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ABSTRACT. The nature of the chemical bond of protons in a zeolite is analysed on 
the basis of theoretical and spectroscopic results. Of interest is the dependence on 
zeolite structure as well as composition. The zeoli tic OR bond is mainly covalent. 
Proton attachment to the zeolite lattice causes a weakening of neighbouring Si-O and 
AI-O bonds. The effective increase in volume of the bridging oxygen atom causes a 
local deformation, that changes the strength of the lattice-chemical bonds over a few 
bond distances. Proton concentration effects as well as lattice-composition effects can 
be understood on the basis of the lattice-relaxation model. The energetics of proton 
transfer is controlled by the need to stabilize the resulting Zwitter-ion. The positive 
charge on the cation becomes stabilized by contact with basic lattice-oxygen atoms. 

1. Introduction 

How the reactivity of the acidic protons attached to the framework-oxygen atoms in 
the micropores of ~zeolites depends on composition, location and zeolite framework 
is of obvious importance to the application of zeolites in acid catalyzed reactions. 
\Vhereas signifiea.nt progress has been made to determine this relationship, it is still 
not completely understood. One of the reasons is the complexity of the catalytic 
reaction cycle, that is composed of different reaction steps. Proton transfer between 
lattice and substrate is only one of them and not necessarily always the rate limiting 
step. Secondly the acidity of the proton, as probed in the catalytic event depends on 
its state before reaction 'as well as the stability of the" Zwitter-ion" state, generated 
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upon proton transfer to the reacting molecule. The latter may vary dependent on 
substrate and, as we will see, depends also strongly on the interaction between ion 
and zeolite wall. 

Here we will discuss recent results of theoretical as well as spectroscopic studies 
probing the details of the chemical bond of the proton with the zeolite and the 
response of the proton with reacting basic molecules. 

Protons in zeolites have been extensively studied using many different physical 
techniques, especialiy infrared spectroscopy, NMR spectroscopy and neutron scat­
tering. Because of their well-defined nature zeolites belong to the exceptional class 
of catalysts that allow for a definitive structural characterization of its catalytically 
active site. Computational chemical techniques require such detailed knowledge. The 
use of ab-initio calculations has contributed in an essential way to an understand­
ing of the chemical features that control zeolite acidity. An important theoretical 
question we will address is the validity of the cluster approach to approximate the 
protonic site. A second important theoretical approach is the use of lattice-energy 
calculations and lattice-structure siinulations based on force fields determined from 
accurate quantum-chemical calculations. 

In the following two sections we will highlight our present understanding of the 
nature of the chemical bond of the proton. In a subsequent section we will present 
the results of theoretical studies on proton transfer to adsorbed basic molecules. It 
will appear that two properties of the solid state are very important to zeolite acidity: 
- electrostatics, the positive charge developing on the proton has to be compensated 

by a negative charge generating on the zeolite lattice. 
- lattice relaxation, changes in chemical bonding affect the forces acting on the lattice 

atoms involved. 
In a final section the implications of the physical chemistry of proton transfer to 

acid catalysis will be shortly outlined. 

2. The proton Bond 

The zeolite lattice consists of a three dimensional network of tetrahedra connecting 
four valent or three valent metal cations such as Si or AI, each having four oxygen 
atoms as neighbours. One oxygen atom has two metal cations as nearest neighbours 
(figure 1). When all lattice ions are Si, the zeolite lattice has the composition Si02 
and is a polymorph of quartz. Br¢nsted acidic sites are generated when silicon, 
which has a formal valency of four, is replaced by a metal atom with a lower valency. 
Most common is the replacement of silicon by aluminum with a formal valence of 
three. A proton is attached to the oxygen atom connecting a neighbouring silicon 
and aluminum atom, resulting in a chemically stable situation. Note that now the 
oxygen atom becomes three coordinated. 

Quantum-chemical calculations have convincingly shown that the SiO, AIO as well 
as the OH bonds have considerable covalency, resulting in a relatively weak OH bond. 



