complex PIII-ads3, as depicted in Figures 6;6 and 

6.7d. Note that now the methoxy group is not anymore in a geometrically unfavorable 

position and two of its hydrogen atoms are directed to the oxygen atoms of water and 

methanol at distances of =-2 and =-3 Á, respectively. There is a hydrogen bond between the 

water molecule (atom H2) and methanol (atom 02) and bothare also adsorbed at the basic 

oxygen sites 03 and 04 of the lattice. Table 6.7 shows also the geometry of the systems. See 

the number of the atoms in Figure 6.7. Contrary to Path I, we now assume that the system will 

proceed the reaction without the desorption of the reactants (water and methanol) from the 

methoxy surface. The surface CH3 group is able to react with the water and methanol. In the 

first case, methanol would be formed back regenerating the initia! reactants. From the 

interaction of the methoxy group with the methanol molecule the transition states depicted in 

Figures 6.7e or 6.7f can be formed. Following the arrows depicted in the TS of Figure 6.7e 

one sees that the methoxy group is leaving the surface in the direction of the oxygen atom 02 

of the methanol molecule, forrning the DME molecule. Simultaneously the proton H3 is 

transferred back to the lattice, generating back the acidic site. This TS is very similar to that 
obtained for DME formation according to Path I, except by the presence of the water 

molecule. Water does not participate effectively in the reaction but helps the stabilization of 

the carbenium-like ion formed. This stabilization effect can be observed on comparing the 

activation harrier for DME formation for Path I (+125 kJ/mol) and Path 111 (+89 kJ/mol) 

which is of the order of 30 kJ/mol higher for Path I. The other transition state, PIII-ts2, 

depicted in Figure 6.7f has a much lower harrier, +30 kJ/mol. It is analogous to the just 

discussed TS for methoxy formation in Figure 6.7b. The difference is that in the last the 

methanol molecule was the "bridging group" while in the TS of Figure 6.7f it is water that 

works as a "bridge" making the transfer of the proton from methanol to the surface. The 

discussion for the TS of Figtire 6.7b is also valid here. At this point the role of water or a 

second methanol molecule can be discussed. It has been observed experimentally that water 

retards coke formation.2k The reason is now clear. Water or a second methanol molecule are 

responsible for formation of a much more stabie transition state. This has a direct influence in 

the activation harrier which can be lowered by as much as 50 kJ/mol. 

Once the final products are formed, they actsorb at the acidic cluster. The adsorption 

energy is -69 kJ/mol. It is slightly lower than that obtained for the larger 4T atoms cluster 

( -74 kJ/mol). The reason for the small difference is that the 1 TOH cluster is less acidic than 

the larger cluster. In Figure 6.6 one sees the complex formed ( called PIII-ads4). lt is the same 

as the one already discussed in Path 11 (PII-ads3). Again the point of view of this system is 

different than that shown for the TS for DME formation. Look to the numbers of the lattice 

oxygens to follow it. Mulliken charges for both TS's involved in this path (PIII-ts1 and PIII
ts2) as wellas for the adsorption complex PIII-ads3 are shown in Table 6.3. The charge of the 

methoxy group in both TS's is +0.1 larger than in the adsorption complex. 

Table 6.8 shows Keq for both 1 TOH/NLSCF adsorption complexes (PIII-ads2Mgs 

and PIII-ads3). Keq is slightly smaller here, where the 1 TOH cluster was used, than it is for 
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the larger 3TOH cluster (shown in Table 6.4). This small difference comes from the slightly 

higher adsorption energy obtained for the 1 TOH ground state structure. Because the 

adsorption energy of the PIII-ads3 structure is much less than for PIII-ads2Mgs. the Keq of the 

last are much smaller. Comparing both systems one sees that at room temperature the 

equilibrium is ctislocated to the ground state. For each 1010 PIII-ads2Mgs complexes formed 

only one PIII-ads3 will be formed. At 673 K the difference decreases to 6000. The kr's for 

methoxy formation are smaller than for DME formation. Comparing the ra te constants of the 

limiting step of all paths (Tables 6.4 and 6.8), one sees that the second (Path ll) presents the 

largest kr values, being the preferred route for DME formation. The kr's for the dehydration 

step according to Path I are much too small, bringing us to the condusion that methoxy will 

very hardly be formed according to this path, but rather according to Path m. Pre-exponent 

factors, Arrhenius and Arrhenius-effective activatien harriers for the Path III are presented in 

Table 6.8. The last are a little larger than the calculated values. 

Table 6.8. Path 1/1: Equilibrium Constants, (Keq. in m6mot2) Between Reaetanis (Re) and Modes of 

Adsorption of Methanol and Water, and Ra te Constanis (k,. s·1) Between an Adsorption Complex and 

the Transition State, tor Different Temperatures (T, K). Pre-exponents (Arsr, s-1) and Effective Pre
exponents (A;#r, in m6mot2s·1j as wel/ as Arrhenius and Arrhenius-Effective Activation Barriers (Eact 

and E;lft, kJ/mol). See the Name of the Structures in Figure 6.6 

Re:PIII-ads2Mgs Re:PIII-ads1 Plll-ads2Mgs :PIII-ts1 Plll-ads3:PIII-ts2 

T Keq Keq kr kr 

273 1.32·10+02 8.44·1o-09 3.07·10·19 2.47·10·08 

473 3.11-1o-oa 7.06·10·14 3.03·10-06 1.77·10-00 

673 6.43-1o-12 1.13·10·15 6.29·1o-o1 2.81·10+03 

873 9.11 -1o-14 1.73·10·16 4.98·10+02 1.56·10+05 

1073 8.00·10·15 6.75-1o·17 3.32·10+04 1.97·10+06 

ATST 2.38·10+12 1.09·10+11 
ATST 

eff 3.84·10-08 8.53·10·09 

Eact 162 98 
eett 

a cl 49 41 

The final condusion is that the associative mechanism proposed in Path 11 is the 

preferred route for DME formation, with an activatien harrier that can vary between + 145 and 

+15 kJ/mol, according to surface coverage. When the methanol surface coverages is high, the 

harrier will tend to the true activatien harrier ( + 145 kJ/mol), while for low methanol surface 

coverages, it tends to the apparent harrier (+15 kJ/mol). DME can be also formed via a 

methoxy mediated mechanism involving the simultaneous activatien of two methanol 

molecules. The surface methoxy species formation is the limiting step. The activatien harrier 

will vary between +40 and + 160 kJ/mol. The reaction involving the activatien of a single 
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methanol molecules in consecutive steps has shown to involve activation barriers that are 

much to high, between + 140 and + 215 kJ/mol, dependent on surface coverage. 

6.3.4. Harmonie Frequencies for DME/Water Adsorbed at the Acidic Site. The 
experimentat32 spectrum for H-ZSM5 upon adsorption of 540 and 600 Pa of DME, measured 

at 273 K, shows decrease of the OH stretch ofthe acidic (3610 cm-I) sites and the appearance 

of new bands at around 2900 and 2400 cm-1. When the DME coverage is increased to 650 Pa, 

the band at 3610 cm-1 (due to the OH stretch of acidic sites) disappears, the band at 3750 cm

I (due to the OH stretch of silanol sites) starts do decrease and a new very broad band at 3300 

cm-I appears. The authors associate the bands at 2900 and 2400 cm-1 as due to Ferrni 

resonance, or the A-B-C pattem. The region at around 1600 cm-1 (where the C band is found) 

could not be measured because of the low transmitance of the CaF2 windows. The band at 

2900 cm-I is of difficult assignment due to the presence of the CH stretch bands. It has been 

identified by subtracting the spectra of the DMEIH-ZSM5 system at different coverages. The 

calculated spectra of DME adsorbed parallel (PI-ads2(//), Figure 6.2c) and perpendicular (PI
ads2(l..), Figure 6.2d) as well as DME and water (PII-ads3, Figure 6.5b) adsorbed in the 

acidic site of the zeolite are shown in Table 6.9. The OH stretch of the zeolitic proton 

(calculated to beat 3643 cm-I forthefree 3TH/NLSCF cluster) shifts to 2915 cm-I when a 

single DME is adsorbed parallel to the surface and to 2618 cm-I when DME adsorbs 

perpendicular to the surf ace. Within the harmonie approximation only one band of the A-B-C 

trio is calculated. Anharmonicity should be included in order to provide with correct 

description of the Ferrni resonance (position of the three A-B-C bands).40 In the last case the 

interaction of DME with the zeolitic proton is stronger as one can see by the shorter 

OoME·· · Hrrame di stance shown in Figure 6.2d. Because both structures present si mil ar heats 

of adsorption, one could expect that both structures will be found in the zeolite. Upon 

adsorption of DME and water the OH stretch of the lattice shifts to 3000 cm-I. This means 

that the interaction of DME with water weakens the interaction of DME with the proton. 

The harmonie OH stretch obtained for the 1TOH/NL,41 2516 and 2394 cm-1, for the 

paralleland perpendicular structures, respectively, does not agree with the results obtained by 

Fujino et a1.32 They have calculated those bands at 2398 and 2580 cm-1, respectively for 

parallel and perpendicular DME adsorption. The assignment of those bands by Fujino et al.32 

seems to be in conflict with the OoME···Hframe distance they have computed (1.44 and 1.46 À 
for the perpendicular and parallel adsorption, respectively). The OH stretch bands obtained at 

the NL correction is very different than the ones obtained at the NLSCF. We have shown 

earlier that for systems presenting strong hydrogen honds the NL result is not correct.9 

When methanol adsorbs at the methoxy surface (PI-adsl in Figure 6.2a), its OH 

group interacts with the oxygen atom of the frame, as one sees in the figure. The interaction is 

weaker than when methanol adsorbs at the acidic site. This becomes clear when the 

Hmethanoi-Üiattice distance for the acidic site (1.786 À) is compared to the methoxy surface 

(1.849 À). The condusion is that when methanol adsorbs at the acidic site, its OH stretching 

mode should shift to lower wavenumbers than for the methoxy surface. This is indeed 
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observed, being the OH stretch for methanol at the methoxy surface 3393 cm-I (see 

Table 6.9), while at the acidic site 3237 cm-I as discussed above. Also the CH stretching 

modes of methanol adsorbed at the methoxy surface are a little lower than in the acidic site. 

Table 6.9. Calculated Harmonie Frequencies (F, cm-1) and lntensities (1, km/mol) for OME (and 

waterl Adsorbed at the Acidic Zeolite and Methanol Adsorbed at the Methox-r. Surface 

P l-ads2(//) Pl-ads2(.l) Pll-ads3 Pl-ads1 

lig 6.2c lig 6.2d lig 6.5b lig 6.2a 

F F F F 

OHF stret 2915 1434 2618 2348 3000 1261 OHM stret 3393 577 

-HF ip-bend 1264 51 1288 100 1288 11 

-HF op-band 1249 90 972 93 931 100 

CH3 strat 3115 7 3098 12 3090 23 CH3M stret 3064 41 

3028 18 3056 10 3036 5 2997 45 

2968 334 2962 17 2951 70 2938 69 

CH3 strat 3087 22 3087 11 3089 15 CH3F stret 3102 5 

3013 43 3050 28 3026 45 3081 16 

2946 117 2957 39 2941 771. 2994 47 

CO a-strat 1072 104 1057 96 1075 108 COM strat 1031 141 

COs-strat 890 80 873 109 899 20 COF stret 989 142 

COC band 445 19 443 39 447 30 

HOw s-strat 3616 160 

HOw a-stret 3448 162 

HOHwband 1659 69 

F=frame. W=water. M=methanol a-stret=asymmetric stretch. s-stret=symmetric stretch. • Coupled with the 

OHF stretch. 

