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Abstract 

A hybrid computational scheme which proved successful in the description of crystalline silica polymorphs is extended to 
the calculation of zeolite-adsorbate interactions. As a demonstrative application ammonia adsorption on H-faujasite at site 
III’ was investigated. The Hartree-Fock method (QM) is combined with shell model potentials (MM) based on ab initio data 
for the interaction of NH, and NH: with zeolites. This ‘mechanical’ embedding scheme accounts for the constraints 
imposed by the lattice on the structure relaxation at the reaction site. The long range contribution of the electrostatic 
potential of the crystal to the reaction energies is obtained from the MM energies of the host (periodic lattice) and of the 
embedded zeolite model. Although it converges slowly with increasing size of the embedded cluster, the total QM/MM 
energies are remarkably stable. The embedding scheme allows to use basis sets sufficiently large and flexible to describe 
both the neutral complex and the ion pair structures well. Ammonium ions in zeolites are therefore correctly described as 
more stable than ammonia. After including corrections for electron correlation, basis set superposition error, zero point 
energy and thermal contributions, the predicted estimate for the energy of formation of NH: from NH, and the acidic 
zeolite of 112 kJ/mol is in close agreement with the range of heats of adsorption inferred from microcalorimetry and 
temperature-programmed desorption of ammonia on H-faujasites. 
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1. Introduction 

Protonated zeolites are widely used in hetero- 
geneous catalysis, e.g. in the conversion of hy- 
drocarbons or in the methanol-to-gasoline pro- 
cess. Since the first step involves adsorption of 
a molecule on a catalytically active site, here a 
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Bronsted acidic hydroxyl group Si-O(H)-Al, 
adsorption has been widely investigated with 
experimental and quantum chemical methods 
[ 1,2]. So far, several ab initio quantum chemical 
studies of adsorption of small molecules have 
been undertaken adopting cluster models cut out 
from the zeolite and saturated with hydrogen 
atoms [ 1,3-141. The cluster model, however, 
involves several approximations. First, fully 
structurally relaxed gas phase clusters of small 
to medium size do not reflect a specific frame- 
work structure with respect to the same atoms in 
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a connected framework. This distortion may 
even be exaggerated because the saturator atoms 
are able to form intramolecular hydrogen bonds. 
Second, long range electrostatic interactions 
which are slowly convergent with increasing 
cluster size are neglected [3,15]. Ideally, peri- 
odic ab initio calculations [16] could account for 
both structure and long range effects. Up to now 
they have been restricted to ammonia adsorption 
on a rigid chabazite framework with a small 
unit cell [ 15,17,18]. To make the calculations 
feasible, a minimal basis set had to be applied 
with the consequence [l] that contrary to experi- 
mental evidence the proton did not transfer to 
ammonia. Another approach are periodic pseu- 
dopotential plane wave calculations, applica- 
tions of which to adsorption of water and 
methanol in zeolites were reported recently [ 19- 
21]. Because of the huge number of plane waves 
to be held in memory, these methods are also 
limited up to now to zeolites with small unit 
cells, e.g. sodalite and chabazite. 

Such limits are overcome by embedding the 
cluster either electronically or mechanically into 
its environment. Electronic embedding tech- 
niques have been suggested at various levels. 
They rely on Green’s function techniques (im- 
plemented in the EMBED code [22-2411, add 
the external electrostatic potential (ESP) of the 
crystal in terms of multipole expressions to the 
Fock matrix of the cluster [ 17,181, embed the 
cluster into a finite set of point charges fitted to 
the ESP [25,26] or into a lattice of point charges 
[27] estimated from population analysis of clus- 
ter calculations or from chemical considera- 
tions. Merits and limits of the different ap- 
proaches were discussed in Ref. [l]. Applica- 
tions mainly treated ammonia sorption in zeo- 
lites [17,18,25-281. 

In hybrid quantum mechanical/molecular 
mechanical methods the embedding environ- 
ment is described by an analytical potential 
function (Pot) and the site of interest by a 
quantum chemical method (QM). We apply a 
‘mechanical’ embedding scheme which proved 
successful in the description of the structures of 

silica polymorphs [29] and of Bronsted acidic 
zeolites [30] to adsorption in zeolites now. We 
make the assumption that the structure of the 
environment can be accurately modeled by ana- 
lytical potential functions. The structures of both 
the environment and the reaction site are com- 
pletely relaxed, which has the advantage that 
the framework can accommodate to the struc- 
tural distortions induced by the interaction of a 
molecule with the adsorption site. The present 
embedding scheme includes approximately the 
long range contribution to the adsorption en- 
ergy, but polarization of the electronic distribu- 
tion of the reaction site by the electrostatic 
potential of the environment is not accounted 
for. However, due to changes of the structure 
the wavefunction of the quantum part, the em- 
bedded cluster, is also different from that of a 
free cluster. 