Figure 1. Connectivity of T-atoms. The T-atoms are in the centre of the tetrahedra 
formed by four oxygen atoms: when one silicon atom is replaced by an aluminum atom 
and a neighbouring oxygen atom becomes protonated. 
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The "onium" type coordination of oxygen is the fundamental reason for the high 
acidity of the attached proton. Cluster calculations on H or OR terminated rings in 
figure 2 give illustrations of such geometries providing detailed geometric information 
on the acidic site [1). The results of ab-initio cluster calculations on protonated rings 
formed from four tetrahedra are shown. As we will see crystallographically different 
sites in a zeolite show small differences. One of the most interesting features is the long 
AI-O bond compared to the Si-O bond (0.188 nm and 0.172 nm respectively). The 
acidic site can also be seen as a silanel group promoted by a the Lewis acidic group. 
Whereas the OR bondlength changes little, the heterolytic bond energy changes from 
approximately 21.8 eV [2] to 13.7 eV [3). 

Kazansky [4] has analyzed the OR interaction-potential by an analysis of the over-
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Figure 2. Four-ring cluster containing two silicon and two aluminum atoms and one (a) 
or two (b) acidic protons [1). 

tones of the 0 H stretch frequencies measured in the near infrared spectroscopic range. 
He found that the covalent OH interaction-energy varies little with acidity. The con­
stant homolytic bondstrength of OH indicates that the factor that contributes most 
to the strong acidity is mainly the increased stabilization of the negative charge left 
on the lattice with deprotonation. 

1 H MAS NMR spectra enable the experimental determination of the Al-H distance 
[5). For zeolite Y values of 0.237 nm and 0.248 nm have been found for protons located 



H 

It 
/O~ 

Si AI 

H 

O-H stretching 

in-plane 
O-H bending 

out-of-piane 
O-H bending 

Figure 3. The three vibrational modes of the Br,;nsted acidic group. 

in the supercages and sodalite cages respectively. 
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The cluster calculations indicate a large change in the equilibrium geometry of the 
ditetrahedral cluster upon deprotonation (compare figures 2a and 2b, atom-position 
8). As is shown in figure 2b, the AlO and SiO distances shorten. These changes are 
a consequence of the covalent bonding and the Bond Order Conservation principle 
[6]. Since no electrons of the bridging oxygen atom are involved any more in bonding 
with the OH bond, they become available to additional bonding for AlO and SiO. 
The result is an increase in the SiO and AlO bondstrengths. 

Ab-initio quantum-chemical calculations also provide information on the vibra­
tional modes of the OH group. Infrared spectroscopy and inelastic neutrons scatter­
ing [7) can be used to compare predictions with experiments. The three vibrational 
modes of the Br011sted acidic group are sketched in figure 3. Typical values of the 
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Figure 4. Infrared active lattice modesofNH4 Y, HY, DY (a) [11,12], and inelastic neutron 
scattering spectrum of HY (b) [7]. 

OH stretch frequencies of the Br0nsted acidic protons vary between 3650 and 3550 
em-I, to be compared with the silanol frequency at 3745 em-I. The relatively small 
decrease in stretch frequency corresponds to a slightly weakened OH force constant 
of the acidic protons. The in plane bending mode of the Br¢nsted acidic protons has 
a frequency of approximately 1050 cm-1 [7-10], the out-of plane bending mode of 
approximately 400 cm-I [7,9,10J. Indirect measurement of the bending modes are 
available from infrared combination bands [7,8]. Direct measurements have been done 
using inelastic neutron scattering spectroscopy [7,10]. Experimental and theoretical 
values [9] are in close agreement. 

Experimenta.l indications of loca.l structural relaxation upon deprotonation have 
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been provided by infrared spectroscopic studies of the lattice-modes of zeolite Y, 
comparing the spectra of NR4-Y with the R-Y form [11]. Figure 4a shows the corre­
sponding infrared spectra. Also shown are the frequencies of the bending OH modes 
as measured by inelastic neutron scattering (figure 4b). 

Protonation of the zeolite lattice results in significant changes of the lattice vibra­
tional modes. One observes an upwards shift around 750 and 1100 cm-I, decreases 
in intensity around 600 cm- l and smaller changes at 400 cm- I . Figure 4a shows also 
the infrared spectrum of deuterated zeolite Y. New peaks arise near 860 cm- I [12]. 
The shifts around 750 and 1100 cm- I and the losses in intensity below 600 cm- I re­
main. Clearly in the region from 700 to 1100 cm-1 there is a strong coupling between 
the in-plane OR bending mode and the Si-O-Al stretching modes, that are resonant 
in energy. The existance of this coupling between the OR bending modes and the 
lattice Inodes is concluded from results from inelastic neutron scattering experiments 
[10]. Rei-e, due to the coupling, the intensity of the lattice modes of H-Y zeolites is 
increased compared to those for N a-Y zeolites. The intensity of the modes between 
600 - 300 cm-1 change very similarly for the protonated as well as deuterated system. 
The modes are mainly combinations of tetrahedral bending modes as well as Si-O­
Al symmetric stretching modes, sensitive to deformation of the lattice [13]. These 
changes are due to the deformation of the lattice upon protonation. 

