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Introduction

General objectives

The subject of this thesis is the quantum chemical deseription of adsorption and proton
transfer procewsses in acidic zeolites. More specifically, the subject is the adsorption of NHj,
the proton transfer forming NHT, and the interaction of the latter with the zeolite lattice.
The aim of the thesis iz twofold,

One aim is to obtain detailed information on the adsorption and proton transfer pro-
cesses taking place in zeolites. As an example, we used the widely studied, and relatively
simple case, of NH; and NH]. We studied the adsorption and proton transfer processes
with quantum chemical methods to obtain information that cannot be obtained by ex-
periment. We have studied the adsorption energy of the adsorbate, the geometry of the
adsorbate and the zeolite and the changes therein upon adsorption, as well as the alignment
of NH] with the zeclite,

The second aim is to develop a generally usable quantum chemical method enabling
ug to deseribe the adsorption and proton transfer processes of small molecules in zeolites
satisfactorily. By satisfactory we mean that the method must provide reliable adsorption
energies and a good representation of the zeolite. It is not necessarily a method that,
through a coincidental cancellation of errors, reproduces experimental findings.

In order to find a safisfactory method we tried to clarify some of the important
‘parameters’ controlling the quality of the resulta: the size of the cluster and, linked to
it, the importance of the boundary effects and the long-range electrostatic forces of the
crystal; the importance of the geometry optimization and the coordination of the adsorbate;
the quality of the basis set and the wse of the counterpoise correction to correct for the
basis set superposition error [1,2], and finally the importance of electron correlation.



A quantum-chemical description of proton transfer in zeolites

Outline of this thesis

In this thesis we will study the adsorption of NHs and NH} in acidic seolites. In order to
give a proper description of the adsorption and proton transfer processes, we tested the
accuracy of various quantum chemical methods and the validity of some zeolite models.
Doing s, we obtained information on the adsorption of NH; and NH] and the proton
transfer from the zeolite to NHy. The outline of the thesis is the following:

s In Chapter 2 we used a simple cluster model to study the effects of the basis set,
electron correlatiom and the Basls Set Superposition Error, as well as the effect of the
geometry optimization of the acidic site on the adsorption encrgy. In this chapter we
chose a basis set for future use and we concluded that clectron correlation and the
counterpoise correction should be included to give a satisfactory desenption of the
adzorption and proton transfer processes.

s In Chapter 3 the importance of the coordination between the NH} - ion and the lattice
is discussed, NHF becomes stable if it has a high coordination to the zeolite lattice.
Optinum interaction requires a relatively large deformation of the lattice.

* In Chapter 4 we made a comparison between the results obtalned on various clusters
and the crystal were they were taken from. It appears that the minimal size elusters
as used in the previous chapters, do not give a satisfactory description of the zeolite
and that the long range electrostatic effects are not negligible, Although the crystal
caleulations provide a good model for the zeolite, they cannot be used for the caleu-
lation of adsorption energies as only a minimal basis set can be used and geometry
optimization 1s too elaborate.

¢ In Chapter & we described the development of a method enabling us to reproduce the
results of the crysta] caleulations by means of embedded cluster caleoulations.

* In Chapter 6 we used large basis sets and optimized geometries withio the cmbedded
cluster method. By comparing some basis sels we found that a mixed basis set is
a good compromise between required computer time and the required acouracy of
the adsorption energy. The optimized geometries in the crystal, the cluster and the
embedded cluster are very similar and the potential energy surfaces are parallel.

e In Chapter 7 we caleulated the adsorption energies of NHy and NH] with the em-
bedded cduster method. We used a muxed basis sct, applicd the counterpotse cor-
rection and included electron correlation. Alse, we partially optimized the geome-
try and studied different orentations of NH: to the zeolite lattice.  After corree-
tion for the deficiencies of the calculations, the adsorption energy of NHy was osti-
mated to be ~70£10 kJ/mol and the adsorption energy of NHT was estimated to be
-125+15 kJ/mol. The latter compares well with the experimental heat of adsorption.

Zeolites

Zeolites are microporous aluminosilicates with a wide range of applications az a result of
their specific and modifiable properties. The largest amount of zenlites is used as an ion
exchanger, for example, as a substitute for phosphates in detergents. They are also used in
adsorption and separation processes, Lo as a drying agent and in gas purification. Perhaps
the most interesting applications lie in catalysis. As a catalyst, the main apphication is as a
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Figure 1.1, The structure of zeslites. On the left, the fundamental building unit, the 5iQ4-
tetrahedron, In the middle, a ring of four tetrahedrons linked together, in two notations. Top,
the notation in which all the atoms and bonds are shown and bottom, the shori-hand notation
in which only the silicon atoms are shown. In the latter notation the oxygen atoms are omitted.
On the right, in short—hand notation, a faujasite unit cell [4]. A cage formed at the intersection
of three channeis is shown.

solid acid catalyst. Other applications of zeolites are in the fields of waste water treatment,
nuclear effluent treatment, animal feed supplements and soil inprovement [3).