As a demonstrative application we choose 
ammonia adsorption in faujasite since ammo- 
nium-exchanged faujasites are well character- 
ized experimentally. From the ammonium-ex- 
changed form the acidic zeolite is obtained by 
desorbing ammonia and water at elevated tem- 
peratures. The same process is employed in 
temperature-programmed desorption experi- 
ments to characterize the acidity of zeolites. The 
reverse process, adsorption of ammonia onto the 
proton form of the zeolites, is applied in mi- 
crocalorimetry. The measured heats of desorp- 
tion or adsorption are collective and averaged 
properties which include many factors like, e.g., 
the nature and number of the binding sites, their 
accessibility and local structure, and they de- 
pend therefore on the pretreatment of the zeolite 
and the temperature at which the experiments 
are carried out. Usually, these thermochemical 
techniques are combined with spectroscopic 
methods as IR and solid state NMR to identify 
the nature of the acid sites involved [2,31]. The 
location of ammonia and ammonium ions in 
faujasite is revealed by ‘H MAS NMR spec- 
troscopy in combination with IR spectroscopy 
and neutron diffraction [32]. The faujasite struc- 
ture and its sites are shown in Fig. 1. Ammo- 
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0 oxygen 
cation site 

hexagonal prism ‘sodalite cage 

Fig. 1. The faujasite structure. The different oxygen positions are 
numbered from l-4. The cation sites are indicated by Roman 
numerals. Site III’ involves coordination to 01 and 04. 

mum ions are mostly found in the sodalite cage 
at sites I’ and II’ involving coordination to the 
oxygen atoms 0, and O,, and in the supercage, 
probably at site III’ involving coordination to 
0, and 0,. We will deal with ammonia adsorp- 
tion at site III’. 

2. Method 

2.1. The embedding scheme 

The embedding scheme applied [10,29] parti- 
tions the entire system (S) into two parts, the 
inner region (I) and the outer region (0). S = I 
+ 0. The inner region is the part of chemical 
interest and is treated quantum mechanically. 
The outer part is described by analytical poten- 
tial functions. If the inner part is chemically 
bonded to the outer region, the partitioning leads 
to dangling bonds which are saturated with 
hydrogen atoms, the so-called link atoms. The 
inner part (I) and the link atoms (L) then form 
the cluster, C = I + I,. The energy of the entire 
system is obtained by a subtraction scheme: 

E(S) = &r(C) + %X(S) - J%X(C) + A (1) 

with 

A = -4&L) - EorAI-L) + J%,(L) 

+ 44-L) (2) 

it is assumed that A = 0, which is fulfilled in 
the limiting case that the analytical potential 
function ideally mimics the quantum mechani- 
cal potential energy surface of the cluster. 
Hence, this scheme works the better the tighter 
the analytical potential function follows the 
quantum mechanical potential energy surface. 
Fitting of analytical potential functions is there- 
fore a substantial part of the work. Note that by 
way of Eq. (1) we eliminate any double count- 
ing of contributions due to the potential and the 
quantum mechanical calculations and at the 
same time the influence of the link atoms which 
are not part of the real solid. 

Note also that there is no direct influence of 
the charge distribution of the outer part on the 
wavefunction of the cluster. The latter is differ- 
ent from the wavefunction of a gas phase cluster 
only by way of the structure changes the cluster 
experiences when it is embedded in the outer 

Part. 
From Eq. (1) the following relations are ob- 

tained for the forces on the nuclei: 

-bm 1 fl!EI 

Q(S) = ~p.P”t(s) 1 P E 0 (3) 

The force that acts on an atom (Y in the inner 
region is a contribution of three terms: The 
force obtained by a quantum mechanical calcu- 
lation of the cluster, and the molecular mechan- 
ics forces calculated for the host and the cluster, 
respectively. For an atom /3 of the outer region, 
the force is given by the molecular mechanics 
expression for the host alone. These forces are 
then used in a structure optimization procedure. 
The link atoms are not moved according to the 
forces acting on them. Their position rH is 
given as a function of the atoms of the real 
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system, ro and rsi, which they link, rH =f(r,, 

rsi>. In practice they are put on the Si-0 bond 
axes at a given distance from the outmost 0 
atom of the inner part, The residual forces on 
the link atoms make contributions to the forces 
on the real atoms which they link [29]. 

The results this ‘mechanical’ embedding 
scheme [29] yields for the adsorption of 
molecules at active sites in zeolites differ from 
gas phase cluster calculations in two respects: 

(1) the relaxation of the nuclei on interaction 
is constrained when the cluster is part of the 
zeolite lattice; 

(2) the long range electrostatic contributions 
are obtained from the potential function used. 

2.2. Decomposition of the adsorption energy 

The energy of adsorption of a molecule B on 
the zeolite Z is defined as 

AE=E(Z.B)-E(Z)-E(B) (4) 

If Z is modelled by a cluster C and all 
systems in Eq. (4) are optimized by a quantum 
chemical method we obtain the adsorption en- 
ergy of the free space cluster AEQ,,,,,(C>. 

If we apply the embedding scheme for both 
Z * B and Z we obtain by inserting Bq. (1) into 
Eq. (4) 

AE = E,,(C . B) + E&S. B) - E,,(C . B) 

-E&C) - E&S) + E&C) - EC&l(B) 

= AEo,(C) + E,,(S * w - J%t(s) 

- b%t(C * B) - km) 

=AE QM,,Emb(C) + AEr0,,,Emb(S) 

-AE Pot,,Emb(C) = AEQM,,Emb(C) 

+ A ELR // Emb (5) 

The notations ‘QM//Emb’ and ‘Pot//Emb’ 
mean that the respective interaction energies are 
now defined for the equilibrium structures of 
Z. B and Z obtained with the ‘mechanical’ 

embedding scheme. The difference A EQM,,Emb 

- A EQM,, free represents the change of the ad- 
sorption energy due to the limited structural 
relaxation of the embedded cluster compared 
with the free cluster. We have defined 

AELR,,Emb = AEPot,,Emb(S) 

-AE Pot,, EmbtC) (6) 

In order to see the physical meaning of this 
term we analyze it in terms of energy contribu- 
tions of the inner, outer and link regions and 
their interactions (neglecting three body terms). 
A notation like I//S + B means a contribution 
from the internal part only calculated at the 
structure of the whole system (periodic zeolite) 
in the presence of the adsorbed molecule. Con- 
tributions from interactions between two regions 
are denoted, e.g. I-O//S - B or L-B//S * B. 
Since 

s = I//S + o//s + I-O//S (7a) 
c = I//S + L//S + I-L//S (7b) 
SB=I//SB+O//SB+I-O//SB 