6.3.5. Acidity Effects. The small 3T atoms cluster can get a different acidity by lengthening 

or shortening the terminal Si-H bonds. We have presented earlier33 a detailed discussionover 

the procedure. We show here how the activatien harriers involved in the DME formation 

according to Paths I and II vary with changes in the zeolite cluster model acidity. Table 6.10 

shows the results obtained for the "short distance" effects of proton affinity changes. Only the 

effect of making the zeolite clusters more acidic has been studied. The table shows that the 

general tendency of the activatien energies is to decrease with increasing acidity of the 

zeolite, as expected. The harriers decrease in the range of 3-4 kJ/mol. The reason for such a 

small variatien in the activatien harriers when compared to the deprotonation energies 

involved in the zeolite (""1250 kJ/mol) are compensation effects. The negative chargeleftin 

the lattice is compensated by the positive charge created in the adsorbed molecule (transition 

state). Table 6.10 shows that also the bond distances do notchange much. 
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Table 6.10. Changes in fhe Acfivation Barriers (kJ/mol) and Bond Disfances (Angsfroms) of TS's 

tnvotved in fhe DME Formation AccordinfJ. fo Chanf!.es in fhe Si·H Bond Disfances 

PI·ISdehyd Pl-ts1 Pll-ts2 

tig 6.1 tig 6.2b tig 6.5a 

Si-H distance eg +0.2 eg +0.2 eg +0.2 

Ebar +141 +137 +123 +120 +15 +11 

Geomet 

01-H1 1.025 1.019 1.015 1.013 01-H1 1.028 1.023 

01-H2 0.983 0.983 01-C2 1.993 1.985 

02-H1 1.792 1.844 1.864 1.890 02-C2 1.945 1.952 

03-H1 02-H3 1.034 1.033 

01-C1 1.919 1.906 1.921 1.939 03-H3 1.600 1.606 

03-C1 2.095 2.112 2.065 2.050 04-H1 1.634 1.661 

6.4. Conclusions 

Density Functional Theory was used to analyze three different reaction paths for 

dimethyl ether formation from methanol activated by an acidic zeolite. This reaction involves 

the formation of adsorption complexes of one or two methanol molecules at the acidic or 

methoxy sites of the zeolite as well as different transition states. Equilibrium and reaction ra te 

constanis were calculated. 

For the first path of dimethyl ether formation (Path n, it has been found that the two 

methanol molecules involved react in different steps. Initially a first methanol is dehydrated 

leaving a methoxy (CH3) group attached to the surface. This group then reacts with a second 

methanol molecule originating the DME. The limiting step was found to be the dehydration 

process, which presents an activation barrier of +215 kJ/mol. The mechanism in this reaction 

path agrees in part with the mechanism proposed by Kubelková et al.7 except by the 

formation of a methoxonium ion intermediate, which in cluster calculations is found9 to be a 

transition state and not a stabie intermediate. The second reaction path studied (Path II) 

involves the simultaneous adsorption and reaction of two methanol molecules, thus an 

associative mechanism. The transition state for dimethyl ether formation according to this 

path is rather complex, but the activation barrier is low,' + 145 kJ/mol. The third reaction path 

(Path lil) is actually a mixing between Path I and Path Il. Here the reaction starts with 

adsorption and activation of two methanol molecules. The reaction proceeds in two different 

steps, first a methoxy surface and then DME formation. The activation harriers for both 

elementary reaction steps are similar ( + 160 and + 147 kJ/mol). The general condusion is that 

Path ll and Path lil can form DME but Path II is the preferred route since it presents lower 

activation barrier than Path 111. Path I involves much higher activation energies. 
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DME can adsorb at the acidic zeolite site within two different orientations: parallel 

or perpendicular to the plane of the OAlO lattice atoms. A comparison of the calculated 

harmonie frequencies with the experimental spectrum suggests, just like for methanol, the 

presence of Fermi resonance. Bands at "'2900 and "'2600 cm-I for the two different 

conformations are calculated. A study of effect of changes in the proton affinity of a few 

transition states has been presented. We have observed that the increase of the cluster acidity 

provokes a decrease in the activation barriers, but the effect is rather smal!. The activation 

barriers change by 3-4 kJ/mol. 
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Carbon-Carbon Bond Formation 
intheMethanol to Gasoline Process 7 

Density functional theory is used to study one of the most successful routes 

to the production of synthetic fuels, the conversion of methanol to gasoline 

(MTG process) using an acidic zeolite. With our calculations we have 

determined transition states and adsorption complexes of reactants, 

intermediafes and products as well as the corresponding activadon harriers 

and adsorption energies of the numerous reactions involved in such process. 

Br(msted acid catalyzed methanol dehydration to dimethyl ether is the first 

step of the MTG process. Two different mechanisms, are possible. One 

proceeds via an associative interaction between two methanol molecules, 

generating directly dimethyl ether while the other proceeds via a methoxy 

surface species intermediate. The presence of water lowers the activation 

harrier of the last mechanism by more than 50 kJ/mol. Our calculations 

suggest that ethanol and ethyl methyl ether are the first formed species with 

a C-C bond. Several different mechanisms for those reacrions have been 

studied. The activadon harriers involved in such reaelions are of the order 

of 300 kJ/mol for both ethanol and ethyl methyl ether. Without coadsorbed 

water, the activation harriers are 100 kJ/mol higher. In a next step ethylene 

is formed from alcohol or ether. Those reacrions are very Jast due to a very 

low activation harrier. Trimethyloxonium, proposed to be an intermediale in 

the formation of ethyl methyl ether, can be excluded as an intermediale for 

the C-C bond formation. Although it can be formed, its further reaction to 

ethanol or ethyl methyl ether involves activation harriers that are over 80-

150 kJ/mol higher than their formation directly from dimethyl ether and 

methanol. Reaction paths for the formation of methane and formaldehyde, 

which are observed in reacrions for very low methanol coverages have also 

been studied. 
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7 .1. Introduetion 

The methanol-to-gasoline, MTG, processl is attracting a great deal of attention in 

the last 20 years since they are very successful routes for the acid zeolite catalyzed conversion 

of methanol to synthetic fuels. A large variety of different experiments (ref 2-14 and 

references therein) established that methanol is first dehydrated to dimethyl ether (DME) and 

that an equilibrium mixture of methanol and DME is than converted to olefms, aliphatics and 

aromatics up to C10. Besides the MTG process, two other processes, the MTE (methanol-to

ethylene) and MTO (methanol-to-olefins) processes, arealso very important in the production 

of hydrocarbons. In contrast to MTG which operates at totalmethanol conversion, the MTE 

processis a partial conversion process which is achieved by recycling water and DME. In the 

MTO process, methanol is converted at very high temperatures and the heavy hydrocarbons 

formed are cracked to give products comprising mainly propene and butene. The reaction 

mechanism of those three processes, specially the formation of the first C-C bond and the 

nature of the intermediales involved is matter of a large debate. 

Several different mechanisms have been proposed for the C-C bond formation as for 

example the formation of free carbene radicals,3 formation of trimellhyloxonium and ylide 

intermediates,4,5 carbocations6 and mechanisms involving ketene intellmediate and CO as the 

active catalyst.7 Surface methoxy species formation is also proposed8 as a possible route for 

the C-C bond formation, as well as an intermediate in some of the mechanisms mentioned 

above_3b,5,6 The free carbene route is very unlikely, since it involves very high activation 

harriers. Trimethyloxonium formation was observed in NMR experiment& from dimethyl 

ether on H-ZSMS.9 Nevertheless, because those ions decompose back toethers at lower 

temperatures compared to that neerled for hydrocarbon synthesis and also because they are 

not observed when methanol is coadsorbed, the mechanistic significanee of the observation of 

oxonium ions has been considered uncertain.9 In low conversion reactions,8 TMO seems to 

be unlikely to be formed. Carbocations formed on zeolites, contrary to the superacid catalysis, 

are not stabie intermediales but transition state structures that strongly interact with the zeolite 

Lewis-basic sites)O NMR9 and mass spectroscopyll studies show that CO or ketene play no 

intermediary or catalytic role in the MTG chemistry on H-ZSMS. 

An intriguing question in the MTG process concerns the intermediate for the C-C 

bond formation. lt is generally agreed that propylene and specially ethylene are the initia! 

products. Sulikowski and Klinowski 12 proposed trans-but-2-ene the first alkene formed. 

Hutchings et al)3 have shown latter that trans-but-2-ene is actually aresult of a non-catalytic 

reaction. Perlorming NMR experiments of methanol activation on H-ZSMS at concentrations 

between 5()..1 00 % of maximum adsorption capability of the zeolite, Munson et al. 9 were able 

to identify ethylene and ethyl methyl ether in between the intermediary products. Because 

there exists an equilibrium between methanol, ethylene and ethyl methyl ether (EME), the 

identification of the first product formed was not possible. Munson .et al.9 propose 

intermediary roles for ethanol, ethyl methyl ether and ethylene. Kubelkorvá et al.l4 have 

observed that increasing the amount of methanol preadsorbed andlor added dlilring the thermal 
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desorption (temperature range of 500-650 K on H-ZSM5) results in changes of the 

composition of gaseous products from methane and formaldehyde to C2-C5 aliphatic 

compounds, mainly ethylene and propylene. Another important feature in the MTG processis 

the role of water. Munson et ai.9 have observed that water modifles the acidity of the zeolite. 