Zeolite crystals are built from Si04-tetrahedrons, linked together at the vertices to
form rings. Such rings can contain three, or more, tetrahedrons. They can be linked
together to form cages, By connecting these cages in a regular way a lattice containing
channels can be buiit {fig. 1.1). The way in which the cages are connected and the inter
gecting channels are formed is dependent on the erystal structure. As a consequence of
the regular crystalline structure the ¢hannels are uniform in size for each type of zeclite.
The various zeolite structures differ by the size of the cages and the way they are linked
together.

0 o !
O O
N O/ NP
ofsl// el oS \HH'”A(—--D
O O 9] @)

Figure 1.2, The creation of the acidic site in the zeolite. A silicon atom in the Iattice is replaced
by an aluminum atom. The proton, as a counterion, is bonded to the bridging oxygen atom.

In general, the crystal struciure of zeolites is open and contains channels with diame-
ters ranging from 2 to 13 A, There are almost a hundred different zeolite structures [5]. Its
structure gives the zeolite its specific properties. Depending on the zeolite structure and
the diameter of the channels, some molecules are able to enter the zeolite channel, others

3
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Figure {.3. The adsarption of NH3 and NH:‘ NHj is hydrogen bonded to the acidic site. If the
proton is transferred, NH;" bonded to the anlonic zeolite Is formed.

are excluded because of their size. Inside the channels and cages adsorption processes and
chernical reactions can take place. Molecules entering the channels have a large interac-
tion with the channel wall sinee all tetrahedzons are exposed to the internal surface of the
zeolite,

In principle, the zeolite lattice iz built from Si04-tetrahedrons but slicon can be
replaced relatively easily by other elements, the most commen being alumimun. Since the
formal charge of the aluminum atom is different from that of the gilicon atom and the
zeolite lattice should be kept charge neutral, a counter cation must be introduced in the
zeolite lattice for each AlQ[ -tetrahedron. Most of these cations are loosely bound and
are easily exchanged. However, if the charge compensating cation 1s a proton, it forms
a covalent bond with one of the oxygen atoms bonded to the aluminum atom and the
characteristic seolite acidic site is formed (fig. 1.2).

The subject of this thesis, the adsorption of NHy on the acidic site and the proton
transfer are shown schematically in fig. 1.3, These processes have been studied experimen-
tally quite extensively. Experimentally, information concerning the heat of adsorption, the
geometry and the motion of NH; and NHY in zeolites has been obtained. However, none of
the experiments, or & combination of them, gives a complete picture of the adsorplion and
proton transfer processes, Thus, the quantum-chemical caleulations can provide missing
information, Although net complete, the experimental findings are helpful in the choice of
the medels used in the quantum-—chemical caleulations and the verification of the results.
Wee will give an overview of the various results obtained by experimentalists.

Thie experimental quantitics giving the most direct comparison with the quantum
chernical calculations are the heat of adsorption and the heat of desorption. Two methods
are used to measure the heat of adsorplion of NHy on the Brensted acidic site: Tempera-
ture Programmed Desorption (TPD) and Micro-Calorimetry (MC). Although, in principle,
TPD measures the activation barrier for the desorption, this guantity can often be inter-
preted as the heat of adsorption, We collected 31 heats of desorption, messured with
TPD, on various acidic zeolites: Y, Z5M-5, Mordenite and Ferrierite, all of them with
various Sif Al ratios [6-16]. The average heat of adsorption on the Bransted acidic site was
129 kI /mol with a standard deviation of 20 kI /mol. We collected 131 heats of adsorption,
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Chapter 1 : Introduction

measured with MC, on various acidic zeolites, Y, ZSM-5, ZSM-11, Ferrierite and Morden-
ite, with various Si/Al ratios [13-34]. The average heat of adsorption was 150 kJ/mol with
a standard deviation of 30 k] /mol. The heat of adsorption seems relatively independent of
the structure and the 5i/Al ratio of the zeolite and seems largely determined by the acidic
site itself. Thus, it can serve as a guide for the quality of the quantum chemical model.

Nuclear Magnetic Resonance (NMR} gives information about the local environment
of atoms. With NMR, the zeolite acidic site, and NH adsorbed on it, have been studied
by several research groups. Although, in general, NMR gives only qualitative information
about the local environment, some quantitative results have been cobtained as well. For
examnple, the Al-H distance in the acidic site of zeolite Y and Z5M-5 was measured to be
238 A, and 2.43 and 2.48 A respectively [36-37]). Swne resenrch groups concluded that,
in acidic zeolites, at low loadings and at room temperature, NHy is present in the form
of NHY [38,39]. At higher loadings, the excess NH; is hydrogen bonded to NHY ions. At
these loadings there is a fast proton exchange between adsorbed NH; and NH] [40]. Also
the position and the motion of the NH] ions have been investigated [41,42]. At 77 K the
NH7 cations, distorted from their T; symmetry as a result of the interaction with the
zeolite framework, are rotating around their axes in the vicinity of the Al-tetrahedrons.
At higher temperatures they gain some translational velocity. Thus, in the guantum
chemical model used to describe the interaction between NH;" and the zeolite lattice, NH;"
should be relatively close to an Al-tetrahedron. A detailed study on the proton transfer
equilibrium between 0°C to 300*C showed that the probability of NH; to capture a proton
decreases from 1 at 0°C to 0.06 at 300°C; at higher temperatures the equilibrium shifts to
NH;. Correspondingly, the average lifetime of a NHY ion in the zeolite decreased from 91
seconds to 7-107% seconds [43].