+ B//S - B + I-B//S. B 

+ O-B//S. B (7c) 
CB=I//SB+L//SB+I-L//SB 

+ B//S. B + I-B//S. B 

+ L-B//S. B (7d) 
we obtain 

SB-S+C-CB=O//SB-O//S 

+I-O//S.B-I-O//S 

+L//S - L//S. B 

+I-L//S-I-L//S*B 

+0-B//S.B-L-B//S-B 

(8) 

Under the assumption that the outer and link 
regions of the system with and without the 
adsorbed base are the same (O//S - B = O//S 
and L//S - B = L//S) and that the structural 
distortion of the inner region is small when a 
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molecule adsorbs (I--O//S . B = I-O//S and 
I-L//S . B = I-L/,/S) we obtain 

*ELR,,Emb =J%X,,lEmb(O-B) 

-E Pot,,Emt&B) (9) 

The cluster should be always large enough to 
include all short range interactions between the 
adsorbed molecule and the zeolite within the 
I-B part. Hence, O-B and L-B include only 
long range contributions and this justifies to 
consider A ELR,,Emb defined by Eq. (6) as long 
range correction to the interaction energy. For 
large enough clusters E,,,,,,,,(L-B) vanishes 
and therefore 

* ELR// Emb = EPot// Emb(“-B) (10) 

2.3. Details of the quantum mechanical calcula- 
tions 

All energy and gradient calculations for the 
cluster were performed in the Hartree-Fock 
approximation using the program system TUR- 
BOMOLE ’ [33]. For silicon, aluminum, and 
hydrogen basis sets of double zeta plus polariza- 
tion (DZP) quality were used. For the oxygen 
and nitrogen atoms a triple zeta plus polariza- 
tion (TZP) basis set was applied. For the Si, 
Al/O, N/H atoms the (11s 7p)/(9s, 5p)/(4s) 
Gaussian basis sets were taken from Huzinaga 
[34,35] contracted into the pattern (521111, 
4111}/(51111, 311}/{31}. Polarization func- 
tions were added with exponents 0.4 (Si), 0.3 
(Al), 1.2 (01, 1.0 (N), and 0.8 (HI. The cutout 
was made such that the clusters terminate with 
OH groups. If the oxygen atom of the terminat- 
ing OH group was bonded to a silicon atom a 
fixed link atom distance ran of 94.5 pm was 
used. In the case of aluminum it was set to 94.0 
pm. This value was obtained by free cluster 
optimizations with the same basis set. All SCF 
calculations were carried out in C, symmetry. 

’ TURBOMOLE is commercially available from Molecular 
Simulations Inc., San Diego, CA. 

2.4. Potential functions used 

For the potential calculations we use an ion- 
pair potential that adopts the shell model intro- 
duced by Dick and Overhauser [36]. In this 
approach, an ion, e.g. the O*- ion in silicates, is 
represented by a pair of point charges, the posi- 
tive core and the negative massless shell that are 
connected by a harmonic spring. It is often 
applied to the negative ions only, because of 
their larger polarizability. The sum of the core 
and shell charges is the formal charge of the 
anion. The electrostatic energy is evaluated for 
all cores and shells and the shell positions are 
optimized to yield the lowest energy. Non- 
bonded repulsion terms are added, mostly be- 
tween oppositely charged ions. 

An important aspect is the use of potential 
functions that have been parametrized on ab 
initio data obtained at the same level of approxi- 
mation as employed for the quantum mechani- 
cal calculation of the cluster in order to main- 
tain consistency [29]. Such a data base for silica 
and zeolites has been generated by Hill and 
Sauer [37,38] and used to parametrize a shell 
model ion-pair potential [39]. It is in fact un- 
avoidable to use ab initio data for the fitting, 
since the embedding scheme also requires shell 
model calculations on the clusters saturated with 
hydrogen atoms. Empirically parametrized shell 
model potentials cannot provide parameters for 
these terminating atoms that are missing in the 
real solid. 

The ab initio shell model ion-pair potential 
for zeolites derived by Schriider and Sauer [39] 
assumes formal charges on the ions and Bom- 
Mayer repulsive terms between oppositely 
charged ions. Its good performance suggests to 
extend this potential function Ansatz in the 
same manner to zeolite-adsorbate interactions 
although small molecules do not seem to be the 
natural case of application. On the other hand, 
when the cluster is sufficiently large, the only 
part of the potential showing up in the final 
results are the electrostatic properties. The shell 
model potentials derived below for NH,/NH,f 
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are mainly designed for embedding calculations 
and for getting reasonable start structures. 

The shell model potential fits followed the 
same procedure as described earlier [37]. Ab 
initio data bases of equilibrium and distorted 
zeolite-adsorbate models as well as of the am- 
monia and ammonium ions were generated. The 
structures used for the fits are listed in Table 1. 
All zeolite-adsorbate models were terminated 
with hydroxyl groups. Both force constants at 
equilibrium structures and energy gradients at 
equilibrium and distorted structures were con- 
sidered in the fits. Energies were not used. The 
atom types for the interaction potentials of NH, 
and NH: with zeolites are shown in Fig. 2. The 
potential parameters were evaluated in a multi 
step procedure, starting with the determination 
of the intramolecular potentials of the adsor- 
bates. Since it was not possible to determine 
core-shell interaction parameters for the nitro- 
gen atom in NH:, two separate potentials for 
the NH, and NH: interaction had to be devel- 
oped. The consequence of this for the embed- 
ding energies will be discussed later. During all 
fits the potential parameters for the zeolite from 
Ref. [39] were kept without any changes. The 
final parameter adjustments were done on NH, 
and NH: adsorbed on a tri-tetrahedra cluster. 
The potential parameters are listed in Table 2. 