This affects profoundly the chemistry of olefin formation and retards coke formation. The 

residual water has a significant effect on the kinetics of hydrocarbon synthesis and even at 

temperatures greater than 723 K it is observed to evolve from the zeolite.15 

The interaction of methanol with acidic zeolites is a subject that has attracted 

considerable interest oftheoreticians,l6-19 Even simpte questions as i) how methanol at low 

(one methanol molecule) and higher coverages (two and three methanol molecules) adsorb at 

the acidie-basic sites of the zeolite, ii) the heat of adsorption and iii) is methanol adsorbed as a 

methoxonium ion, are still subject of debate. One single methanol will preferably adsorb 

perpendicularly to the surface (end-on) making astrong hydrogen bond with the -OAIOH

lattice atoms in a six-membered ring. Additionally, two other modes of adsorption have been 

reported in the literature,17-19 both involving a weaker interaction with the lattice. In one of 

them methanollies parallel to the surface (side-on) and in the other it adsorbs perpendicular 

to the surface making a six-membered ring with the -OSiOH- lattice atoms, rather than with 

the aluminum atom. Computationsl6-19 using various different methods and clusters size 

predict the heat of adsorption of one single methanol with the acidic zeolite to be in the range 

of -64 and -83.0 kJ/mol. The experimental adsorption energies reported in the literature are 

-6320a, -10820b, and -11520c kJ/mol (all for H-ZSM5). Two methanol moleculescan adsorb at 

many different ways to the zeolitic Br~nsted acid - Lewis base sites. We have discussed 

recently21 six different modes of adsorption for two methanol molecules at the acidic zeolite 

cluster. The most stabie structure is the one where the zeolitic -OAlOH- atoms make an 8-

membered ring with the hydroxyl groups of both methanol molecules through strong 

hydrogen honds. The heat of adsorption for the second methanol molecule is less than for the 

first, and was calculated to be -5521,22 and -3516g kJ/mol. The third question whether 

methanol is protonated or not receives different answers according to the technique used. In 
cluster calculations17,18,23 the ion-pair (H3COH2+. · ·OZ-) is nota minimum in the potendal 

energy surface, but a first order saddle point, being thus a transition state. On the other hand, 

frrst-principle studies performed on a perioctic zeolite model using plane waves basis set (core 

electrons are represented by pseudopotentials) have shown that when a single methanol 

adsorbs at a zeolitic eight-ring pore-opening of chabazite, it forms a methoxonium ion,l9,24 

Protonation was, nevertheless, not observed when the proton-methanol interaction was 
analyzed in sodalite,19,24,25 where large open cages are linked by six and four-ring windows. 

Nevertheless, the energy differences between protonated and hydrogen bonded methanol are 
just a few kilojoules per mole.17-19,23-25 

Contrary to what has been observed for water,21,26 the barrier-free proton transfer 

from the acidic zeolite cluster to methanol adsorbed at higher coverages (two methanol 

molecules per acidic site) was not observed to occur.21,22 Nevertheless, when the cluster 
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considered is made slightly more acidic by elongating the terminal Si-H honds of the cluster 

(see ref 27 for details) protonation of the methanol dimmer becomes possible.21 

The formation of surface methoxy species u pon dehydration of methanol as well as 

dimethyl ether formation are considered to be the initial steps inthemethanol to gasoline 

process. Theoretica! calculations have shown that methoxy groups can be formed from 

dissociative adsorption of a single methanol molecule17,18 or from adsorbed methanol 

dimmer.21,28,29 In the frrst case the C and 0 atoms of methanol will make a six-members ring 

with the -OAlOH-lattice atoms. The ring formed bas a considerably strained geometry. This 

results in a very high activation harrier for the dehydration process. If a second methanol 

molecule is allowed to assist the reaction an eight-membered ring will be formed. The system 

bas now a much more relaxed geometry resulting in a lowering of the activation harrier by 

over 50 kJ/mol. The ring is now composed by the -OAIOH- lattice atoms, C and 0 of the 

reacting methanol and the OH group of the "assisting" methanol molecule. The function of 

the second methanol molecule is to allow a relaxation of the geometrical parameters of the 

transition state acting as a bridge between the zeolite and the reacting methanol. It will 

perform the transfer of the proton from the zeolite to the OH group of the first methanol 

originating water. This and analogous reaelions will be discussed bere elucidating the 

tunetion of the second methanol molecule ( or water) further in stabilizwg transition states. 

We have shown21,28 that dimethyl ether can be formed via two different kinds of 

mechanisms. The frrst is an associative mechanism and involves the simultaneons adsorption 

and reaction of two methanol molecules, with formation of dimethyl ether and water in one 

step. The second is a methoxy mediated mêchanism. It involves initial dehydration of one 

methanol molecule generating a surface methoxy (CH3) group. This methox~ group will then 

react with the second methanol molecule originating DME. Justas formethóxy, DME can be 

formed with or without coadsorbed water or methanol. The presenoe of water lowers the 

activation harrier by =50 kJ/mol. 

In the present study we show how ethanol, ethyl methyl ether, trimethyloxonium 

and ethylene can be formed starting from methanol, DME and surface methoxy groups. 

Additionally we propose a path for methane and formaldehyde formation, which are observed 

in reactions with very low methanol concentrations. We did not consider direct formation of 

ethylene (or ethane) from methanol but its formation from ethanol, ethyl methyl ether, and 

trimethyloxonium. The direct formation of hydrocarbons from DME and methanol would 

involve the formation of free carbene radicals, which require a huge amount of energy. 

Carbenium-like transition states are the intermediales proposed bere for all reactions. We also 

show that the presence of water can be very important in lowering the activation harriers, 

supporting experimental findings.9 We have used density functional theory (DFf) to calculate 

reactants, adsorption complexes, transition states and products involved in several different 

paths of formation of each one of the compounds mentioned above. The cluster approach has 

been used to represent the acidic zeolite. Adsorption energies and activation harriers aloows 

for a comparison between all the studied paths possible. 
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7.2. Metbod 

The calculations are based on density functional theory (DFT)30 as implemenled in 

the DGauss program (versions 2.1 and 3.0).31 Nonlocal exchange and correlation corrections 

(NL) due to Becke32 and Perdew,33 respectively, are included to the final energy obtained 

within the local density approximation (due to Voskoet ai.34). This level of accuracy is found 

to be excellent for the description of binding energies_l7,27 Por systems involving strong 

hydrogen bridges (as in the methanol·· ·zeolite system) the computation of properties that 

strongly depend on the geometry of the structure, such as infrared spectrum and protonation, 

require ioclusion of nonlocal corrections during the optimization, self-consistently (NLSCF). 

We have shown earlier that the energies obtained using the NL or NLSCF correctloos differ 
only by a few kilojoules per mole)7,21,27 The purpose of the present study is not to discuss 

infrared spectra or to analyze the small energy differences between protonated and ground 

state complexes. We intend to analyze the large energy changes along the various reaction' 

paths. Since optimization of structures including selfconsistent nonlocal corrections involve a 

large computational cost, we did not go beyond the NL correction. It is important to notice 

that the geometry of transition states, where the interaction is purely ionic, is not affected 
significantly whether the NL or NLSCF corrections are included.l7,21,27 

The basis sets used are of double-zeta quality and include polarization functions for 
all non-hydrogen atoms (DZPV).35 They were optimized for use in density functional 

calculations in order to minimize the basis set superposition error (BSSE).36 A second set of 

basis functions, the fitting basis set,37 is used to expand the electron density in a set of single

partiele Gaussian-type functions. Geometry optimization calculations are carried out to a 

minimum for reactants, adsorption complexes and products, and to a saddle point for 

transition states (TS). All TS's shown in this study have only one imaginary mode, while the 

structures optimized to a minimum presented no imaginary modes. The frequencies are 

obtained from analytic second derivatives.38 Zero-point energy (ZPE) corrections have been 

included for all optimized structures. 

The various molecular systems depended on the particular reaction studied, 

consisting of methanol, dimethyl ether, water, methanol, ethyl methyl ether, ethylene andlor 

trimethyloxonium. It bas been shown earlier21,26 that differences not Iarger than 10 kJ/mol 

are obtained for the adsorption energies and activation harriers by using clusters of different 

size (up toST atorns). Even thought that the deprotonation energy differences for the various 

clusters is much larger (=30 kJ/mol),21 due to the stabilization effects of the adsorbed 

molecules, binding energies are much less affect by the cluster size. Since the present study 

involves a large number of structures we decided to use the small HOHAl(OH)zOH and 

HO(CH3)AI(OH)zOH clusters to represent the acidic zeolite and methoxy surface, 

respectively. No symmetry or geometry constraints have been imposed in any of the studied 

structures. In the only case where the small cluster used failed to correctly describe the 

molecular system under study (one methanol molecule adsorbed at the methoxy surface), 

results using a larger clusters we re taken.l7 ,28 One bas to keep in mind that the use of larger 
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cluster systems would enable us to study in detail changes in the activation harriers as well as 

heat of adsorption of the different systems as a function of zeolite composition andlor acidity. 

It bas been shown earlier27,39 how small clusterscan be used to analyze the consequences of 

zeolites structure effects on acidity. 

In the future, when larger systems containing T-site rings become computationally 

accessible, the transition states and adsorption complexes reported bere can be used as 

starting points to analyze in detail the consequences of an embedded system. At the moment, 
although they are being tested,l9,24,25 they are exceptionally demanding in terms of 

computational resources being thus far from the daily "routine" calculations. 

7 .3. Results 

7 .3.1. Ethanol Formation. Figures 7.1-7.3 show three different reaction paths for ethanol 

formation. The first two are methoxy mediated reactions while the last involves an associative 

mechanism. For clarity, the hydride terminalion ofthe lattice oxygens as wellas one hydroxyl 

termination of the aluminum atom are not shown. The first path, depicted in Figure 7.1, 

shows the initia! formation of a surface methoxy species and subsequent reaction of a second 

methanol molecule with the methoxy group. As discussed earlier, a methoxy intermediale can 

be formed from a single as well as two adsorbed methanol molecules. Because the first case 

involves a much too high activation harrier (+215 kJ/mo1),28 it will not be considered bere. 

Nevertheless, it can not be excluded as a possible reaction path when a very low methanol 

coverage is used. However, in that case the reaction will proceed very slowly and requires 

high reaction temperatures. In Figure 7.1 a simplified mechanism for methoxy formation from 

two methanol molecules is presented. The details of it have been discussed earlier.21 In that 

study, the structures were obtained using the NLSCF correction. For comparison we repeated 

the calculation at the NL level. In order to move from the adsorption complex F1-ads1 to the 

transition state F1-ts1 the methyl group ofthe left side methanol bas to interact with the third 

lattice oxygen and the hydrogen bond of the bridging OH group has to be broken. The frontal 

view of the F1-ts1 structure is the side view of the Fl-ads 1. Note that F1, F2, etc. refer to the 

figure number (7.1, 7.2 etc. The '7' has been omitted.), adsl, ads2, etc. to the various 

adsorption complexes and ts 1, ts2, etc. for transition states. 

Once the first methanol is dehydrated and a methoxy surface species is formed (Fl

ads2), the products can desorb or can continue the reaction towards ethanol formation. U pon 

desorptîon of water, the adsorption complex Fl-ads3 will be formed. Since the use of the 

smalt cluster would produce an incorrect extra hydrogen bond between the OH of methanol 

with the OH terminalion of the cluster (in a end-on kind of adsorption) we have used a cluster 

containing also the silicon terminations. The methyl group of the methanol molecule of Fl

ads3 will bend a little and interact with the methoxy group. The transition state Fl-ts2 is then 

formed. In this transition state the methoxy group is leaving the surface and starts to bind at 

the carbon atom of methanol and, simultaneously, a hydrogen atom of the methanol's methyl 
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group will be transferred to the zeolite generating the acidic site back. Once the final product, 
ethanol, is formed, it adsorbs very strongly to the surface. This is probably because the 

terminal methyl group is able to interact with the third lattice oxygen ( distance of one 
angstrom shorter than for methanol), producing an extra stabilization. The activation harrier 
with respect to reactants in the gas phase is very high, +284 kJ/mol. The true activation 
harrier with respect to the adsorption mode that generated the transition state, Fl-ads3, is 
+320 kJ/mol. Taking into account that the most stabie mode of adsorption in this path is Fl
adsl, the adsorption complex of the initial reactants, the equilibrium will be dislocated 
towards this structure. With respect to this most stabie mode of adsorption, Fl-adsl, the 
banier becomes +400 kJ/mol. 