X-Ray Diffraction (XRD) provides information about the structure and geometry of
a crystal. It is very difficult to obtain information about the local geometry around the
acidic site since XRD gives lattice constants and fractional coordinates averaged over the
crystal. As the acidic sites are not ordered over the crystal no information about the
local geometry of the acidic site is obtained. However, average changes in the lattice as a
result of the adsorption of NHy can be monitored. Experiments on the D—form and the
ND] —form of zeolite Rho showed that T-Q distances {(a T-atom is a silicon or aluminum
atom), 0.T-0 and T-O-T angles change upon adsorption of NH; [44—46]. Apparently, the
lattice adjusts itself to the adsorbate but no details can be obtained from the XRD data.
The measurements of McCusker show that NHT is close to two oxygen atoms [44]. The
XRD data do not provide a geometry of the acidic site or NHY that could be used in a
quantum-chemical model but only show that after adsorption of NHy rearrangement of
the lattice cccurs.

Infrared spectroscopy 18 widely used to study zeolites and the zeclite-adsorbate in.
teraction. Information on the zeolite—adsorbate interaction or, more specifically, the in-
teraction between the zeolite and NH;" and the change in the lattice vibrations thereupon
can be obtained from several regions in the infrared spectra. Below 500 cm™' there are
the frequencies corresponding to the rotation of NHY and its vibrations against the zeclite
lattice. The 51-(-5i bending region lies between 400 and 600 crm™!. The symmetric and
asymmetric Si-0) stretching region are between 700 and 800 cm ™! and 1000 and 1200cm ™!
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A quantum-chemical description of protan transfer in zeolites

respectively. Between 1200 and 1500 em ™' there are the bending modes of NHy and
NHY. Finally, above 3000 cm~? the N-H and O H stretching modes appear. Infrared
measurements do not give direct information about the internal geometries and the local
environment of NH; and NH] but do show weakening or strengthening of bonds. We
will discuss the relevant infrared measurements more extensively in Chapter 3 of this the
g1s. However, wmeasurcinents of the lattice vibrations of zeolites seem to confirm the NMR
measurements in the sense that NH} instead of NH; is the stable species. The lattice
vibrations in the Na—form and the NH] -form of zeolite Y are almost equivalent whereas
the H-form of zeolite Y is different [47-50].

Quantum Chemical Methods

Many electron wavefunctions

Methods for the calculation of the electronic structure of molecules based on guantum
mechanies have, by now, become widespread and can be found in many textbooks [51-
54]. The electronic structure and the total electronic energy of atoms, molecules and
crystals can be obtained hy solving the time-independent, non-relativistic Schrédinger
equation. Usually, the electronic structure of molecules and crystals 15 solved wathin the
Born—Oppenheimer approximation. In this approximation the motion of the clectrons and
the nuclei are separated by expanding the total molecular wavefunetion as a produet of
the electronic and nuclear wavefunction, This approximation allows us to caleulate the
wavefunction for the clectrons as moving in the potential fleld of the nuclei, treated as
fixed point charges. The thime independent Schrédinger equation for the electrons can be
written as

HY = EY, (1.1)

in which H is the Hamilton operator, or the Hamiltonian, and ¥ is a many electron
wavefunction. F is the electronic energy of the system. The Hamiltonian is given by

. N ) N N
EDLGED PP} (1.2)

and consists of two parts. The first is the one clectron part of the Hamiltonian A(Z),
consisting of the kinetic enerpy operator of electron 4, in atomic units, and its potential of
the field of the nucled,

hei) = —%vﬂ(f) L V(). (1.3a)

The second part 1s the two electron part, describing the electrostatic interaction between

the clectrons;

56 7) = —. (1.3)

i



Chapter 1 ; Introduction

The normalized many—electron wavefunction, ¥ describes the movement of the electrons
and is a solution of Eq. (1.1).

As electrons are fermions, the wavefunction should be antisymmetric under the inter-
change of electrons. We start the construction of a wavefunction meeting the antisymmetry
demand from Molecular Spin Orbitals (MS50’s). A MS0O iz a product of & spatial function,
the molecular orbital (MO}, and a spin function, & or A. From the MSO's, (1), we
construct & many—electron wavefunetion, by making a product of orthogonal and normal-
ized MSO’s. This simple product does, however, not meet the antisymmetry demand. A
wavcfunction meeting 1t is constructed by giving it the form of a determinant,

Bi(1) (1) ... b (D)
n-t Pi(2)  2(2) ... ¥w(2)

0 (1.4)

j
E

Bi(N) (V) L. (V)

in which {N1)=¥ is a normalization factor. This determinant of MSQ's is called the Slater
determinant.