2.5. Embedding calculations 

In all embedding calculations on faujasite a 
reduced, triclinic unit cell containing 48 T atoms 

Table 1 
Ab initio data base for the NH,/NH:-zeolite interaction potential tits 

a) 

b) 

HjN\H I” I” 
I \ 

I I 

H’-“\,i,“\,,,b\si/o-Ht 
4 t-Woo 

h’ 
k0-H 

'H ’ t 
Fig. 2. Definitions of the ion types used in the ab initio shell 
model potential for the interaction of NH, and NH: with the 
zeolite frameworks demonstrated for the T3-model. The ion types 
for the zeolite were already defined in [39]. (a) NH,, (b) NH:. 

with Si/Al = 47 was used. NH, was placed 
onto a bridging hydroxyl group at 01 or 04, 
and NH,f was positioned in 2-coordination over 
01 and 04. The initial structures were then 
generated by constant pressure lattice energy 
minimization of all atom positions with the 

Pot 

NH, 

NH: 

Model 

NH3 

Al(OH),H . NH, 
(HO),Si-O(H)-Al(OH),-O-Si(OH)3 NH, 

NH: 
AI(OH NH: a 
(HO), Al-0-Si(OH& . NH: 
(H0),Si-0-A1(0H),-0-Si~0H);~ NH: 
(H0),Si-0-A1(0H),-0-Si(0H);~ NH: 

SCF energy (au) 

- 56.20563 
- 600.77054 

- 1630.68183 

- 56.55087 
- 600.77241 

- 1115.69875 
- 1630.69134 
- 1630.67821 

Symmetry 

C 3” 

C, 
C, 

Td 
C, 
C, 
C Z” 
C, 

Stationary point 

minimum 
SP4 b 
SP3 b 

minimum 
minimum 
SP3 b 
SP5 b 
SP3 b 

a Ref. [l]. 
b SPn - saddle point of nth order. 



M. Brhndle, J. Sauer/ Journal of Molecular Catalysis A: Chemical 119 (1997) 19-33 25 

potentials described in the preceding section, 
which are the same used for the embedding 
calculations. This has the advantage that the 
structures for the embedding calculations are 
already nearly converged for the part of the 
system that is described by the potential only. 
For all shell model calculations we used the 
program GULP [40]. The protonated structures 
at 01 and 04 were taken from [39]. The struc- 
ture of the deprotonated zeolite was obtained by 
immersing the negatively charged framework 
into a neutralizing homogeneous background 
charge distribution (jellium). For this, the neces- 
sary compensating term in the Ewald energy 
[41,42] and its derivatives with respect to the 

Table 2 
Parameters of the ab initio shell model potential for the interaction 
of zeolites with NH1 and NH: 

Charges (el 

zeolite-NH ? zeolite-NH: 

core shell core shell 

N 1.49428 -4.49428 -3.0 - 

H” I .o -. 1.0 - 

Short range repulsion 

zeolite-NH, 

A (eV1 p (A, 

zeolite-NH: 

A (eV) p (9 
N-H, 429.79968 0.25508 408.71064 0.253 15 
Si-N 756.03094 0.42789 2464.75068 0.24705 
AI-N 1192.26541 0.44023 1188.31660 0.26794 
H,-0 2308.56712 0.24161 3016.78651 0.20739 
H, -0, 916.49785 0.21288 - - 
H,-N 605.56450 0.27092 - - 

Core-shell interaction 

zeohte-NH, 

X (eV A-‘) 

zeolite-NH: 

k (eV A-*) 

N 191.46559 

Three-body interaction 

zeolite-NH, zeolite-NH: 

k b (eV radd*) 0a (deg) k b (eV radd*l 0a (deg) 

H-N-H 0.593524 107.04 - - 

Fig. 3. Tri-tetrahedra model with adsorbed ammonia embedded at 
01 in tile supercage of faujasite. Similar models were embedded 
for the Y-. H-Y, and NH,-Y zeolites. 

strains [30] were implemented into the GULP 
program [40]. 

A tri-tetrahedra model (T3 model) was em- 
bedded so that the two central oxygen atoms 
were at positions 01 and 04 around aluminum, 
see Fig. 3. The embedding calculations were 
carried out in constant volume with the cell 
constants as determined before and within 
spacegroup Pl. The potential part and the QM 
part were combined using an implementation as 
described in Ref. [43] *. An energy threshold of 
0.01 kJ/mol was taken as convergence crite- 
rion. In order to estimate the effect of the 
structure constraints exerted by the embedding 
on the reaction energies, free cluster optimiza- 
tions of NH, and NH: adsorbed on a T3 
model, the protonated T3 model itself and of its 
deprotonated form were also carried out. These 
structure optimizations were done in C, symme- 

’ This implementation will be also made available as part of 
MSI’s catalysis and sorption project. 
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try to avoid hydrogen bridging between neigh- 
boring terminal hydroxyl groups. 

3. Results and discussion 

3.1. Structures 

Table 3 compares the NH, and NH: loaded 
structures obtained by the embedding procedure 
and by the shell model potential alone. The 
small differences of the structure parameters in 
the case of NH, indicate that the analytical 
interaction potential fits well to the ab initio 
results. As expected, the non-bonded H, * * . 0 
distance undergoes the largest change upon em- 
bedding. On both positions, 01 and 04, the 

ammonia molecule forms a non-linear bond with 
the bridging hydroxyl group, pointing with one 
of its hydrogen atoms to an aluminum bonded 
framework oxygen. Similar structures were 
found in cluster calculations [ 1,6,11]. The NH: 
ion is twofold coordinate on 01 and 04. The 
quality of the NH,+ potential is lower than that 
of the NH,-potential. Whereas the differences 
in the H,-0 distances between potential and 
embedding structures are small, the quantum 
mechanical part in the embedding scheme had 
to correct the Al-O and N-H bond lengths that 
are involved in the adsorption of NH:. 