Whereas the results of the ab-initio cluster calculations indicate the possibility of 
structural deformation upon protonation, embedding of the cluster in the three di­
mensional zeolite lattice is needed in order to evaluate to which degree it actually will 
occur in the solid. This can be conveniently done using energy minimization schemes 
applicable to the solid state. The equilibrium atomic geometries can be computed 
using atomic force fields [14]. Such force fields can be developed based on a fit of 
the parameters of classical interatomic potentials to potential energy surfaces com­
puted quantum-chemically for small clusters [15]. One concludes from such studies 
that the changes in local chemical bonding due to proton attachment also lead to 
deformation of the lattice. However, the deformations are very local and disappear 
at a few atomic distances from the proton location [16]. This is illustrated in figure 
5 for proton attachment to the 0(1) atom of the double-six ring of faujasite. The 
geometry optimized structures of the protonated and non-protonated sites are com­
pared. Atom positions before and after proton attachment are shown. One observes 
the longer SiD and AID distances of the protonated system and the rapid decline of 
the bondlength changes at a larger distance from the proton. 

Sites generated upon protonation require more space than the proton-free site. In 
zeolites atom distances of the lattice atoms vary for crystallographically different po­
sitions. One may expect to find a relation between bond angles and bondlengths 
around a site before protonation and the protonation energy. Structural and com­
positional effects will be discussed in the next section. The main conclusion of this 
section is that experimentally as well as theoretically local structural relaxation can 
be considered well established. 
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Figure 5. Lattice relaxation due to protonation of the double-six ring in the Faujasite 
lattice [I6]. 

3. Proton affinity differences. 

When one compares the stretch frequency of the OH bond in a zeolite in the same 
structure but varying the aluminum content, small changes in the infrared frequency 
are observed. Figure 6 shows the change in the infrared frequencies of high-frequency 
OH stretching modes in zeolite Y as a function of increasing Si/ Al ratio [17]. Whereas 
at a ratio of Si/ Al = 2.4, one observes only the silanol and two Br¢nsted acidic 
hydroxyl groups for zeolite Y (the high-frequency and low-frequency banc~s), upon 
an increase of the Si/ Al ratio infrared HF OH peaks at lower frequencies appear, 
indicative of a stronger Br¢nsted acidity. This is in agreement with the shift to lower 
field of the corresponding lines in the 1H MAS NMR spectra (see figure 6). 

In a zeolite according to the Lowenstein rule, aluminum ions cannot occupy neigh­
bouring tetrahedra. This exclusion principle derives from the negative charge build 
up around the two tetrahedra leading to repulsive effects. At a low Si/ Al ratio each 
[Si-O-Al] unit is connected to six tetrahedra of which a maximum of three is occupied 
by AI. 
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Figure 6. Infrared high-frequency OH stretch frequency (OH) as a function of the Sij Al 
ratio [I7] and chemical shift (H) of the corresponding line in the IH MAS NMR spectrum 
as a function of the Sij Al ratio. 

Figure 7. The four different oxygen atoms in the Faujasite lattice[21]. 
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Low-aluminum zeolitic clusters 

1: SiSiSiSi 3: AISlSiSi 

High-aluminum zeolitic clusters 

000000 
7: AISiA!Si 8: AIAlSiSi 9: AIHSiAISi 10: AIHSiHAISi 11: AIHSiAIHSi 12: AISiHAIHSi 

Figure 8. Four-ring clusters with different Sij Al ratios and different proton concentra­
tions[I], see also table 1. 