From the Slater determinant, wavefunctions mecting the antisymmetry demand can
be constructed. The simplest wavefunction consists of a single determinant. The best
single-determinant wavefunction is found by optimizing the MSO’s such that the lowest
electronic energy F is obtained. For a orthonormal basis set of M50's the expression for
E is given by

E=(T|H|T) = Z wil Bl ZZ[ {birbs|Ebinds) — (bitbs|élebinba) |- (1.5)

The summations run over the occupied orbitals, ie the orbitals containing an electron.

The: Hartree Fock equations

The orbitals and, with them, the energy in Eq. (1.3}, can be optimized using the Hartree—
Fock, or Self-Consistent Field, scheme. The Coulomb operator Ji and the exchange oper-
ator K, are defined:

(L)1) = [ [ i@t @anus0) (1.6)

and

Ki{1w;{1) = /fi(l,2)¢e(1)¢:(2)d7'2¢j(2)- {1.7)

The Coulomb operator working on a function 4;(1) multiplies it by the potential energy
of the charge distribution {4:(2)[*. The integration runs over dry, the coordinates of 3.
The mtegral (i3] Jil1;) is equal to the potential energy between the charge distributions i
1; and ;. With respect to the Coulomb operater the exchange operator K has the two

7



A quanturn-chemical description of proton transfer in zeolites

variables, 1 and 2, interchanged. The exchange operator does not have a classical analogue
and s purely quantum mechanical. The total Coulomb and exchange operators J and K
are obtained by summing the Coulomb and exchange operators over the occupied orbitals,

J=%"T (1.8)
and

oo

K=Y K (1.9}

If we use Eqgs. (1.8) and {1.9) we can simplify the two—electron part in Eq. (1.5) by

D Gty |Gleeds) — (birdslaloyibid = (il — Klp). (1.10)

J

The electronic energy is given by

E= Z(¢i|fz+%(f—1{’)1«¢,,). (1.11)

¥

Now, we have reached a point in which there is only a summation over #; by introducing
the total Coulomb and exchange operators, we have written the two electron ferms as
a one-electron operator. However, as the operators J and A are still dependent on the
position of the othez clectrons we call them pseado one—electron operators.

In a single—determinant wavefunetion the best orbitals, those giving the lowest energy,
are obtained for M50's that are eigenfunctions of the Fock operator,

Fy = e, (1.12)
in which F is the Fock operator,
F=h+J-K, (1.13)
and ¢; is the eigenvalue of the MS(O,
& = (4| F e} (1.14)

The Fock operator describes the motion of an clectren in the potential of the nuclei and,
as the operators J and K integrate over the positions of all the other electrons, in the
averaged potential field of all the other electrons in the molecule.

For the caleulation of the cectronic structure of molecules it is very efficient to con-
struct the MSO's as a Linear Combination of Atomic Orbitals (LCAQ), the AQ’s being
cne—clectron wavefunctions, usually centered on the nuclei,

B



Chapter 1 : Introduction

N

Wi = Z%‘:‘%‘- (1.15)

s

In the LCAO-scheme the Fock equation in its canonical matrix form is given by:

FC = ¢SC. (1.16)

This is a general eigenvalue problem. The columns of C are the eigenvectors of F, the
etgenvalues ¢ are on the diagonal of €. 8 is the overlap matrix,

S = (duldr). (1.17)

The Fock matrix 1s square and has the dimension of the number of AO% in the basis set.
As the number of electrons is smaller than the number of MS()'s, there 1s 5 number of
virtual, or empty, orbitals, Which orbitals are occupied depends ou the orbital energies ¢;
the orbitals having the lowest energy are occupied, the rest is empty.

As the Fock operator, through the Coulomb and exchange operator, depends on the
occupied orbitals, we need an iterative method to calculate the wavefunction. The iterative
process starts with a guess for the occupied orbitals. With this set of occupied orbitals
the Fock operator and the elements of the Fock matrix, {4:|F[4;), can be calculated. In
the next step, the eigenvectors of F are calculated by solving the eigenvalue problem of
Eq. (1.16). With the new wavefunction a new Fock matrix can be constructed, ete.. This
cycle is repeated until convergence, either in energy or in the wavefunection, is reached. If
convergence has been reached, the Fock equations and the orbitals are consistent with each
other, Thercfore, this wavefunction is called the Self-Consistent Field (SCF) wavefunction.

Restricted Hartree Fock

In the Restricted Hartree Fock (RHF) method the spatial parts of the MS(z are equal for
the o and 4 spin. For an even number of V electrons there are N /2 occupied orbitals. The
total Coulomb and exchange operator, as well as the expressions for the Fock operator and
the electranic encrgy, are modified as the summations run over doubly occupied orbitals
containing one ¢lectron with & and one electron with 3 spin.

Before giving the expression for the Fock matrix and electronic energy in the RHF-
scheme it is useful to introduce the density matrix P, This matrix is also helpful for the
analysis of the wavefunciion and the calculation of some properties. The density matrix is

defined by

gcc

Po=2Y chcu. (1.18)
=1

The elements Iy, are found by summing the product of the coefficients ¢},; and ¢,; be-
longing to the MO ¥, over the occupied MQ's, each containing two electrons, The value
of the elements Py, times the overlap 5, equals the charge in an produect function of two

atomic orbitals ¢ and v.