(Re) ZOH + 2MeOH(g) --+ (1) Me-OZ + MeOH(g) + H20(g) (Pr') 
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Flgure 7.1. Ethanol formation via a methoxy mediated mechanism. JEnergles in kJ/mol. 

, , 

Figure 7.2 shows the second reaction path that, simHar to the first, starts with 
formation of the surface methoxy species. This will be foliowed by ethanol formation. Now 

the importance of coadsorbed water is studied. The transition state becomes rather different 
from the one in the previous path. In the diagram the most stabie mode of adsorption for 
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methanol and water at the methoxy surface is shown. In order to generate the transition state 

F2-ts2 the methanol molecule of F2-ads2 will need to rotate in such a way that its methyl 

group will interact with the surface methoxy group and its OH group will be directed to the 

zeolite pore. This will require cleavage of two hydrogen honds, one of the OH group of 

methanol with water and the other with the lattice to be replaced by a weak van der Waals 

interaction between the two methyl groups and water. The new adsorption complex will have 

an adsorption energy in between F2-ads2 and products P'. Since this structure is not essential 

in the overall computation of the energetics of this path, and specially because this would 

increase considerably the number of structures to be analyzed, we did not optimize them. 

(Re} ZOH + 2MeOH(g) -+ Me-OZ + MeOH(g) + H20(g) (Pr'} -+ ZOH + StOH(g) + H20(g) (Pr) 
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Flgure 7 .2. Ethanol formation via a methoxylwater mediated mechanism. Energies in kJ/mol. 

In the transition state F2-ts2 the atoms displace as follows: the methoxy group is 

teaving the surface in the direction of methanol and as a result a C-C bond will be formed. A 

hydrogen of the methanol's methyl group will be transferred to the water molecule and the 

latter will transfer one of its hydrogens to the surface, regenerating the acidic site. All atoms 

displace simultaneously. The displacement of the atoms follows from the computed reaction 

coordinate (given by the imaginary mode - not shown). As in the case of methoxy formation, 
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the function of water here is to intermediale hydrogen transfer from methanol to the surface. 

Note that it would not make any difference for the reaction itself whether this "assisting" 

molecule is water or a new adsorbed methanol molecule. In the latter case the free hydrogen 

of the water molecule in structure F2-ts2 would be replaced by a methyl group. In the 

adsorption complex of the products (structure F2-ads3) four hydrogen bonds are present 

giving a very high desorption energy. One observes also that they interact with three surface 

atorns. Water adsorbs two-fold at the basic oxygen site and the zeolitic proton and the three

fold interaction occurs in between methanol and the second zeolite basic site. According to 

the picture shown, this structure is protonated. As discussed in the methodology section, in 

order to obtain correct geometries it is necessary to include nonlocal corrections during the 

optimization inaselfconsistent manner. We herehave included the nonlocal correction to the 

local optimized structure (corresponds toa single point MP2). Therefore the energy has been 

corrected, but not the geometry, and so protonation effects cannot be discussed bere. 

The true activation barrier (with respect to the most stabie adsorption complex, F2-

adsl), 300 kJ/mol, is now 100 kJ/mollower than in the previous case where water was not 

present. The barrier taken with respect to the adsorption complex F2-ads2 is 250 kJ/mol, 50 

kJ/mollower than the in absence of water. This demonstrales the importance of the presence 

of an "assisting" molecule in cases where the reaction proceeds via a methoxy surface 

intermediate. The reason for such a lower activation barrier is partially because the transition 

state formed presents a much less strained geometry. Comparing the C-C-OL angle (L = 

lattice) of the transition state without water (153°) with the one including water (172°) one 

sees an increase of 20°for this angle. The larger angle allows the carbenium-like ion formed 

to become as close as possible to the trigonal planar geometry, its most stabie configuration. 

Since this is a SN2 type reaction, the "umbrella effect" of the hydrogens of the carbenium-like 

ion leaving the surface in the direction of the methanol molecule, can be observed. An angle 

of 180° will produce the least distorted geometry for the carbenium ion, and thus a more 

stabie transition state as discussed before.l8,29 In actdition the polarizable adsorbed molecule 

(water or methanol) will help in the stabilization of the polar transition states. 

The third path, shown in Figure 7.3, involves ethanol formation according to an 

associative mechanism. Just as for the previous two paths, the reaction starts with the 

adsorption of two methanol molecules (structure F3-ads1). In order to generate the transition 

state F3-ts1 it is necessary that the methyl groups of both methanol's rotate slightly in 

direction of the third lattice oxygen. They get close to each other and a C-C bond can be 

formed. In order to make this possible the hydrogen bonds between the OH group of one of 

the methanols and the lattice as well as those between both methanol molecules have to be 

broken. This path is very similar to the associative mechanism for dimethyl ether 

formation.21,28 There an adsorption complex about 60 kJ/molless stabie than the ground 

state, was formed from which the transition state can be reached. In the present case one extra 

hydrogen bond will be broken and it will be replaced by a weak van der Waals interaction. 

This results in a larger energy difference with the ground state than for dimethyl ether. In the 

transition state F3-tsl the atoms displace as follows: the hydrogen of the zeolite cluster is 
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being transferred to the OH group of methanol (right side) and the C-0 bortd will be broken. 

This will generate water and a CH3 carbenium-like ion. With transfer of one of the hydrogens 

of the left side methanol back to the zeolite the carbenium ion binds to the carbon atom of 

methanol resulting in an ethanol molecule. Once the products (ethanol and water) are formed 

they can desorb or undergo reaction, for example ethylene formation , as we will discuss 

Jatter. The activation harrier for ethanol formation according to this associative mechanism 

with respect to the most stabie adsorption mode of reactants, 310 kl/mol, is nearly the same 

as for the previous path, methoxy mediated in presence of water. Note that although the 

ethanol formation is almost as difficult in both cases, the initia! methoxy formation is 

certainly much easier. This means that surface methoxy species will be formed earlier. The 

next step, ethanol formation, will be assisted by the presence of water or an extra methanol 

molecule or occur at very high reaction temperatures in their absence. 

(Re) ZOH + 2MeOH(g) ~ 

ZOH + EtOH(g) + ~O(g) (Pr) 
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Flgure 7.3. Ethanol formation via an associative rnechanism. Energies in kJ/T ol. 

I 
7.3.2. Ethyl Methyl Ether Formation. Figures 7.4-7.6 show three ~fferent paths for ethyl 

methyl ether formation . The process is nearly the same as the one ju~t l described for ethanol. 

The first two paths proceed via intermediate surface methoxy formati9n, while the third path 

is an associative mechanism. In order to directly compare the three different paths, the initia! 

reactants used are the acidic cluster, dimethyl ether and methanol. The first two paths go via a 
I 
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methoxy intermediate in the presence or absence of water. Figure 7.4 shows the path for ethyl 

methyl ether formation via a methoxy intermediate without water. In a previous step of the 

reaction (dimethyl ether formation) dimethyl ether and water were adsorbed at the surface. 

Upon water desorption, the F4-ads2 structure is formed. When dimethyl ether rotates slightly, 

one of its methyl groups can interact with the surface methoxy group and a C-C bond is 

created. In the transition state F4-ts1 the methoxy group willleave the surface and will bind 

to one of the carbon atoms of the dimethyl ether. Simultaneously the hydrogen of DME will 

be transferred back to the surface, regenerating the acidic active site. The activation harrier 

with respect to the adsorbed reactants, DME plus the methoxy surface, is 270 kJ/mol. 

Nevertheless, because the reaction involves the initial formation of the methoxy surface group 

one should consicter also the initial adsorption of one or two methanol molecules at the acidic 

site. As discussed in the previous section, because the formation of the methoxy surface 

species from one single methanol molecule involves a high activation harrier it will not be 

discussed for this path. The activation harrier with respect to the adsorption of two methanol 

molecules becomes thus 391 kJ/mol. This is a few kilojoules per mole less than that for 

ethanol formation (presented in Figure 7.1 ). 

(Re) ZOH + DME(g) + MeOH(g)-+ (Re') Me-OZ + DME(g) + H20(g) -+ ZOH + EME(g) + H20(g) (Pr) 
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Figure 7.4. Ethyl Methyl Ether formation via a methoxy medialed mechanism. Energies in kJ/mol. 
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The mechanism of EME formation in presence of water is shown in Figure 7 .5. The 

TS involved in the reaction, F5-tsl, is analogous to the one for ethanol formation, F2-ts2 and 

the discussion is also valid here. The difference is that instead of an OH group of methanol, a 

O-CH3 group of DME is present. Again the activatien barrier of EME formation in the 

presence of water, =-+300 kJ/mol, is comparable to that of the ethanol formation (Figure 7.2). 

lt is almost 100 kJ/mollower than in the other case where water was Mt present. Changes in 

the geometry of the transition state due to the presence of a second cQadsorbed molecule are 

similar as before. In the absence of water (F4-ts1) the C-C-Olattice a~gle is 7° larger than in 
I 

the transition state F 1-ts2 for ethanol formation what could be an indication for F4-ts 1 to be 

slight1y more stabie than Fl-ts2. In the presence of water, the C-c-blattice angles differ by 

only 2°, resulting the activatien barriers ofboth structures, F2-ts2 and:F5-ts1, to be the same. 

The product(s) formed, EME (plus water), adsorb less strongly to the surface than the ethanol 

(plus water) since a smaller number of hydrogen bonds is involved in the adsorption. 
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Figure 7.5. EME formation via a methoxylwater mediated mechanism. Energlas in kJ/mol. 

Pr 

The last path to be discussed for ethyl methyl ether formation follows to the 

associative mechanism, as shown in Figure 7.6. Methanol and dimet~yl ether adsorption at 

the acidic and basic sites is the initia! step of the reaction, F6-ads1. Wh~n the methyl group of 
I 

methanol is able to interact with one of the methyl groups of DME, the transition state F6-ts 1 

is formed. This TS represents the transfer of the zeolitic proton to the bH group of methanol 

I 
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giving water and the transfer of the methyl group from methanol to DME with formation of a 

C-C bond. One of the hydragen atoms of the DME is transferred back to the zeolite 

regenerating the acidic site. The angle around the carbenium-like ion is nearly 180° what 

explains the similarity between the activation harriers compared to the previous TS, F5-ts 1, 

where the reaction is methoxy mediated and involves the presence of water. The activation 

harrier with respect to the adsorbed reactants, F6-adsl, is +265 kJ/mol. It is lower than that 

for ethanol formation via an associative mechanism, +313 kJ/mol (Figure 7.3). This appears 

to contradiet the results of experiments at low conversion of methanol activation40 where 

ethanol rather than ethyl methyl ether has been observed. If, nevertheless, one considers that 

the formation of DME involves the reaction of two methanol molecules, the activation harrier 

with respect to the two methanol adsorption complex is + 319 kJ/mol, a little higher than for 
ethanol formation. The condusion is that ethanol or ethyl methyl ether formation have nearly 

the same activation harriers with respect to the analogous adsorbed state. 
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Figure 7.6. Ethyl Methyl Ether formation via an associative mechanism. Energies in kJ/mol. 