In the faujasite lattice positions are equivalent, but the four oxygen atoms forming 
a tetrahedron are non-equivalent (figure 7). Of these four oxygen atoms, protons are 
attached most strongly to 0(1) and 0(3) sites, giving rise to a HF (3650-3610 em-I) 
and LF (3550-3570 em-I) OH infrared absorption peale The reasons for this will 
be discussed below. 'With a decrease of aluminum content, the probability for a [Si­
OH-AI] unit to be surrounded by three tetrahedra with aluminum decreases. With a 
statistical distribution of aluminum over the tetrahedra (constrained by Lowenstein's 
rule) now different embedding possibilities of the [Si-OH-Al] unit exist. The frequency 
changes for the HF OR depend only on changes of composition in tetrahedra in the 
first coordination shell of the lSi-OR-All unit and converge to the same value at 
Sil Al»10. 
A decreasing heterolytic proton bond dissociation energy with increasing Si/ Al ratio 
is also found from ab-initio calculations on clusters of varying Sil Al content. Figure 
8 shows rings of four tetrahedra, terminated by end-on OH groups with varying 
Sil Al ratio. As follows from the corresponding table 1 the deprotonation energy is 
smallest for the tetrahedral four ring with one aluminum atom and the protons prefer 
attachment to an oxygen atom also coordinated to an aluminum atom. When the 
aluminum content increases, the deprotonation energy increases for a cluster with 2 
protons as well as the negatively charged cluster, simulating compensation by cations. 
In figure 2 the corresponding geometries and charges are shown. 

Experimentally the Bn'lnsted acidity of zeolite Y appears to be a strong function of 
proton content. In figure 9 calorimetric measurements are presented of the ammonia 
adsorption on zeolite Y with three different compositions [18,19]. The interaction 



Table 1. Total energies (in atomic units) and proton affinities (in eV) of 4-ring clusters. 
Complete geometry optimizations were performed at the STO-3G level; the 3-21G results 
refer to the ST03G-optimized geometry with an additional optimization of the proton 
position. Results marked by an asterisk refer to the abstraction of one proton only; the 
result in parentheses is influenced by a different configuration of the terminal hydrogen 
atoms [1). 

A:ST03G B:3-21G 0:3-21G 
optinlized geometry ST03G geometry optimized geometry 

ring E(a.n.) PAteY) E(a.u.) PACeY) E(a.n.) PACeY) 

SiSiSiSi -203.318558 -2048.522833 
2 , SiHSiSiSi -203.779993 12.56 -2048.839850 8.63 

3 AISiSiSi -201.331399 -200 1. 777284 -2001.850643 
AIHSiSiSi -202.002739 18.27 -2002.279709 13.67 -2002.374317 14.25 

5 AlSiHSiSi -201.925292 16.16 -2002.208117 11.72 -2002.309532 12.49 
6 AlIISiSiSi H -2002.749718 10.22* 

7 AISiAISi -2002.988098 
8 AIAISiSi -199.161940 -1954.885995 
9 AIHSiAISi -200.024318 21.98 -1955.542784 16.77 -1955.626118 17.36 
10 AIHSiHAISi -200.633693 16.58* -1955.994844 12.29* (-1956.120927 13.46*) 
11 AIHSiAIHSi -200.726481 19.10* -1956.067643 14.27* -1956.163893 14.63" 
12 AISiHAIHSi -200.683936 17.94* -1956.024463 13.11* -1956.1256167 13.58* 

Table 2. The frequencies of the experimental and calculated infrared spectra given in 
em-I. Experimental values are for NH;j" in: Mordenite (MOR), Faujasite (FAU), Beta 
(BET) and Erionite (ERl). The other spectra are calculated ones. 2H and 3H are the 
notation for the doubly and triply bonded NH;j". H is the structure in which the proton is 
attached t.o the zeolite, the peak given here thus is the OH stretching. COAD is a singly 
bonded NH;j" with one NIh co adsorbed (N-H stretching of the proton pointing towards the 
zeolite is shifted to 2123 em-I, but is not included in the table because it is mixed with a 
Si-H stretching). 
(I) meaJis that these peaks have a reasonable intensity, the other peaks have negligible 
intensity but are included for completeness [24). 

MOR FAU BET ER1 2H 3H H OOAD 

2780 2800 2970 2840 2623(I) 3103(1) 3142(I) 3153(I) 
2930 3040 3068 2740(1) 3141(I) 3360 3363 
3180 3270 3200 3260 3418 3478(1) 3478 3401 
3400 3360 3460 3384 3495 3483 3473 

3476 
3483 

123 
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Sil Al=2.4; f::::. DY-3, Sil AI=4.1. 

I 

with zeolite Y (Si/ Al = 2.4) is compared at 100% proton exchange and 85% proton 
exchange. One notes a significant increase in the initial heat of adsorption due to 
protonation of ammonia. The same increase in heat of adsorption is found for the 
dealuminated material. 