A quantum-chemical description of proton transfer in seolites

With the use of the density matrix P, we can write the Fock matrix in the AO-basis
instead of the MO-basis. For the Coulomb and exchange integrals the following notation
is used (compare Eqs. (1.6) and (1.7));

(wede) = [ [ 61006,0)501,2)6 (2160 (2o (119)

The expression for the Fock operator becomes

N N
1
P = HE + 30 5 Paa [(uvlaa) = 20uriver). (120)
A=1r=1 =

H"™ ix the one electron Hamiltonian containing the kinetic energy and the potential
energy of the electron in the fiekd of the nacla

1 Mz
" ] . A ;
B =l = 3900 = Y2, (121)

N N
alec 1 E E : e
E'l = 5 I (H;CLI; +F,m-')‘ (1‘22)

The total energy of & molecule iz the sum of the electronic energy and the nueclear repulsion
eucrey between M nuclei;

1NN MM z.z
gototal _ = L Pou{Fpu + H) + Z -~ 1;1 H, {1.23)
=1 e=1 A Dma TTAB

where Z 4 is the nuclear charge and R,p the distance between the nuclel A and B,

Basiy wots

Although there are different choices for its functional form, in Hartree -Fock ealeulations
the AQ', characterized by the quantuin numbers n, [and e, are usually chosen as lnear
combinations of real and normalized spherical gaussians with fixed exponents and coeffi-
clents, [H4-56]:

Fﬂ,f o _ Z d:,;-[G;n(f}n,t,j-; If‘) (124)
i=1
in which
G amtso¥) = NP (@)X (Jen(—ar?), (1.25)

NP () are pormalization factors [55] and X[™ are real solid harmonics (see Appendix A

of Ref. [536)).
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Chapter 1 : Introduction

For a proper deseription of the wavefunction the basiz set should bhe saturated. In
practice however, it is only feasible to work with a limited number of atomie orbitals. As
the basis set is unsaturated the caleulated wavefunction and corresponding energy will
depend on the choice of the basis set. Thus, it is important to choose a basis set giving
a proper description of the system studied. Therefore, a part of the thesis, Chapter 2, is
dedicated to the cheice of the basis set and the implications of the use of a limited basis
BT

Molecular Hartrec Foek programs

By now, programs able to caleulate RHF-wavefunctions and energies of molecules and
atoms, and optimizing geometries with the use of analytical gradients, such as GAMESS,
Gaussian and TURBOMOLE [57-59], have become widespread and generally accessible.
The architecture and the zlgorithms in these programs are relatively standerd and are
described well in literature [54],

The reciprocal lattice and periodic boundary conditions

The RHF-scheme described thus far can be applicd to atoms and molecules, The cal-
culation of the electronic structure of a crystal, built from unit cells repeating in three
dimensions, is more cornplicated. For this kind of problems the concepts of the periodic
boundary conditions and the reciprocal lattice are very usefu). They are introduced in
sevoral text books {60,611,

The main difference between a molecule and a crystal is the translational symmetry
of the latter. If a crystal is translated by a translational vector g, the charge density and
other properties of the crystal remain unchanged. Such a translational vector g can be
written as & linear combination of the three lattice vectors a;, ay and aj,

g = miay < Rodz + nzag, (1.26)

i1, ng and na being integers. The propertics of the erystal remain equal under translation
by a veetor g if the single-particle wavefinction of the crystal, u(r), obeys the Bloch
theorem [62];

we(r + g) = ¢ FBuy(r). (1.27)

The absolute value of u(r) is equal to the abselute value of u{r + g). k is a reciprocal
lattice vector (to be defined below) and labels nne of the irreducible representations of the
translational group of the erystal,

Starting from an AQ representation, a Bloch function can be defined as follows:

ok, r) = Zﬂur— A (1.28)

where g, is an atomic orbital (Eq. (1.24)). Tt is relatively easy to prove that ¢,(k, r) obeys
the Bloch theorem;

11
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pu(lr+ 1) =3 p(r +1— g)e'™e,

7
= 3 ulr — g = G (e (1.29)
g)

where g-l=g’, and E:‘J = E:f’

The exponential factor in Eq. (1.27), and thus the translational properties of the Bloch
funetions, is the same for two vectors k and k' (k'=k+K) if K is such that K.1=2 7. Tt ix
uzeful, at this point, to define the reciprocal lattice. The vectors of the reciprocal lattice

by, ba, bs satisfy

a,--bj =5gj. (1.30)

As with the vectors a;, with the vectors by we can make unit cells and with the help of the
integers hy, hy and hy we can set up a lattice called the reciprocal or the K lattice. The
vectors K are defined as

K = 2x(hiby + haba + habg), (1.31}

We can now go back to Eq. (1.28). For a given g, all the k within the first cell of the
reciprocal lattice, the first Brillouin zone, define a different Bloch funection. Bloch functions
built with a k' vector outside the first Brillonin zone coincide with those built with the
k vector i the wero or reference o]l differing from k' by a reciprocal space translation
vector: k’=k+K. Each k vector in the first Brillonin zone labels one of the irreducible
representations of the translation group.