7.3.3. Ethylene Formation. Upon dehydration, the overall reaction of two methanol 

molecules is to give ethylene plus two water molecules. Ethylene will be formed from ethanol 

or ethyl methyl ether. We will show that ethanol can give ethylene by two different kinds of 

mechanisms, a one step reaction or via an alkoxy surface intermediate. In both cases each one 

of the paths occurs in the presence or absence of an extra water molecule. Contrary to ethanol 
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and ethyl methyl ether formation, water does not seem to be important in the ethylene 

formation. Figure 7.7 shows a one step reaction for ethylene formation from ethanol in the 

presence of water. In order to compare the activation harriers for ethylene formation with 

previous steps of the reaction, ethanol formation, we show the activation harriers with respect 

to the initia} reactants, the two methanol molecules. As discussed in the two previous sections 

the ethanol (or ethyl methyl ether) formation involves activation harriers on the order of 

+300 kJ/mol. The energy diagram of Figure 7.7 shows that the activation harrier involved in 

the ethylene formation from ethanol and water taken with respect to tJ:te adsorption complex 

F7-adsl is over 100 kJ/mol lower than that for ethanol formation. This implies that once 

ethanol (or ethyl methyl ether) is formed, the reaction proceeds very f<ist into the direction of 

ethylene formation. Ethylene formation is a separate step in the MTG process. lts true harrier 
will be given by the energy difference between the direct reactants and the TS. The energy 

diagram of Figure 7.7 shows the most stabie mode of adsorption for èthanol and water, F7-

adsl. In the TS F7-ts1 ethylene and water will be formed in one step. The 0-C bond of 

ethanol will be broken and the OH group, in the left side, receives the zeolitic proton 

liberating water. The second water molecule will receive the hydrogeil of the ethanol's CH3 

group and, simultaneously, transfer one of its hydrogens to the zeolite. In the products, F7-

ads2, the water molecule in the right side is protonated, but that can pe a deficiency of not 

including the NLSCF correction, as discussed before. As mentioned above the activation 

harrier for this reaction, 182 kJ/mol, is rather low compared to the ethanol formation. One 

concludes that once ethanol is formed, it can be immediately converted tnto ethylene. Another 

(Re) ZOH + 2MeOH(g)-+ 

(Re') ZOH + EtOH(g) + H20(g)-+ 

ZOH + Ethylene(g) + 2H20(g) (Pr) 

c 0 

Figure 7.7. Direct ethylene formation trom ethanol and water. Energiesin kJ/rf!ol. 
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As discussed earlier, ethylene can be also formed from ethyl methyl ether. Figure 

7.8 shows the reaction path. The transition state involved in this reaction, F8-tsi is analogous 

to that of ethanol activation shown in Figure 7.7. The reactantsinteract three-fold with the 

cluster. The formation of the transition state F8-ts I requires that water looses one of its 

hydrogen bonds with the lattice that is replaced by a hydrogen bond with the ethyl methyl 

ether. The true activa ti on barrier for this reaction, + I34 kJ/mol, is 50 kJ/mol lower than for 

ethanol. Since this step of the reaction does not depend on previous steps, the true barriers for 

ethylene formation from ethanol or ethyl methyl ether can be directly compared. The 

difference observed comes from the weaker adsorption of EME and water at the zeolite 

surface, -108 kJ/mol, when compared the ethanol and water, -17I kJ/mol. Because the EME 

adsorption is weaker, the true activation barrier is lower and the reaction is much faster than 

for ethanol. This could explain that in some experiments only ethanol is observed as an 

intermediate.40 

(Re) ZOH + DME(g) + MeOH(g)-+ 

(Re') ZOH + EME(g) + H20(g) -+ 

ZOH + Ethylene(g) + MeOH(g) 

+ H20(g) (Pr) 

c 0 

Re 

F8-ads1 

I 
I 

1 os/ 
I 

I 
I 

' ' ' ' ' 

I 

85 ,' 
I 

I 
I 

Figure 7.8. Direct ethylene formation trom ethyl methyl ether and water. Energies in kJ/mol. 

Pr 

,' 33 

According to the reaction path depicted in Figure 7.9 ethylene and water can be 

formed in one single step directly from ethanol in the absence of water. The transition state 

F9-ts I represents the transfer of the zeolitic proton (left si de) to the hydroxyl group of ethanol 

with formation of water and the simultaneously transfer of a hydrogen of the methanol's CH3 

group to the lattice, giving ethylene and generating back the acidic site. The activation barrier, 

I7I kJ/mol, is slightly lower than in the other case (Figure 7.7) where water was present. This 

implies that the presence of water does not facilitate the ethylene reaction. This is probably 

because ethylene has a geometry very close to its gas phase geometry. Another reason could 

be the basicity of the oxygen atom of the water compared to the lattice, which is certainly 

larger for the latter. Because ethylene is almost neutral it does not require a polarizable 
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molecule (water) to assist the reaction. In essence, both paths would have similar probability 

to happen. The products formed, ethylene and water, become adsorbed at the surface, as 

depicted in F9-ads2. The heat of adsorption is 54 kJ/mol. 

(Re) ZOH + 2MeOH(g)-+ 

(Re') ZOH + EtOH(g) + H20(g) -+ 

ZOH + Ethylene(g) + 2H20(g) (Pr) 

c 0 

-~~ 
, 6 F9-ts1 

I I 

Pr 
·R·e~-~~----r---~~~s_s_\~{ ~--~~~15 

'•, 36 1
1 

116,' 
I 

I 
I 

I 

1 I Q 
F9-ads1 w F9-ads2 

Figure 7.9. Direct ethylene tonnation trom ethanol. Energies in kJ/mol. 

The next two paths refer to ethylene formation via an ethoxy s~ace species. In both 
cases, the first step is the ethoxy formation. lt can happen within the jpresence or not of an 

adsorbed water molecule. As expected, water is able to reduce the activation harrier of ethoxy 
formation but the effect is weaker than for the methoxy surface formation. This is because 

now a primary carbenium ion type, CH2CH3+, much more stabie than, a single CH3+ ion, is 

inv~lved in the reaction. T~e TS:s involved in both path's are analogou~ to the ones disc~sse_ct 
earlter for methoxy formatton (Ftgures 7.1 and 7.2 and ref 17). The nex~ step of the reactton ts 

ethylene formation from the ethoxy surface. Again the reaction can proceed with aid of a 

water molecule (Figure 7.10) or without water (Figure 7.11). In both cases, the activation 
harrier with respect to the ethoxy surface (plus water) is around +125 'kJ/mol, meaning that 

water does not assist the reaction. Taking the harriers with respect to the initia! reactants, 

ethanol (plus water), the true harrier for the water mediated path, 214 kJ/mol, is over 30 

kJ/mol higher than the path in absence of water, with a true harrier is j182 kJ/mol. The TS's 
involved in the ethylene formation from ethanol are analogous to tho~e formed from ethyl 
methyl ether. Therefore we did not repeat the calculation of all reactionipaths, except the first 
case (Figures 7.7 and 7.8) as an illustration. 

The inverse reaction, ethoxy surface species formation from ~thylene has been the 

subject of earlier studies.41,42 Using the Hartree-Fock method (HF), a iiT atom cluster and a 

3-21G basis set, Kazansky et al.42 found an activation harrier with respt t to the gas phase 
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(Re) ZOH + 2MeOH(g) -+ (Re') ZOH + EtOH(g) + H20(g) -+ (1) Et-OZ + 2H20(g) (Pr') 

Re 

·. 36 ~~· 
• I ' 

Re'\ / 7 \ 
\ 171 ,' ' , ' , ' , , 

i~ 
F10-ads1~ F10-ads2 

Figure 7.10. Ethoxy mediated ethylene formation trom ethanol in presence of water. Energies in 

kJ/mol. See the pattem of the atoms. in Figure 7.9. 

(Re) ZOH + 2MeOH(g) -+ (Re') ZOH + EtOH(g) + H20(g) 

®Al 
~ c 

• 0 

0 H 

Re . . . . 

-+ Et-OZ + 2H20(g)-+ ZOH + Ethylene(g) + 2H20(g) (Pr) 

F11~-~ ~F1H•2 

36 

Re'\, 
' ' ' 

~H,o,,, 
, , , 

11 6.' , 
I , 

I 

I ' 

,' 71 \ 
I ' 

' 

~ 
F11·ads1 :(J ~ F11·ads2 

~H20(gJ 

,' 66 
I , 

F11-ads3 

I 

' I 

Pr 

V.
'·,~ F11·ads4 

2H2 0<gJ 

+ 2H 20<9 > 

Figure 7.11. Ethoxy mediated ethylene formation trom ethanol. Energiesin kJ/mol. 
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ethylene and the zeolitic cluster of 36 kJ/mol. With the same method and cluster, the barrier 

found by Evleth et al. 41 was 66 kJ/mol. Using a l T atoms cluster and a MP2/6-3l G* 

optimized structure, Evleth et aJ.41 have found an activation barrier with respect to ethylene 

adsorbed to the zeolitic surface of 100 kJ/mol. The heat of adsorption in this case was 

calculated to be 30 kJ/mol, what gives an activation barrier with respect to the gas phase 

reactantsof 70 kJ/mol. Using the samebasis set but the DFT/BLYP methodEvlethet al. have 

calculated a true barrier of 59 kJ/mol, what is close to that obtained in the present work (62 
kJ/mol). This shows the tendency of DFT to underestimate adsorption energies and activation 

barriers, especially for systems involving weak van der Waals interactions. 

I 
7.3.4. Trimethyloxonium Formation and Subsequent Reactions. Trimethyloxonium 

(TMO) can be formed from DME by reaction with a methoxy surface fntermediate (methoxy 

mediated shown in Figure 7.12) or by reacting with methanol (associatiive path, Figure 7.13). 

Although we did not include in Figure 7 .12, the first step of the reaction, the methoxy 

formation, starts with the adsorption of two methanol molecules. 

eo 
0 H 

Re 

I 
I 
I 
I 
I 
I 
I 
I 
I Pr 

81 48 

Figure 7. 12. Trimethyloxonium formation trom a surface methoxy species an(J OME foliowed by ethyl 

methyl ether formation. Energles in kJ/mol. 

The adsorption energy is -118 kJ/mol (Figure 7.1 ). In the TS F 12-ts 1, tpe methoxy separates 

from the surface and moves in direction of DME. In this case there is rio concerted retuming 
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of a proton to the zeolite. The (CH3)30+ is formed and remains adsorbed to the negatively 

charged lattice. The true harrier will be given by the difference between the energy of the TS 

and the adsorption energy of two methanol molecules, 261 kJ/mol. Although this system is a 

real minimum in the potential energy surface, it is 116 kJ/mol less stabie than reactants. 

According to the mechanism proposed by van den Berg4 and Olah et aJ.5 TMO would be 

involved in the C-C bond formation by first donating one of the hydrogens to the lattice with 

formation of an ylide [dimethyloxonium methylide, (CH3)zO+CHz·], which by i) Stevens 

rearrangement4 would result in EME or ii) by reaction with methanol or DME5 would give 

ethyldimethyloxonium. This last compound would result in the ethylene and DME formation. 