Adding a proton to position 0(8) results in a weakening ofthe 0(5) - H bond, (en­
hancing the intrinsic Bn;lnsted acid strength) and a strengthening of the neighbouring 
Si(3) - 0(5) and AI(l) - 0(5) bonds. This can be deduced from the bondlength dif­
ferences in figure 2. Whereas proton attachment to position 0(8) lengthens the Si(2) 
- 0(8) and A1(4) - 0(8) bonds, the next Si(2) - 0(7) and AI(4) - 0(6) bond-s become 
stronger. As a function of distance to the proton on 0(8) these changes alternate 
causing the 0(5) - H bond to weaken. This again is a consequence of covalent bond­
ing and the Bond Order Conservation principle. When one of the bonds to an atom 
vveakens, the other "vill beC0111e stronger. The changes in atomic charges are very 
small hence one concludes that proton-strength differences are dominated by changes 
in covalent bonclstrength. 

For the LF OH peaks in zeolite Y a different behaviour upon clealumination is 
observed. With increasing Si/ Al ratio the maximum for this band is shifted to higher 
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frequencies. This behaviour cannot be explained by the small clusters discussed here, 
since the acidic protons, which are responsible for this infrared band, interact with 
two close oxygen neighbours at a distance of 0.26 nm [20]. 

To relate changes in OR bondstrength with composition to changes in lattice cova­
lent bonding is one way of interpreting consequences of changes in electron density. 
As discussed elsewhere analysis in terms of ROMO-LUMO interactions leads to very 
similar conclusions [6]. It is important to realize that the changes in acidity are 
ascribed to electron-density differences and not to changes in atom charges. 

Using force-fields, differences in proton affinity have been theoretically analyzed 
for two low aluminum content zeolite frameworks: zeolite Y which is a low density 
Zeolite and silicalite of high density [1,21]. In Zeolite Y the four oxygen-atom posi­
tions are non-equivalent. In silicalite 12 atom-positions are non-equivalent and 48 
different oxygen atom positions are in principle possible. The deprotonation energy 
is calculated for fully relaxed bridging oxygen sites in the presence and absence of an 
added proton. These studies have demonstrated the importance of the zeolite lattice 
structure for the intrinsic Br!ilnsted acidity of lattice protons. It is found that the 
deprotonation energies vary within an interval of 20 kcal/mole for different sites. For 
the MFI structure the amount of structural relaxation and corresponding energy gain 
is found to vary very little for the different sites, whereas there are large differences 
for the protonation energies. The parameter of the fully relaxed Si02 polymorph that 
correlates strongly with the OR interaction strength at a particular site is the SiO 
bondlength (figure 10). The larger the average SiO bondlength the stronger the OR 
bond. This is in line with the previously discussed bulkiness of the lSi-OR-All group 
compared to the Si-O-Si unit. The most strongly Br!ilnsted acidic sites are found at 
sites that are spatially most constrained. 

According to the results presented, the dominant effect controlling the OR bond­
strength is the proton concentration (see table 1). When the proton concentra­
tion is low, the intrinsic Br!ilnsted acidity per proton increases with decreasing AI-
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concentration. Structural diffences have a comparable effect as variation in Si/ Al 
ratio. 

4. Proton-transfer 

In the acid - base reaction: 

ZH + B 

charge is separated. In solution the cost of charge separation is overcome by solvation 
of the ions generated by solvent molecules. The dielectric constant of a zeolite is 
very small (,,-,4), the energy of charge separation now has to be counteracted by the 
interaction between the positively charged protonated base and the negative charge 
of the zeolite wall. 

Cluster-calculations on the protonation of NH3 provide an interesting illustration 
of the importance Zwitter-ion stabilization [22,23]. Very accurate ab-initio calcu­
lations of the Nlh-[Si-OH-Al] dimer interaction with the ammonia nitrogen atom 
coordinating to the bridging OH site show that the OH distance remains 0.098 nm to 
be compared with the long EN distance of 0.277 nm (figure lla). So proton transfer 
does not occur. The interaction between ammonia and OH shifts the OH frequency 
downwards by 380 cm-1 indicating a weakening of the OR bond. The computed 
interaction energy is 55 1;:J /mole. The experimentally measured heat of adsorption 
of NH3 is between 110 kJ /mole and 160 kJ /mole. Coordination as shown in figures 
lIb and llc makes Zwitter-ion formation possible [23]. The NHt ion coordinates 
with two or three of its hydrogen atoms to the negatively charged oxygen atoms sur­
rounding the Al atom. The computed interaction energies are very similar and equal 
to 114 kJ/mole. For the bidentate and tridentate bonded NHt-ions, the infrared 
spectrum can be computed. Each coordination type is characterized by a different 
spectrum. Comparison with experimentally measured spectra enables an assignment 
of the two different coordination types(table 2). Also the frequency of the external 
vibration of NHt versus zeolite wall can be computed. For the bidentate and tri­
dentate bonded NEt-ions the obtained frequencies vary from 250 to 350 cm-1 [24]. 
These low frequencies compare very well with typical values of NHt (80-200 cm- I ) 