Bloch functions are very a useful basts {for represeniing totally symmnelsic operators,
such as the Fock operator, that take a block diagonal steacture, a block for each irreducible
representation. In prineiple, one should consider the infinite number of k points within
the first Brillouin zone, In practice however, it is sufficient to consider & limited number
of k pomts, and $o interpolate between them,

H the integrand ¢(k) is a well bebaving function in reciprocal space of k the integration
over the BZ can be approsximated as s weighted sum of selocted ¢(k) values at the sampling
points k;, Vaz being the volume of the Brillouin zone:

J

1 ‘
W./Bz plk)dk = > " w;a(k;). (1.32)

=t

There are other, more efficient, integration schemes that are also more suitable for less
well behaving fanctions [56], but we will not discuss them here

12
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The CRYSTAL program

CRYSTAL is a program able to calculate Hartree-Fock wavefunctions of systems with pe-
rioedic boundary conditions [63]). The program has been applied successfully to molecules,
polymer chains, slabs, and crystals of insulators, semi conductors and metals. The strue-
ture of the program and its concepts are described in Ref. [36]. We will give a short
overview of the CRYSTAL program.

As a result of the infinite size of the crystal the direct space Fock matrix has an
infinite dimension. Therefore, it is not possible to treat a crystal ng » molecule of infinite
gize as infinite matrices should be multiplied and diagonalized. A solution iz found by
a transformation from direct space to reciprocal space. For different k veetors Bloch
functions corresponding to a different irreducible representation of the translational group
are formed. As we keep in mind that matrix elements of the Fock matrix between functions
belonging to different irreducible representations of a group are zero, we have now created
a situation where we have matrices with dimensions equal to the number of AQ’s in the
unit, cell, one for each k. By the transformation from direct space to reciprocal space we
have reduced the size of the problem to one that can be handled.

In CRYSTAL, the AQ's have the same functional form as in molecular calculations,
ie aset of contracted gaussians, A limibed number of A(Q’s is defined in the reference cell,
or zero ocll. All other AO’s are generated from these by translation with lattice vectors
g. Thus, pg i5 an AQ obtained by translation from the corresponding AQ in the reference
cell, iz, by a translation with a vector g, From the AO’ Bloch functions are generated
according to Eq. (1.28), From these, as an analogue to the MO's, the crystal orbitals (CO),
thy(k,r), are defined as linear combinations of Bloch functions,

M
(k1) = aui (K)o (k, 1), (1.33)
w=1l
where M is equal to the number of AQ's in the unit cell.
Each k point has its own Foek matrix:

Fuu(k) = (¢, (k)| Figu (X)), (1.34)

and its own Hartree-Fock equation

F(k)A(k) = S{(k)A(K)E(k). (1.35)

E(k) is a diagonal matrix containing the cigenvalues e; and A(k) is the matrix with the
eigenvectors o, (k). As the elgenvalues and eigenvectors of F{k) are continuous functions
of k, it is sufficient to diagonalize F{k) in a relatively small set of k ponts and then to
interpolate or to use appropriaste weights in the integration, Eq. (1.32),

The Fock matrix is diagonalized in reciprocal space. This reciprocal-space Fock matrix
is built from direct-space Fock matrices, F', by Fourier transforms. A direct-space Fock
matrix is a sum of the kinetic energy matrix {T¢), the matrix containing the interaction
with the nuclei (2¢), the Coulomb matrix (C?) and the exchange matrix (X?),
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Fl, =Tl +2Zl, +Cl +X,, {1.36a)
g 12 _
Tl = {nol 5V vg), {1.36b)
oo M z
g A

1 o w NN
Xi, = =5 202.20 2 Pliuomlrgonin), (1.36d)
h

N N
CL =333 % Pl{povsluonin). (1.36¢)

The A()’s in the various unit cells are denoted as po, vg, An and eopqn, the positions of
the nuclei in the reference cell are given by ;. In building the Fock matrix, problems are
caused by the fact that, in principle, an infinite number of integrals shonld be evaluated
and by the fact that Z7 and C? are individually divergent. However, both problems can
be circumvented.

The exchange term in the Fock matrix of the crystal is more complicated than in
a molecule since there s the swmmation over all lattice vectors b and n. However, the
cochange term converges relatively rapidly as the magnitude of the denaity matrix elements
falls to zero exponentially with the distance for insulators and ionic systems; this permits
the truncation of the n summation. As regards h, it can be truncated if the overlaps
{polAn} and (Mp|7n+n) fall below a certain threshold.

The Coulomb and the nuclear attraction terms in the Fock matrix do, as a result of
their long range character, not converge. To circumvent the individual divergence of the
terms they are grouped together and, in order to avoid the evaluation of an infinite number
of integrals, a part of them is caleulated through multipolar expansions. For the evaluation
of the integrals a division is made into a ‘monoelectronic’ zone Mey and a ‘bielectronic’
zone Hey. If the value of the overlap hetween the interacting charge distributions are above
a certain threshold, the integrals fall in the bielectronic zone and ave evaluated exactly.
If they are below s certain thresheld they fall into the monoelectronic zone and they are
approximated.