In trying to optimize the ylide, the proton was found to return to TMO. Several different 

initia! geometries have been used, but in no one case ylide was obtained. The only situation 
where the proton did stay attached to the lattice, resulting in the ylide was the one where the 

system was optirnized with the MNDO (PM3) method. However, this cannot be considered a 

reliable result. We have optimized the transition state for the EME formation (Stevens 

rearrangement) directly from TMO. The TS involved in such reaction is the F12-ts2. The CH3 

group in the left side is leaving the 0 atom and will bind to the right side carbon. 

Simultaneously one of its hydrogens will be transferred to a lattice oxygen, regenerating the 

acidic site. The harrier is very high, 336 kJ/mol with respect to the gas phase reactants. It is 

+454 kJ/mol taken with respect to the initial adsorbed complex for two methanol molecules . 

• 0 

0 H 

Re 

F13-ads2 

Pr 
' ' ' ~ 1 08 , 
' , ' , , 
' , 

' ) 
~ ~,~ F13-ads4~ 

48 

Figure 7.13. Trimethyloxonium formation via an associative mechanism trom methanol and OME 

foliowed by ethyl methyl ether tormation in presence of water. Energiesin kJ/mol. 
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Figure 7.13 shows the TMO (and EME) formation according to the associative 
mechanism. The transition state is very similar to the one for DME formation,28 except that 

now the left side methanol molecule has been replaced by a DME. The proton is transferred 

to the right side OH group of methanol with formation of water and the CH3 group will bind 
to the DME forming TMO. The activation harrier taken with respect to the adsorption of one 
methanol plus DME (F13-adsl) and the TS (F13-tsl) is +173 kJ/moL With respect to two 

methanol molecules the true harrier becomes +224 kJ/moL This is nearly 40 kJ/mollower 

than the previous path. The products adsorb at the surface initially a~ depicted in structure 
F13-ads2 and then rearrange to a more stabie adsorption mode, ~13-ads3. Those two 

adsorption complexes are stabie structures with a defined minimum io the potential energy 

surface. The next step of the reaction is the EME formation according tO transition state Fl3-

ts2. It is very similar to the previous case except by the presence of a water molecule. 
Different from the ethanol and EME cases, water here does not act as a bridge for the hydride 

transfer, but allows for stabilization of the methyl group which has its bond with the oxygen 

atom being broken. The activation harrier taken with respect to the gas phase reactants is 

+281 kJ/moL Even thought that this is lower than in the previous case, it is much to high to he 
considered as a possible route for the C-C bond formation. 

@Al 
@c 

eo 
0 H 

Re 

0.1 

F14-ts 1 

, , , , , , 
0.3 ,' , 

143 
116 

Pr 
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The formation of ethanol and DME from TMO plus methanol was also considered. 

The reaction energy diagram is shown in Figure 7.14. The TS invo1ved in this reaction, F14-

ts1, is very similar to that for the associative mechanism of ethanol formation (Figure 7.3). 

The right side methanol's CH3 group will donate one of its hydrogens to the lattice and will 

bind to the C atom of the central carbenium-like methyl group. The barrier with respect to 

reactants ( +269 kJ/mol) is just as high as the ones discussed in the last two cases for EME 

formation. The products adsorb to the lattice strongly, with a heat of desorption of 60 kJ/mol. 

Additionally, we have considered the formation of two DME molecules and water 

from TMO and MeOH. The reaction path is depicted in Figure 7.15. The TS involved, F15-

ts1 is an associative type TS. The difference between this TS and F14-ts1 is that now it is not 

the CH3 group of methanol that will interact with the TMO, but its OH group. The barrier is 

150 kJ/mol lower than in the . previous case. The condusion is that formation of compounds 

with a C-C bond from TMO is very difficult. lt may be an intermediate for ether formation or 

regeneration of the reactants. This has also been observed experimentally.9 

®Al 
@C 

• 0 

0 H 

Re 

F15-ts1 

I 
I 

I 

,' 143 
I 

I 

0.311 

F15-ads3 

.. lf 
+ H2 0< 9 > 

F15-ads4 

Flgure 7.15. OME formation trom trimethyloxonium and methanol. Energiesin kJ/mol. 

7.3.5. Methane Formation. In experiments performed by Kubelková et ai.l4 at a low 

methanol concentration (0.25-0.7 molecules per zeolite acidic site), DME, methane and 

formaldehyde are observed before that aromatics are formed. When the amount of methanol 

is increased to two molecules per site, no more CR4 is observed, but now alkenes and alkanes 

formation occur. In the case of very low methanol coverages, formation of methoxy groups 
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from a single methanol should be considered. Methane formation is initially very siow40 but 

increases with products formation. Figure 7.16 shows the mechanism for CH4 formation from 

methanol and a methoxy surface. The energies and structures for the methoxy formation 

presented here were taken from ref 28. Formation of the first methoxy species is rather 

difficult, +215 kJ/mol, while making DME according to this route wil! be only 15 kJ/mol 

easier, +200 kJ/mol. lf the second methanol molecule approaches the methoxy group as 

depicted for the TS Fl6-ts2, transfer of a hydride to the methoxy gro!Jp can generate CJ-4. 

Simultaneously, the transfer of the H of the methanol's OH group to the zeolitic surface will 

regenerate the acidic site back and form a formaldehyde molecule. The parrier for this process 

is just a few kilojoules per mole higher than the methoxy mediated bME formation, 210 

kJ/mol. Additionally, it has to be considered that at the moment that thd first water molecules 

start to be present in the reaction, not just DME but also further methoxy groups can be 

formed assisted by coadsorbed water molecules. This wil! reduce the activation barriers 

considerably, as already discussed earlier. The limiting reaction step becomes methane 

formation. In a previous work27 we have calculated the transition state for hydride transfer 

and formation of a surface -CH20H group. The true barrier found was much higher, on the 

order of +275 kJ/mol (or +200 kJ/mol with respect to the gas phase reactants). The direct path 

discussed here is clearly the preferred route to CH4 formation from metliloxy and methanol. 

(Re) ZOH + DME(g) + 2MeOH(g) -t Me-OZ + MeOHads + H20ads -t ZOH -+' CH4(g) + CH20(g) (Pr) 

~-~ , . 
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I 
I 
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~ F16-•··y F16·ads2 
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Flgure 7.16. Methoxy mediated methane and formaldehyde formation. Enerbies in kJ/mol. See the 

pattem of the atoms in Figure 7. 15. • Activation barries and structures taken frbm ref 28. 
I 
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7 .4. Conclusions 

Guided by ex perimental observations of intermediates formed in studies of the MTG 

process, several reaction paths for C-C bond formation have been analyzed using DFr. For 

each reaction several different reaction mechanisms were studied, each one including 
adsorption complexes of reactants and products as well as transition states. Calculation of 

heats of adsorption and activation harriers allows for a comparison between different 

proposed mechanisms and, as consequence, conclusions can be drawn on the relative 

importance of the .different reaction steps. We propose here that ethanol and ethyl methyl 

ether are formed from surface methoxy groups, methanol, and/or dimethyl ether. They are the 
first intermediates containing a C-C bond. The activation harriers involved in their formation 

are very high being the limiting step for the reaction. Ethylene can be easily formed from 

ethanol and ethyl methyl ether involving much lower activation harriers. The mechanism 

discussed here operates only for the formation of the very first C-C honds. In consecutive 

steps ethylene reacts with oxygenates or other alkene giving higher olefins, aromatics, 
alkanes, etc. The reaction chain is maintained by the regeneration of olefins.l 

Formation of trimethyloxonium, proposed to be an intermediate in initia! C-C bond 

formation, is possible. Nevertheless, its further reaction to compounds having a C-C bond, for 

example ethyl methyl ether or ethanol, is rather difficult involving activation harriers that are 
much too high. The reaction towards ether formation involves low activation harriers. The 

condusion is that trimethyloxonium can be formed in the MTG process, but it plays no 

important role in forming compounds containing a C-C bond. 

For most of the reactions discussed here two different kinds of mechanisms are 

proposed: one involving an associative interaction of the reactant molecules and another 

occurring via a surface methoxy species. We have observed that water is very important in 
stahilizing the transition states involved in alkoxy mediated reactions where carbenium-type 

transition states are involved. When water is allowed to assist the reaction, the activation 

harriers of ethanol or ethyl methyl ether formation can be lowered by 100 kJ/mol. Ethylene 

formation, on the other hand, does not require extra stabilization provided by water. 

The activation harriers for ethanol and ethyl methyl ether formation are rather high, 

on the order of +300 kJ/mol (or +180kJ/mol with respect to the gas phase reactants). These 
values are not unrealistic. For instanee the apparent activation harrier of the initia! cracking 

reaction of alkanes via carbonium ion type transition states was calculated to be +300 for 

ethane27 and +240 kJ/mol for isobutane.43 
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Summary and General Remarks 

This thesis deals with BrS/lnsted acid catalyzed reactions of interest ! to the petrochemical 

industry. The aim was to develop a microscopie mechanistic understan<iling of the elementary 

reaction steps and compare the computed properties (energetics, spectroscopie and kinetic) 

with experimental values as far as available. Quantum-chemical electronk structure 

calculations were performed in order to predict the structure and interaction energies of 
reaction intermediates formed on catalytically active surfaces. 

To model the zeolitic BrS!lnsted acid site one ( 1 T) and three tetrabedral (3T) atom 

clusters have been used. Density functional theory including nonlocal corrections due to 

Becke and Perdew at the end of the optimization and/or selfconsistently was the method used. 
The first system we have investigated was a methane molecule as a model for reactions 
involving larger molecules. Transition states and activation harriers for the two possible 

reactions, hetero-exchange and dehydrogenation, have been deterniined. The activation 

harrier for the hydrogen exchange (125 kJ/mol) is in very good agreern:ent with experimental 

estimates. The activation harrier obtained for the dehydrogenation rttaction is about three 
times larger than that obtained for the hydrogen exchange reactionl The reason for this 

difference has to do with the different nature of the transition states. Th~ reaction of hydrogen 

exchange proceeds via a carbonium-like transition state that is stabilifed by the negatively 
charged lattice oxygen atoms. The transition state for the dehydro~enation reaction has 

characteristics of a carbenium ion. lt becomes stabilized by direct intdraction of the carbon 

atom with a lattice oxygen atom. 

As an extension of the methane case, the ethane molecule has jbeen studied. For this 

molecule, three reactions are possible: hetero-exchange, dehydrogenatibn and, cracking. The 
I 

first two reactions are analogous to those of methane activation, excep~ that for ethane lower 

activation harriers were found. The cracking reaction involves C-C bond breaking. For this 

reaction two different reaction paths were found with the same activation· harrier. Another 

class of reactions is the hydride transfer reaction between an adsorbed alkoxy species and an 

organic molecule. We have used methanol to study this reaction. In this reaction methane is 

formed and the -CHzOH group stays attached to the zeolite frame. In a further step, 

formaldehyde can be formed. 