found for zeolite Y [25]. 
Comparison of the geometry of the aluminum-tetrahedral cluster before NH3 in­

teraction (figure lld) and the interacting clusters (figure lIb and llc) show that 
the geometry around the tetrahedra changes when the proton is transferred. In a 
rigid lattice this would be prevented and as a consequence no proton transfer would 
occur. This is what is found theorically if no geometric relaxation is allowed when 
coinputing proton transfer. So proton-transfer requires a flexible lattice, that allows 
for local deformations. 
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Figure 11. Clusters showing the interaction of NH3 with the Brpnsted site [23]. 

The equal interaction energies of NHt coordinated bidentate or tridentate implies 
that the NHt ion moves in a very flat potential. Neutron scattering energy loss data 
show that NHt is nearly freely rotating in the supercages of the Y-zeolite, but have 
a slightly more hindered rotation when in the smaller socialite cage [26]. 

Whereas in water the basicity of ammonia is larger than that of pyridine, tem­
perature programmed desorption experiments show always a higher temperature of 
desorption for adsorbed pyridine than ammonia [27,28]. The low basicity of pyridine 
compared to ammonia in water stems from the high heat of hydration of ammo-
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Figure 12. Transition state in the protonation of methanol [30]. 

nia compared to pyridine. The gas phase protonation energy of pyridine is 10.8 
eV, whereas that of NIh is 9.9 eV [29]. The difference relates to the to the higher 
s-character of the pyridine lone pair compared to that of ammonia. The absence 
of hydration and the vacuum-type environment of the zeolite is responsible for the 
stronger basicity of pyridine in the zeolite environment. 

Other quantum-chemical cluster calculations on the zeolite proton-polar molecule 
interaction show similar results. Protonation of H20 leads to a hydronium ion that 
becomes adsorbed in bidentate coordination. Calculations [30] as well as infrared 
spectroscopic measurements [31] also find that protonated methanol becomes coor­
dinated as a bidentate. This can be considered Br¢nsted acid-Lewis base assisted 
protonation. The Br¢nsted acid is the proton, the Lewis base is the other oxygen 
atom around aluminum to which the methanol proton attaches (figure 12). These re­
sults have an important consequence for the transition state of reactions that proceed 
via carbenium-ions as intermediates: 

ZH + H2C = CH2 --7 Z- H2C+ - CH3 --7 propagation 

carbenium - ion 

Carbenium-ion formation by ethylene has been studied quantum chemically [32,33]. 
Ethylene ca.n interact in two ways with the proton. It can form initially a 7r-complex 
without proton transfer. In this state interaction is weak. When the proton becomes 
attached Lo ethylene (the transition state), the positive charge that develops at the 
other end of the carbenium ion becomes stabilized by interaction with the negative 
charge on an other atom around aluminum. This is the Br¢nsted acid-Lewis base 
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assisted proton tnl.l1sfer mechanism. In the case o{ ethylene this leads to formation of 
a stable O-C bond, the O'-complex or surface alkoxide. The formation of O'-complexes 
has been confirmed by NlVIR [34,35]. 

5. Concluding remarks 

Inthe previous section the quantum chemistry of an important intermediate to acid 
catalysis, the carbenium ion, was discussed. The relative stability depends on the 
deprotonation energy as well as the stabilization of the organic substrate. by the 
negative charge generated on lattice oxygen atoms. The deprotonation energy is 
sensitive to lattice relaxation and depends on local geometric constraints due to long 
rang;e structure of the zeolites as well as zeolite composition. 

Acid catalysis is controlled by the chemistry of the protonation site as we discussed 
it here, as well as the adaption behaviour of reactant and products molecules. 
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