3.2. Reaction energies 

For the discussion of the results, we decom- 
pose the proton transfer which converts the 

Table 3 
Bond lengths (A) and angles (deg) of the NH,- and NH:-adsorbed models 

NH,-T3 (01) NH,-T3 (04) 

Embed Pot a Embed 

Bond lengths 
Si-01 1.678 1.677 1.594 
Si-04 1.584 1.585 1.663 
Al-01 1.867 1.877 1.723 
Al-02 1.702 1.695 1.714 
Al-03 1.724 1.719 1.717 
Al-04 1.710 1.729 1.851 
0,-H, 1.007 0.993 1.013 
H,-N 1.661 1.686 1.642 
01-H” 2.972 
04-H” 2.972 2.889 
N-H, 1.013 1.013 1.009 

1.011 1.012 1.012 
1.008 1.022 1.014 

Pot 

1.590 
1.676 
1.741 
1.708 
1.714 
1.865 
0.998 
1.677 
3.ooo 

1.021 
1.012 
1.014 

NH-T3 (01,041 

Embed Pot 

1.610 1.608 
1.598 1.603 
1.781 1.813 
1.718 1.710 
1.729 1.724 
1.762 1.796 

1.772 1.770 
1.800 1.790 
1.033 1.047 
1.033 1.045 
1 .CO8 0.994 
1.014 0.993 

Bond angles 
Si-01 -Al 
Si-04-Al 
Al-0,-H, 
O,-H,-N 
H,-N-H, 

127 
137 
114 
176 
106 
106 
105 

129 133 136 128 130 
139 131 132 133 133 
116 112 114 
174 178 176 
103 106 104 102 104 
103 106 103 110 111 
103 105 103 110 110 

110 112 
111 111 

a From constant pressure lattice energy minimization with shell model potential, identical with start structure for embedding calculation. 
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neutral complex (NC) into the ion-pair structure 
(IP) into the following four steps: 

- Desorption of the neutral molecule: 

Z-OH . . . B+Z-OH+B (111 

- Deprotonation of the acidic Bronsted site: 

Z-OH + Z-O-+ H+ 

- Protonation of the molecule: 

(12) 

B + H+-+ BH+ (13) 
- Formation of the ion-pair (IP) complex: 

Z-O-+ BH+-+ Z-O- * *a BH+ (14) 

The reaction energy of the second step is the 
deprotonation energy, the corresponding Gibbs 
free energy of gas phase molecules is the acid- 
ity. It has been shown that the deprotonation 
energy directly calculated from the energy dif- 
ference of Z-O- and Z-OH serves as a suit- 
able quantum chemical measure of the acidity 
[44]. The proton affinity of the molecule B is 
defined by the reaction heat of Eq. (13). In the 
gas phase, the proton transfer energy depends 
only on the acid strength of the active site and 
on the proton affinity of the molecule being 
protonated and is given by the sum of the 
reaction heats (Eqs. (12) and (13)). For a hetero- 
geneous reaction, however, the proton transfer 
energy is defined with respect to Eq. (15) and 
additionally involves the difference of the bind- 
ing energies of the neutral and ionic complexes: 

Z-OH.. . B + Z-O- . . . BH+ (15) 

Microcalorimetry and temperature-pro- 
grammed desorption measurements usually yield 
the heat of adsorption of the ionic substrate with 
respect to the neutral components: 

Z-OH+B+Z-O- . ..BH+ (16) 

The adsorption energies of NH, on the neu- 
tral zeolite (Eq. (1 l), reverse) and the (hypo- 
thetical) interaction energy between NH: and 
the deprotonated zeolite (Eq. (14)) are given in 
Table 4 for the sites 01 and 04. The free 
cluster NH 3 adsorption energy is - 67 kJ/mol. 
This value is in good accordance with calcula- 

Table 4 
Adsorption energy of ammonia and interaction energy of the 
ammonium ion with the negatively charged zeolite surface for a 
free and for a mechanicallv embedded T3-cluster &J/mol) 

AE 

NH3 w 
01 (04) 04 (01) 01,04 

Free cluster (QM//free) 

Embedded cluster 
Structural distortion a 
QM//Emb b 
LR//Emb b 

Total b 

-67.1 -441.2 

+ 13.9 + 13.9 - 58.5 
- 53.2 -53.2 - 505.7 
- 28.2 - 33.8 58.4 
-81.4 - 87.0 - 441.3 

a QM//Emb - QM//free. 
b Defined in Eqs. (5) and (6). 

tions on clusters with similar size and applying 
basis sets of similar quality (cf. Table 17 in Ref. 
[ 11). Upon embedding at 01, the QM adsorption 
energy for the cluster only gets smaller (in 
absolute terms) due to structural constraints ex- 
erted by the framework. The long range contri- 
bution increases the absolute value to yield a 
total adsorption energy of - 8 1 kJ/mol. It seems 
that the structural relaxation possible in free 
cluster optimizations partially compensates for 
missing long range effects, since in both NH, 
and NH: sorption the free cluster adsorption 
energies and the total energies are close. 