The catalytic conversion of methanol to hydrocarbons usip.g an acidic zeolite, 
I 

namely H-ZSM5, has attracted a great deal of attention since it is very ~mportant in the MTG 
(methanol-to-gasoline) process. The mechanism of the reaction is, nevdrheless, still a matter 

of debate. First we have studied low coverage methanol adsorption find surface methoxy 

species formation, the initia! elementary steps for such reaction. Ttle methoxonium ion, 
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believed to be formed from the deprotonation of the zeolite, was found to be a transition state 

for the reaction of hetero-exchange. The activation harrier for this reaction is very low, in the 

order of 10 kJ/mol. In the most stabie adsorption mode methanol is hydrogen bonded to the 

lattice in such a way that it has its hydroxyl group directed to the zeolite basic oxygen and 

zeolitic proton. The dehydration of one single methanol molecule involves a very high true 

activation harrier, 215 kJ/mol. The adsorbed methanol has to rotate from a perpendicular 
mode of adsorption to a situation where it becomes parallel to the surface. The experimental 
infrared spectra at low methanol coverages can be interpreted as follows: the three bands at 

2900-2450-1650 cm-I are the A-B-C pattem resulting from a perturbed OH stretch mode of 

the zeolitic proton (Ferrni resonance). The speetral region at 3250-3350 cm-I contains a very 

broad band resulting from the overlap of bands due to OH stretch of methanol (adsorbed end
on in the acidic site of the zeolite) and disturbed silanol OH stretch. The band observed 

experimentally at 3550 cm-I is not clear. Methanol adsorbed at higher coverages can interact 

. with the surface in several different ways. Nevertheless, according to the equilibrium 

constants, only two have a probability to be observed at the reaction temperatures. Their 

adsorption energy was calculated to be -130 and -125 kJ/mol (given per two methanol 
molecules). This number agrees with a experimental adsorption energy reported in the 

literature, -63 kJ/mol, which is given per mol of methanol. 

Br~nsted acid catalyzed methanol dehydration to dimethyl ether is the first step of 

the MTG reaction. Two different mechanisms, are possible. One proceeds via an associative 

interaction between two methanol molecules, generating directly dimethyl ether. It involves a 
true harrier of 145 kJ/mol. The other mechanism proceeds via a methoxy surface species 
intermediate. It can occur in the presence or absence of water. The presence of water lowers 

the activation harrier by over 50 kJ/mol, resulting in a true harrier of 160 kJ/mol. Guided by 

experimental observations of intermediates formed in studies of the MTG process, several 

reaction paths for C-C bond formation have been studied. Our calculations suggest that for 

higher methanol coverages ethanol and ethyl methyl ether are the first species formed upon 

C-C bond formation. The activation harriers involved in such reactions are in the order of 300 

kJ/mol. We observe that water plays an important role on lowering the activation harriers. 
When those reactions proceed in the absence of water, the activation harriers are 100 kJ/mol 

higher. 
In a next step ethylene is formed from alcohol and ether. This reaction is very fast 

due to its very low activation harrier. At last we have observed from our calculations that 

trimethyloxonium, proposed to be an intermediate in the formation of ethyl methyl ether, 

plays no important role in the MTG process. Although it can be formed, its further reaction to 

ethanol or ethyl methyl ether involves activation harriers that are too high. For very low 
methanol concentrations, methane and formaldehyde can be formed. 
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Dit proefschrift gaat over door Brl!)nsted-zuren gekatalyseerde reacties die van belang zijn 

voor de petrochemische industrie. Het doel was om een microscopisch! mechanistisch begrip 
van de elementaire reactie stappen te verkrijgen en de berekende energieën, kinetiek, en 

spektroskopische eigenschappen te vergelijken met experimentele waarden, voor zover 

aanwezig. Quanturnchemische elektronenstructuurberekeningen werden uitgevoerd om de 
structuur en interactie-energieën van tussenproducten die op de katalytisch actieve 

oppervlakken ontstonden te voorspellen. 

Om de Brl!)nsted-zure zeoliet te modelleren werden clusters et respectievelijk één 

( 1 T) en drie (3T) tetraedrisch omringde atomen gebruikt. De elektronen~tructuurberekeningen 
I 

werden gedaan met dichtheidsfunctionaal-theorie met de niet-lokale correcties van Becke en 
Perdew, al dan niet zelf-consistent toegepast. Het eerste systeem dat we hebben onderzocht 

I 
was een methaan molecuul, als model voor reacties waar grotere molecu~en bij betrokken zijn. 

Overgangstoestanden en activeringsbarrières voor de twee mogelijke reacties, hetero

uitwisseling en dehydrogenatie, werden bepaald. De activeringsbarrière voor de waterstof
uitwisseling (125 kJ/mol) is in goede overeenkomst met experimentele schattingen. De 

gevonden activeringsbarrière voor de dehydrogeneringsreactie is ong+ eer drie maal groter 

dan gevonden voor de waterstof-uitwisseling reactie. De reden voor het verschil is de 

betrokken overgangstoestand. De reactie van waterstof-uitwisseli~g verloopt via een 

carbonium-achtige overgangstoestand die wordt gestabiliseerd door de negatief geladen 

zuurstof rooster atomen. De overgangstoestand voor de dehydroge~atie reactie heeft de 
karakteristieken van een carbenium ion. Het wordt gestabiliseerd door de direkte interactie 

van het koolstof met een zuurstof rooster atoom. 

Als uitbreiding op het onderzoek aan methaan werd het ethaanmolecuul onderzocht. 
Voor dit molecuul zijn drie reacties mogelijk: hetero-uitwisseling, dehydrogenatie en kraken. 

De eerste twee reacties zijn analoog aan die van de methaan-activering behalve dat voor 

ethaan lagere activeringsbarrières werden gevonden. Bij het kraken wordt er een C-C binding 
verbroken. Voor deze reactie werden twee verschillende paden met dezelfde 

activeringsbarrière gevonden. Een andere klasse van reacties is de hyd!lde overdrachtsreactie 

tussen geadsorbeerde alkoxy-deeitjes en een organisch molecuul. \}'e hebben methanol 

gebruikt om deze reactie te bestuderen. In deze reactie wordt methaan j gevormd en blijft de 

CH20H groep verbonden met het zeolietrooster. In een volgende stllp kan formaldehyde 
worden gevormd. 

De katalytische conversie van methanol naar koolwaterstoffef met behulp van een 

zure zeoliet, namelijk H-ZSM5, is vaak bestudeerd omdat het erg bela:ngrijk is in het MTG 
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(methanol-to-gasoline) proces. Toch is het mechanisme van de reactie nog steeds niet 

helemaal duidelijk. Ten eerste hebben we lage methanolbedekking bestudeerd en de vorming 

van opppervlakte-methoxy, de eerste elementaire stappen voor deze reactie. We vonden dat 

het methoxonium ion, waarvan wordt aangenomen dat het ontstaat uit de deprotonatie van de 

zeoliet, een overgangstoestand voor de hetero-uitwisseling reactie is. De activeringsbarrière 

voor deze reactie is bijzonder laag, ongeveer 10 kJ/mol. In de meest stabiele adsorptie 

toestand is methanol waterstof-gebonden aan het rooster op zo'n manier dat de hydroxylgroep 

in de richting van het basische zuurstofatoom en het proton van de zeoliet wijst. De 

dehydratatie van een enkel methanolmolecuul heeft een erg hoge "echte" activerings barrière, 

215 kJ/mol. Het geadsorbeerde methanol moet roteren van loodrechte op naar parallel aan het 

oppervlak. Het experimentele infraroodspectrum bij lage methanolbedekking kan als volgt 

worden geïnterpreteerd: de drie banden bij 2900-2450-1650 cm· I zijn het A-B-C patroon als 

gevolg van een verstoorde OH strek van het zeoliet-proton (Ferrni-resonantie). Het spectrum 

bevat rond 3250-3350 cm· I een brede band die ontstaat uit de overlap OH strek-banden van 

methanol (end-on geadsorbeerd op de zure zeoliet site) en een verschoven silanol OH strek. 

De experimenteel waargenomen band bij 3550 cm- 1 wordt nog niet begrepen. Bij hogere 
bedekkingsgraden kan methanol op verschillende manieren aan het oppervlak adsorberen. 

Volgens de evenwichtsconstanten kunnen er bij kamertemperatuur slechts twee hiervan 

worden waargenomen. Hun adsorptie-energie werd berekend op -130 en -125 kJ/mol (per 

twee methanol moleculen). Dit komt overeen met de experimentele adsorptie-energie van 

-63 kJ per mol methanol. 

Br~nsted zuur gekatalyseerde methanoldehydratatie naar dimethyl-ether is de eerste 

stap van het MTG proces. Twee verschillende mechanismen zijn mogelijk. Een verloopt via 

een associatieve interactie tussen methanolmoleculen, wat rechtstreeks in dimethyl-ether 

resulteerd, met een "echte" barrière van 145 kJ/mol. Het andere mechanisme verloopt via een 

methoxy oppervlakte-intermediair. Het kan in de aan- of afwezigheid van water plaats vinden. 

De aanwezigheid van water verlaagt de activerings-barrière met meer dan 50 kJ/mol, naar een 

"echte" barrière van 160 kJ/mol. Aan de hand van experimentele waarnemingen van 

intermediairen gevormd in het MTG proces, zijn verschillende reactiepaden voor vorming van 

C-C-bindingen bestudeerd. Onze berekeningen suggereren dat voor hogere methanol

bedekkingen ethanol en ethyl-methyl-ether de eerste stoffen zijn die worden gevormd. De 

activeringsbarrières van dergelijke reacties zijn in de orde van 300 kJ/mol. We zien dat water 

een belangrijke rol speelt in het verlagen van de activeringsbarrières. Wanneer de reacties 

plaats vinden in de afwezigheid van water, zijn de activeringsbarrières 100 kJ/mol hoger. 

In de volgende stap wordt ethyleen gevormd uit alcohol en ether. De reactie is erg 

snel door de erg lage activeringsbarrière. Uiteindelijk hebben we met onze berekeningen 

gezien dat trimethyloxonium, een mogelijk intermediair in de formatie van ethyl-methyl
ether, geen belangrijke rol in het MTG proces speelt. Hoewel het kan worden gevormd, heeft 

de verdere reactie naar ethanol of ethyl-methyl-ether te hoge activeringsbarrières. Bij zeer 

lage methanolconcentraties kunnen methaan en formaldehyde ontstaan. 
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Esta tese trata de reaçöes catalisadas por ácidos de Brs:snsted de interesse para a industria 

petroqufmica. 0 objetivo foi o de desenvoiver urn entendimento mec~nfstico microscópico 

das etapas elementares de uma determinada reaçao e comparar as pr~priedades calculadas 

(energéticas, espectroscópicas e cinéticas) com valores experim~ntais, tanto quanta 

disponfveis. Cálculos quanto-mecänicos de estrutura eletrönica foram re:alizados com o intuito 

de prever a estrutura e energia dos estados de transiçao e intermediários das reaçöes formadas 

nas surperffcies cataliticamente ativas. 