A firsh step towards the approxmation of integrals in the moncelectronic sone by mul-
tipolar expansions is the definition of the Mulliken net charge distributions. The charge
distribution of the crystal is partitioned over the atoms A through a Mulliken partition-
ing scheme [64] and the nuclear charge is added to it, thus ereating net atomic charge
distributions pay,,

pr{r—hy=3" %" Z[P&‘,,uha.,.i.h) — Zy|. (1.37)

AEA 7 n
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By combinming the clectronie and nuclear charge contribution of cell h, a neutral charge
distribution has been obtained and the combined monoclectronic Coulomb term has be-
come convergent. In the next step an approximation is made; the charge distributions ga
are expanded in multipoles. Integrals like

M Mg
(€, + 28" =" luorgipan), (1.38)
A h

describing the interaction between the charge distributions (uorg) and pan, are calculated
through multipele expansions of pan [56]. The infinite summation over the multipoles of
pak in all unit cells h in Eq. (1.38) is evaluated using Ewald techniques and recursion
formule’s [65,66]). By the expansion of charge distribution and the use of Ewald techniques
the evaluation of an infinite number of integrals is avoided. The combined Coulomb and
nuelear attraction term now takes the following form:

Me Be

CL,+28, =3 % S 33 P (uove nonen)
A h n A T
Me Be
=373 " {noveloan)
A h
Me &

+ ZZ(#uvglpAh) (1.39)
ih

The first term contains the electron—electron inteprals in the bislectronic zone that are
cvaluated exactly. The third term, describes the mteraction between (pgig) and the charge
distributions pa over the infinite number of unit cells h of the CRYSTAL. It is calculated
with multipolar expansions and Ewald techniques. The second term subtracts the integrals,
caleulated at the same level of approximnation as the third term, already included in the
bielectronic zone. As the summation in third term runs over all charge distributions in
all unit cells, the second term avoids double counting of those alrcady calculated exactly
by the first term. It appears that the approximation of the charge distribution by the
multipoles is very good as the combined Coulomb term converges quite rapidly with the
order of the multipole, if a reasenable threshold is selected for the separation between the
bielectrenic and monoelectronic zone [56].

Now that the AQ’s have been defined and the construction of the Foclk matrix has
been explained, we can discuss the calculation of the SCF wavefunction. A scheme of
the Self-Consistent process in CRYSTAL is given in fig. 1.4. The first step in the SCF
process 15 the construction of the ¥#'s from the given input. The geometry and the basis
set, as well as the symmetry of the crystal are read in (CRYSTAL uses all space—group
symmetry). Then, the integrals are sorted into the monoeelectronic and the bielectronic
zone, according to their overlaps. In the next step, they are caleulated and the Fock
matrices in direct space are constructed. The direct space Fock matrices F?, Eq. (1.36),
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Geometry and Basis Sot input
Symmetry analysis

Clagzification of integrals

Calculation of integrals

l Reconstruction of B2

/pﬂ _FE\

Caleulation
of P& 5CF Fourict Transform of F?
m\E(k) F(k) J

Diagonalization of F(k)

Figure 1.4, The SCF-process in CRYSTAL, From the geometry and the basis set of the crystal
the Fock matrixes in direct space are built for a limited number of g vectors. From these, the
Fork matrixes in reciprocal space are constructed and diagonalized. From the new set of (s
and energies the new direct space Fock matrices are calculated, This process is repeated until
convergence Is reached,

are built for a hmited number of g veetors, these are then converted to reciprocal space
Fock matrices through Fourier transforms. In the next step these are diagonalized.

Before calculating the density matrix, necessary to build the new Fock matrix, one
should caleulate the Fermi energy. It 15 ealenlated in the following way; if there are N=Nyg
electrons in the crystal, ie g electrons per unit cell, the Fermi energy ep must be such
that there are % CO’s with an eigenvalue ¢;(k} smaller than ep. The Fermi-energy is
defined implicitly by

q4= % g;ﬁ[er —¢;(k)] = Tf_a ;/;:z 8[ep - ¢;(k)]dk. (1.40)

With the Fermi energy the density matrix in k space can be calculated as follows:
Poll) = 23" a2 (k)ay; (W)8ler — e;(k)]. (1.41)
H

in which # is the Heavyside stepfunction [67). With the density matrix in reciprocal space,
P(k), the direct space density matrix can be caleulated and the total energy is evaluated.
The new direct space density matrix is used to caleulate the new Fock matrix. The 3CF-
cycle is repeated untll convergence 15 reached.