Table 5 shows the calculated energies for 
Eqs. (1 l), (14)-(16). The deprotonation ener- 
gies (Eq. (12)) are presented in Ref. [30]. The 
first two data columns refer to the gas phase and 
embedded T3 cluster results. The data of the 
last three columns will be discussed below. 
From experiment it is clear that the interaction 
of NH, with hydroxyl sites is so strong that 
NH: ions are formed. The negative adsorption 
energies (Eq. (15)) indeed indicate that NH,f 
forms as stable surface species on both 01 and 
04. Moreover, the negative proton transfer en- 
ergies (Tables 5 and 6) imply that the NH: 
species is the more stable one. The proton trans- 
fer energies are larger for 04-H than for 01-H 
protons, which is in accordance with the fact 
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Table 5 
Adsorption energies A EAds of ammonia (Eq. (1 l), reverse) and the ammonium ion @q. (14)), proton transfer energies A Err (Eq. (15)), and 
formation energies of NH: . Y- (E@. (16)) &J/mol), 01 position. Convergence with increasing cluster size in the mechanical 
embedding calculation 

AE 

[SiO’AlOSi] 

free embedded 

43 (shell-3.0) b 45 b shell-5.0 b 

H-Y +NH, -*NH, . ..H-Y 

A EoM (0 -67.1 

A%a,,nms a 
Total 

Y-+NH:+NH: . ..Y- 

A EQM (0 -447.2 

A&a,,smb a 
Total 

. ..H-Y-.m: . ..Y- 

Z&I -25.0 

A%a,,smb = 
Total 

H-Y+NH,+NH: *..Y- 

A EoM (0 -92.1 

AE,a,,n,s ’ 
Total 

-53.2 - 56.0 
-28.2 -24.5 
-81.4 - 80.5 

- 505.7 -488.3 
58.4 38.3 

-447.3 - 450.0 

-5.1 - 7.4 
- 19.4 - 19.5 
- 24.5 - 26.9 

-58.4 -63.4 
-47.5 -43.9 

- 105.9 - 107.4 

-61.3 
- 17.6 
- 78.9 

- 496.0 -477.1 
48.3 30.9 

-447.8 - 446.2 

- 6.7 
- 19.7 
- 26.3 

- 67.9 
- 37.3 

- 105.2 

-64.6 
- 13.9 
- 78.5 

- 16.1 
-11.0 
-27.1 

- 80.7 
- 24.9 

- 105.6 

a Defined in Eq. (6). 
b ‘Single point’ calculations. 

that binding of protons on 04 is weaker than on 
01 [30,39] and with the low experimental occu- 
pation of 04 compared to 01 sites [45]. 

The long range potential contribution en- 
hances the relative stabilization of NH:. But the 
limited relaxation in the framework reduces it 
from -25 kJ/mol for the free to -5 kJ/mol 
for the embedded cluster (Table 5). The total 

embedded result is remarkably close to the free 
cluster result. As has been discussed in [l], ab 
initio calculations and other embedding schemes 
which apply smaller basis sets [28] often fail to 
describe the ion-pair as more stable than the 
neutral complex. The reason for this is that 
non-flexible basis sets, e.g. STO-3G, are not 
appropriate for describing the anion in the ion 

Table 6 
Effect of a change of the NHs/NH,-zeolite interaction potential onto the proton transfer energies A E,, (kJ/mol) from the neutral 
complex to the ion pair calculated with mechanical embedding 

A&r Ol(o4) 

present potential old potential 

04 (01) 

present potential old potential 

‘%ot,,Emb(S) -99.8 - 569.6 - 116.1 - 583.3 
AEn,,,,,,&) - 80.4 - 548.5 - 82.8 -552.1 
A Era,,,,, a - 19.4 -21.1 - 33.3 -31.2 
A ~P~w,,&C) -5.1 -4.0 - 8.0 -9.5 
Total - 24.5 -25.1 -41.4 -40.7 

a Individual contributions defined in Eq. (5). 
b Defined in Eq. (6), difference of the two rows above. 
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pair. In cluster calculations the ion pair structure 
is more stable provided that reasonable basis 
sets were applied and proper models were used 
[l]. The latter is the case if two or three protons 
of the ammonium ion are complexing the oxy- 
gen atoms bound to aluminum [ 1,5,6,9,10]. It is 
therefore important to choose basis sets which 
are suited to describe both the ionic and neutral 
components, e.g. the double zeta plus polariza- 
tion basis sets. This is easily done in the present 
embedding scheme. 

3.3. The problem qf using different potentials 
for ZOH . . . NH., and ZO - 1 + * NH,+ 

The embedding potentials for the adsorbate 
systems ZOH . . *NH, and ZO- ...NHl are 
different. Actually, the reaction energies A E do 
not vary much upon a change of the interaction 
potential from one side of the reaction to the 
other. This emerges from Table 6 which com- 
pares energies of proton transfer to ammonia 
(Eq. (15)) at 01 and 04 obtained with the 
present potential and with another potential of 
lower quality that has been derived by fits to 
hydrogen-saturated models. In this older poten- 
tial also formal charges were assigned to the ion 
species. That these two potentials are different 
is clearly visible from the vastly different con- 
tributions of the host and cluster to the proton 
transfer energy. However, the long range contri- 
bution, defined as the difference between host 
and cluster potential energies (Eq. (6)), is nearly 
the same for both potentials. The remaining 
small differences are caused by structural 
changes due to the potentials applied. Why is 
this so? We look first at a situation which 
involves only one type of potential. This is the 
case for Eqs. (11) and (14). In addition to the 
existing zeolite potential they require only pa- 
rameters for the interaction of the adsorbate 
with the zeolite framework and intramolecular 
terms. No change of atom types is involved. As 
discussed in Section 2.2, A ELR,,Emb contains 
electrostatic long range contributions only. As 
structural relaxations fade off fast with increas- 

ing distance from the reaction center, this long 
range contribution depends only on the charges 
of the atoms (and shell positions) in the outer 
region and in the adsorbate. 