Para modelar o sftio ácido de Brs:snsted do zeólito, foram utilizados aglomerados

models contendo urn (I T) e três (3T) átomos tetraédricos. 0 método de :cálculo utilizado foi o 

da Tearia do Funcional Densidade, incluindo correçöes nao-locais devidos a Becke e Perdew 

ao final do processo de otimizaçao e/ou autoconsistentemente. 0 primeito sistema investigado 

foi a molécula de metano, que serviu como modelo para reaçöes envolvendo moléculas 

maiores. Foram delerminados estados de transiçao e energias de a~ivaçao para as duas 

possfveis reaçöes, troca de hidrogênio e desidrogenaçao. A barreira de ftivaçäo para a reaçao 

de troca (125 kJ/mol) está em muito bom acordo com as estimativas exgerimentais. A energia 

de ativaçao para a reaçao de desidrogenaçao é cerca de três vezes mr1 • or do que aquela da 
reaçao de troca de hidrogênio. A razao para esta diferença tem have corrt a natureza dos 

estados de transiçao envolvidos. Troca de hîdrogênîo ocorre via urn e1stado de transiçao do 

tipo carbönio, que é "estabîlîzado" pelos átomos de oxîgênîo, negativ~ente carregados, da 

rede zeolftica. 0 estado de transiçao para a reaçao de desidrogenaÇao apresenta caracterfsticas 

de urn ion carbênio, que se "estabiliza" por interaçao direta do átomo de carbono com urn 

átomo de oxigênio da rede zeolftica. 

Como extensao do caso do metano, a molécula de etano foi entao estudada. Para esta 

molécula três reaçöes sao possfveis: troca de hidrogênio, desidrogenaçao e craqueamento. As 

duas primeiras sao análogas àquelas da ativaçao do metano, com a diferença que energias de 

ativaçao mais baixas para o etano foram encontradas. A reaçao de craqueamento envolve 

quebra da ligaçao C-C. Para esta liltima reaçao dois diferentes caminhos, com a mesma 

barreira de ativaçao, foram encontrados. Uma outra classe de reaçao é a de transferência de 

hidreto entre uma espécie alcóxido adsorvida e uma molécula orgäniqa. Metanol foi usado 

para o seu estudo. Nesta reaçao metano é formado e o grupo -CH20ljl permanece ligado à 

estrutura zeolftica. Numa etapa posterior, aldefdo fórmico pode ser prodvzido. 

A conversao catalftica de metanol em hidrocarbonetos usandq urn zeólito ácido, H

ZSMS, tem atrafdo muita atençao devido a sua importäncia no process~ MTG (methanol-to

gasoline). 0 mecanismo desta reaçao é, entretanto, ainda motivo de debate. Inicialmente a 
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adsorçäo de metanol em condiçöes de baixo recobrimento da superffcie zeolftica, e a 

formaçäo de espécies metóxi na superffcie, etapas elementaces inicias para a reaçäo, foram 

estudadas. 0 ion metoxönio, que se acreditava ser formado a partir da desprotonaçäo do 

zeólito, foi caracterizado como urn estado de transiçäo para a reaçäo de troca. A barreira de 

ativaçäo para esta reaçäo é muito baixa, da ordem de 10 kJ/mol. Na sua forma adsorvida mais 

estável, metanol forma uma ligaçäo de hidrogênio com a rede de tal maneira que seu grupo 

hidroxila encontra-se direcionado para o oxigênio básico e o proton zeóliticos. A desidrataçäo 

de uma unica molécula de metanol envolve uma barreira de ativaçäo real muito alta, 215 

kJ/mol. Para tal, o metanol adsorvido precisa girar da sua posiçäo perpendicular à superffcie 

até atingir uma posiçäo paralela à mesma. 0 espectro de infra-vermelho experimental, em 

condiçöes de baixo recobrimento, pode ser interpretado da seguinte maneira: as três bandas a 

2900-2450-1650 cm-I contituem-se no perfil A-B-C resultante de urn estiramento -OH 

perturbado do proton zeolftico (ressonäncia de Fermi). A regiäo espeetral de 3250-3350 cm-I 

contém uma banda bastante larga, resultante da sobreposiçäo das bandas relativas ao 

estiramento -OH do metanol (adsorvido perpedicularmente no sftio ácido do zeólito) e ao 

estiramento -OH perturbado do silanol. A banda observada experimentalmentea 3550 cm-I 

näo tem ainda interpretaçäo clara. Metanol adsorvido em regime de alto recobrimento pode 

interagir com a surperffcie de vários modos diferentes. Entretanto, de acordo com constantes 

de equilfbrio, somente dois deles tem probabilidade de serem observados nas temperaturas de 

reaçäo. As energias de adsorçäo calculadas para esses dois modos, por duas moléculas de 

metanol adsorvidas, säo iguais a -130 e -125 kJ/mol . Estes valores estäo em bom acordo com 

o valor experimental, -63 kJ/mol (por molécula de methanol), encontrado na literatura. 

A desidrataçäo de metanol a éter dimetl1ico, catalisada por urn ácido de Br!iSnsted, é a 

primeira etapa da reaçäo MTG. Dois meeanismos distintos säo possfveis. Urn deles envolve 

uma interaçäo associativa de duas moléculas de metanol, gerando éter dimetflico, com uma 

barreira real de ativaçäo igual a 145 kJ/mol. 0 outro mecanismo envolve a formaçäo de uma 

espécie intermediária metóxi, na superffcie, podendo ocorrer na presença ou näo de água. Na 

presença de água a barreirade ativaçäo é de 165 kJ/mol, 50 kJ/mol menor que na ausência de 

água. Guiados pelas observaçöes experimentais dos intermediários formados no processo 

MTG, vários caminhos de reaçäo para a formaçäo da ligaçäo C-C foram estudados. Nossos 

cálculos sugerem que em regime de alto recobrimento da superffcie, etanol e éter etil-metflico 

säo as primeiras espécies produzidas contendo ligaçöes C-C. As barreiras de ativaçäo para 

estas reaçöes säo da ordem de 300 kJ/mol. Nós observamos que a água desempenha urn papel 

importante na reduçäo das barreiras de ativaçäo. Na ausência de água as barreiras de ativaçäo 

para estas reaçöes säo cerca de 100 kJ/mol maiores. 

Numa etapa posterior etileno é formado à partir de álcool e do éter. Esta reaçäo é 

muito rápida devido a sua baixa energia de ativaçäo. Finalmente, com os nossos cálculos 

observamos que o trimetiloxonio, proposto como intermediário na formaçäo de éter etil

metflico, näo desempenha papel importante no processo MTG. Embora ele possa ser formado, 

sua posterior transformaçäo em etanol ou éter etil-metflico envolve energias de ativaçäo muito 

altas. Para baixas concentraçöes de metanol, metano e aldefdo fórmico podem ser produzidos. 
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1. Het is niet verbazingwekkend dat Collins en O'Malley concludeerden 
dat het kraken van hexaan niet zeoliet Br~nsted-zuur/Lewis-base 
gekatalyseerd is, aangezien het kluster dat ze gebruikt hebben geen 
basische site bevatte. 
Collins, SJ.; O'Malley, P.J. J. CataL 1995, 153,94. 

2. Nederlanders zouden niet alleen hasjrokers moeten tolereren, maar ook 
niet-rokers. 

3. Experimenten zijn vaak alleen reproduceerbaar binnen dezelfde groep. 
Een poging van de International Zeolite Association om de 
disproportionering van ethylbenzeen als officiële testreactie voor de 
karakterisering van Br~nsted-zuurgraad te gebruiken is mislukt omdat 
verschillende resultaten werden gevonden door groepen uit 
verschillende landen. 
11th International Zeolites Conference, Seoul, 1996. 

4. Om berekende eigenschappen van twee systemen te kunnen 
vergelijken, dienen de berekeningen met methoden van gelijke 
nauwkeurigheid en kwaliteit te worden uitgevoer~. Dit is de reden dat 
Omellas en Aquino de kruising van het potentië~e energie-oppervlak 
(PES) van de electronische grondtoestand 1I:+ vtn het PzO molecuul 
met het PES van de dissociatieve 30 electronisch angeslagen toestand 
niet konden vinden. Zij hebben de grondtoestand met grotere 
nauwkeurigheid berekend dan de aangeslagen toes

1
tand. 

Omellas, F.R.; Aquino, A.J.A. Theor. Quim. Acta 1991, 79, 105. 

5. Het resultaat van het TPD experiment van lso~ en Gorte waarbij 
methanol desorbeert van een H-ZSM5 zeoliet bij temperaturen rond 
400-500 K zonder te hebben gereageerd is merk,aardig. Gebruikelijk 
wordt gevonden dat zich rond 400-450 K dimethyl: ether vormt. 
lson, A.; Gorte, R.J. J. Catal. 1984, 89, 150. 

Spivey, J.J. Chem. Eng. Comm. 1991, 1 JO, 123. 

6. Het leren van de Nederlandse taal zou veel makkeljjker kunnen zijn als 
Nederlanders niet in het Engels zouden antwoorden. 



7. Het is interessant dat Limtrakul heeft gevonden dat een SAPO-kluster, 
hoewel minder zuur dan een aluminosilikaat, methanol kan protoneren, 
terwijl een aluminosilikaat-kluster dit niet kan. De reden is dat hij het 
silicium atoom van het aluminosilikaat-kluster, lading +4, uitwisselde 
met een fosfor atoom, lading +5, waardoor het kluster een positieve 
lading kreeg. 
Limtrakul, J. Chem. Phys. 1995, 193,79. 

8. Het wordt altijd gezegd dat Brazilië het land van de toekomst is. Dat 
mag want "toekomst" heeft geen bepaling van tijd. 

9. Theoreten gebruiken vaak enkele bladzijden om een paar procent 
verschil tussen hun eigen berekening en die van anderen te verdedigen. 
Experimentalisten kunnen een verschil van 50% vinden zonder enige 
poging tot verklaring te doen. Bijvoorbeeld volgens Messow et al. is de 
methanol adsorptiewarmte 63 kJ/mol terwijl Gorte 115 kJ/mol vindt. 
Messow, U.; Quitzsch, K.; Herden, H. Zeolites, 1984,4, 255. 

Gorte, R.J. (Ref. by Sauer, J.; Ugliengo, P.; Garrone, E.; Saunders, V.R. 

Chem. Rev. 1994, 94, 2095.). 

10. Het is bijna onmogelijk vast te stellen of een bepaald (berekend) 
mechanisme het echte mechanisme van een reactie is wanneer het 
aantal vrijheidsgraden van het potentiële energie-oppervlak groot is. 
Dit proefschrift. 

11. Industriële wetenschappers hebben altijd een makkelijk antwoord voor 
moeilijke vragen: het is geheim! 

12. Statistieken kunnen schrikbarend eenvoudig worden gemanipuleerd. 
Het is belachelijk dat de wekelijkse prikpil voor mannen door de 
Wereldgezondheidsorganisatie (WHO) bijna net zo betrouwbaar werd 
bevonden als de vrouwenpil (99.8%). Ruim een derde van het totaal 
aantal proefpersonen voldeed echter niet aan het criterium van 
azoöspermie (volledige stilstand van de produktie van zaadcellen) en 
werd buiten de testresultaten gehouden. 
Intermediair, nr. 21, 1996. 