Consider now Eqs. (15) and (16) which in- 
volve both the potentials for ZOH . . . NH, and 
ZO- . . - NH;. A similar analysis as made 
above for the adsorption reactions (Eqs. (7a), 
(7b), (7c), (7d) and (8)) can be made for these 
reactions, which leads to the same result that 

A ELR,,Emb always contains only Coulombic in- 
teractions. A change of potentials does not in- 
fluence the electrostatic long range contribution 
to the reaction energies much as long as the 
potentials use the same atom charges. In conclu- 
sion, we can take A E 

A ERx,,,&) 
Pot,,Emb(Q - 

as an estimate of the long range 
contributions for all reactions described before. 

3.4. Long range contributions 

The long range contribution of the potential 
to the reaction energies for the embedded T3 
clusters (second data rows in Table 5) is consid- 
erable, about 35% or -28.2 kJ/mol in the case 
of ammonia sorption at 01 (Eq. (11)) and 45% 
or - 47.5 kJ/mol for NH,f formation from the 
neutral gas phase species (Eq. (16)). We ex- 
pected this potential term to decline and the 
quantum mechanical part to grow with increas- 
ing size of the embedded cluster. The stability 
of the actual QM/Pot result with increasing 
cluster size would provide strong support for the 
soundness of our method. Therefore, we used 
clusters of increasing size to check the conver- 
gence behavior. For the larger clusters we did 
not optimize the structure but performed ‘single 
point’ calculations using the structures obtained 
when embedding the T3 models. First, the T3 
cluster was extended by completing three shells 
of silicon and oxygen atoms around the central 
aluminum atom (shell-3.0). If two terminating 
hydroxyl groups were pointing to the same sili- 
con atom of the outer region, this silicon atom 
was also used in the cluster description and 
terminated with hydroxyl groups. Shell-3.0 is 
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therefore equivalent to three connected 4-rings, 
43. Adding another two shells of silicon and 
oxygen atoms yields the shell-5.0 model which 
is rather large (about 1800 basis functions). An 
intermediate model between shell-3.0 and shell- 
5.0 is the 45 model which includes four coordi- 
nation shells around the Ol-Al-04 group. The 
45 notation points to the fact that 5 4-rings are 
present. The models are shown in Fig. 4. Calcu- 
lations were made on these clusters at the struc- 
ture obtained from the embedded structure opti- 
mizations which used the tri-tetrahedra models 
at 01 as the quantum part, i.e., single point 
shell model potential and HF calculations were 
made without relaxing the structure. 

Table 5 shows the results. Although the long 
range contributions of the potential converge 
slowly, the total QM/Pot energies are remark- 
ably stable with increasing cluster size. For the 
adsorption energies of NH 3 and NH: from the 
neutral gas phase species, Eq. (11) (reverse) and 
Eq. (16), respectively, the long range part de- 
creases in favor of the quantum part by about 14 
and 22 kJ/mol, respectively, while the total 
QM/Pot results stay the same within 3 kJ/mol. 
Large steps downwards of the long range contri- 
bution occur from the 43 to the 45, and from the 
45 to the shell-5.0 models. 

3.5. ESfect of electron correlation and compari- 
son with previous work 

Our calculated QM/Pot adsorption energies 
of the ammonium ion with respect to the neutral 
components are about 105-107 kJ/mol in the 
case of 01 and around 128 k.I/mol at 04. Since 
electron correlation effects are missing, they 
were now taken into account by applying a 
perturbative correction at the MP2 level to the 
embedded T3 clusters and to the free ammonia. 
The basis set superposition error (BSSE) was 
calculated with the full counterpoise correction 
(CPC) according to Boys and Bernardi [46]. 
Table 7 lists the results. Electron correlation 
increases the binding energy of NH,f by about 
30 k.I/mol. The effect of the BSSE is small and 

Fig. 4. Clusters of increasing size embedded into the faujasite 
structure for convergence tests. The dark lines indicate the cluster. 
(a) 43 (shell-3.0), (b) 45, (c) shell-5.0 model. Similar models were 
embedded for the Y-, H-Y, and NH,, -Y zeolites. 

reduces the binding energy by about 14 kJ/mol. 
In the case of 01 we obtain a final formation 
energy of NH: of 123 kJ/mol. 

Embedding calculations on ammonia sorption 
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on H-faujasite were also carried out by Great- 
banks et al. [26]. In their work, they embedded 
hydrogen terminated T3 clusters into a lattice of 
point charges that were fitted to the periodic 
electrostatic potential of a siliceous faujasite 
calculated at the Hartree-Fock level. A 3-21G 
basis set was employed in the periodic calcula- 
tions. The cluster calculations were carried out 
by the MP2 method using a 6-31G * * basis set. 
The formation energies of NH: from the neu- 
tral components are somewhat larger than our 
values (Table 7). As in our calculations, the 
binding of NH: is favored over that of NH,. 
Unfortunately, the paper does not mention to 
which oxygen positions the NH,/NHi species 
were attached. Contrary to our results, larg? 
changes of the H,--0 distances of 0.4-0.7 A 
were observed after embedding into the point 
charge lattice and a single and short H,-0 bond 
from the NH: ion to the zeolite is preferred. 
This structure is different from the structure we 
found. These differences are probably due to the 
restricted optimization which with Greatbanks 
et al.‘s type of embedding scheme was possible 
only for the AlO, core and the adsorbate. 
Other MP2 results (Table 7) were obtained for a 
different framework (chabazite CHA) [ 181 or for 
a free space cluster [6]. The former used a 
structure which was only partially relaxed and 
was affected by a large BSSE [18]. 

3.6. Final estimates and comparison with exper- 
imen ts 

The comparison of calculated formation ener- 
gies of NH: in zeolites with experiment is 
difficult, since microcalorimetry and tempera- 
ture-programmed desorption experiments on a 
number of H-Y zeolites prepared under differ- 
ent conditions give a large range of adsorption 
energies between 90 and 180 kJ/mol [47-511. 
The higher adsorption energies between 130 and 
180 kJ/mol are generally attributed to strong 
Lewis acid sites which are generated during 
dehydroxylation and its accompanying dealumi- 
nation of the zeolite [47,49]. It was also sug- 
gested that the presence of non-framework alu- 
minum species might influence the acid strength 
of neighboring Bronsted acid sites [47]. For the 
strong Bronsted acid sites between 100 and 130 
kJ/mol it was observed that the heat of adsorp- 
tion increases with increasing Si/Al ratio 
[49,50]. Deconvolutions of the TPD spectra of 
HNa-Y with a suitable distribution function 
yielded 78-96 kJ/mol for medium Bronsted 
sites and 104- 111 kJ/mol for strong sites de- 
pending on the aluminum content (%/Al = 
2.4-5.8) [49]. Similar values of 91, 101, and 
111 kJ/mol were obtained on HNa-Y with 
Si/Al 2.6 [51]. In combination with IR spectro- 
scopic measurements, the latter value of 111 

Table 7 
Comparison of adsorption energies calculated at a correlated level of NH] on zeolite models with respect to the neutral components 
(kJ/mol) 

Model 

T3 

H,SiO(H)Al(OH),OSiH, 

Si,Al,OrsHte 

H,SiO(H)Al(H,)OSiH, 

Structure 

FAU, 01 

FAU a,b 

CHA d.b 

free 

Method -AE 

MP2//SCF/TZ(O, N)DZP 137 
MP2/CPC//SCF/TZ(O, N)DZP 123 
MP2//SCF/6-31G * * 145 
MP2/CPC ‘//SCF/6-31G * * 125-133 
MP2/6-31G(d) e 113 
MP2/CPC/6-31G(d) ’ 51 
MP2//SCF/6-31G * 105 
MP2,‘6-3 1G 112 

Ref. 

this work 

[261 

[IsI 

[61 

a Embedded into point charges fitted to ESP of the crystal calculated with SCF/3-21G. 
b Only AlO, and NH: relaxed. 
’ BSSE estimated from SCF-BSSE given in Ref. [26]. 
d External electrostatic potential of the crystal added to Fock matrix. 
’ Si, Al: 6-31G(d), 0,: 6-31 lad), 0, N: 6-31G, H,, H,: 3-lG, H,: STO-3G. 
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kJ/mol was assigned to ammonia adsorbed on 
the HF protons at 01 and 04. Diffential heat of 
adsorption curves obtained by microcalorimetry 
on carefully dealuminated faujasites @i/Al = 
5.6) show an onset between 120 and 130 kJ/mol 
for initial coverage of Bronsted sites with am- 
monia [50]. Our calculated value, 123 kJ/mol, 
still needs corrections for zero point energy 
(ZPE) and thermal contributions before compar- 
ison can be made with experiments. From previ- 
ous SCF calculations on a H-saturated pen- 
tameric cluster (shell-2) [I] values of + 16 and 
+ 11 kJ/mol are known for AZPE and 
AAH( respectively. The final estimate, 112 
kJ/mol, falls into the lower part of the experi- 
mental range of 1 lo-130 kJ/mol. 

4. Conclusions 

We have shown that the QM/MM scheme 
which proved successful in the description of 
crystalline silica polymorphs [29] and acidic 
zeolites [30] can be extended to the description 
of zeolite-adsorbate interactions. As a demon- 
strative application we chose ammonia adsorp- 
tion in faujasite. Shell model potentials based 
on ab initio data had to be developed for the 
interaction of ammonia and ammonium ions 
with zeolites. Although these are of lower qual- 
ity than the ab initio shell model potentials 
developed for zeolite frameworks, they yield 
reasonable start structures for embedding calcu- 
lations. Final structures after optimization with 
the embedding scheme agree well with the start 
structures derived with the NH,/NHz poten- 
tials only. 

The main potential of the present embedding 
scheme is that relaxation of the host matrix is 
included which accommodates adsorbate in- 
duced distortions. This is an advantage com- 
pared with other schemes which embed the 
cluster into a charge or multipole distribution 
and permit structure optimization only for the 

part that does not overlap with the external 
electrostatic potential of the crystal [26]. The 
long range contribution to the reaction energies 
is easily obtained in our scheme as the differ- 
ence of the MM energies of the host (periodic 
lattice) and the embedded cluster. Although its 
contribution to the adsorption energy of NH,f is 
considerable, and although it decreases slowly 
with increasing cluster size, the final QM/Pot 
result is remarkably stable. The large structural 
relaxation effects of free space clusters seem to 
compensate partially for neglected long range 
effects. 

Our scheme easily allows to use basis sets 
which are sufficiently large and flexible to de- 
scribe both the neutral complex and the ion pair 
structures well. Ammonium ions in zeolites are 
therefore correctly described as more stable than 
ammonia. Electron correlation can be also in- 
cluded. After doing this, the formation energy 
calculated for NH: from 01 -H falls into the 
range provided by temperature-programmed 
desorption and microcalorimetry of ammonia on 
H-faujasites. 

The present QM/Pot embedding scheme is 
able to discriminate between different catalyti- 
cally active sites, shown here for ammonia ad- 
sorption and deprotonation at oxygen positions 
01 and 04 in faujasite. 
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