From the wavefunetion the total energy per unit cell can be calculated. Tt s a sum of
the kinetic (E*), exchange (E**) and combined Coulomb (E€) encrgy,

E=E*"+ E** + E°, (1.42)
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E:E:E: ;mr——VI%) (1.43)
N
= _%ZZZ ““ZZEZPM HOAR|VgTnth ). (1.44)

n =1 g=1

The Coulomb energy is the sum of the electron-electron, electron-nuclear, nuclear—
electron and nuclear—muclear interaction energy,

E¢ =ES + ES + ES, + ES, (1.45)

ES, and ES, only differ by a constant . This constant hasg its origin in the difference
between the exact charge distribution and the charge distribution described by the multi.
polar expansions [56,66], it is evaluated easily in the expression of the total cnergy. The
Coulomb energy can be written as

-iTrTe DRI

A=lro

DRRI zzm )
1 Z Zii“ ZAQZI;I“
333yl g 2ln)

+C. (1.46)

Pl (lovg| Anoasn)

Mz

1

As in the calculation of the Fock matrix F¥, the summations over g in Eqs. (1.43), (1.44)
and (1.46) are truncated if the vaelue of the overlap between the funclions pe and vy aze
below a certain threshold,

Electron correlation

The Hartree Fock wavefunction is obtained with a model in which the electrons move
in the averaged potential of the other electrons. In correlated wavefunctions the chance
that an electron is at a certain position iz explicitly dependent on the position of other
electrons. Thus, the Hartree—-Fock wavefunction contains an error. If this error 1s almost
constant for the various states of a system that are compared the Hartree—Fock approach
is working well. For some cases however it is not, for example if there 15 a rolatively large
change in electron deosity. Also, the Hartree-Fock wavefunction is not sufficlent if Van
de Waals forces must be included. For these cases, we have to construct a wavefunction
containing more determinants, The muitiple dctc:mnnant wavefunction is constructed as
a sum of determinant functions, ¥y, created from W, the Hartree-Fock wavefunction, by
exiting electrons to the virtual orbitals. To caleulate the fully correlated wavelunction
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the coefficients of the determinants in the multiple-determinant wavefunction should be
optimized. As this is a time consuming process, we will use Maller Plesset, perturbation
theory to calculate the corrclation encrgy.

The contribution of the determinants is caleulated by means of Raleigh -Schrédinger
perturbation theory. In the Maller-Plesset approach the Hamiltonian iz partitioned as:

H=Hy+V. (1.47)

Hy is the Hartree—Fock Hamiltonian, Eq. (1.13), and ¥ is replacing the pseudo one -clectron
Coulomb and exchange operators in the Fock matrix by the many clectron operator,
where the summation ¢ runs over the MS()'s, and

ﬁ:Z%wZ[J,—K,]. (1.48)
g Y i

The Hartree-Fock wavefunction ¥y is an eigenfunction of Hy. In the Moller Plesset parti-
tioning of the Hamiltonian the sum of the zero-order and first-order perturbation encrgy
is equal to the Hartree-Fock energy,

E® + E' = (Wg[Hy|To) + (Fo|V|To) (1.49.a)

= Z.«_,- %Z(.L - ;). (1.49.b)

The full correlation energy is the sum of the second order term up to the infinite order.
The second order perturhation is given by

o BRI (150)
S (g Hol o) — (el Bo W)

and only double excltations contribute to it. If ¥y 15 & determonant resulting from an
excitation of electrons from the MS(¥s @ and b to the M50’ r and s the Jdenoeminator is
equal to the difference in the molecular orbital energies of rs and a.b,

(g [Bolle) — (31|05 = Ae =y + 65 — € — €5 (1.51)

The second order correlation energy can be caleulated relatively ecasy with

oce occ wirt virl ((1.“'5“}?')‘2

D DRI 152)

a a<h T v

In this shesls we only caleulate the second order perturbation encrgy. For systems not
having low lying excites states or a near degeneracy this is a reasonable approach [34].
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Introduction

For a quantum chemical description of adsorption and proton transfer processes in zeolites
there is a large choice for the mode] representing the zeolite and for the quantum chemical
method, Usually, the weolite 1s represented by a cluster. In the cluster approach, a group
of atoms is cut from the zeolite lattice and the dangling bonds are saturated, usually with
hydrogen atoms. The choice of the cluster, i.e. the choice for its size, shape and geometry,
is not trivial since it determines the: meodel representing the zeolite, and thus the caleulated
adsorpiion energies, The geometry of the cluster has to be determined in some way; it
can be taken [rom experimental data, from molecular mechanics, or it can be optimized
quantum chemically. Apart from the choice of the cluster, the description of the adsorption
process 1s also determined by the choice of the quantum chemical method,

In practice, the choice of the cluster and the quantuin--chemical methods is & compro-
mise between the aim of the research, the required accuracy and the available computer
fucilitics. The computational costs incremse rapidly with the size of the system and the
requested accuracy. For example, for a standard SCF calculation the required compuler
time increases roughly with N1, in which N ix the number of basis functions. Electron
correlation, and the caloulation of the sounterpoise correction, Inerease the computational
effort by a factor of ten or more [1,2]. A quantum chemical optimization of the geometry
of the zeolite cluster increases the computational effort by a factor of ten to ninety.

The aim of this chapter is to choose a satisfactory method for future ealeulations.
Therefore, we studicd the offect on the caleulated adsorption encrgy of the basis set, of the
counterpoise correction, of electron correlation and the effect of the optimization of the
geometry. We studied the adsorption of NH; on the acidic OH-group of the seolite and the
proton transfer from the zeolite to NHy, forming NHY . As a model for the zeolite acidic site
we usixd & HOSIAIHg cluster. We compared two structures. In the first, Ny is hydrogen
bonded to the seolite OH-group; this is the NHy - HOS1AIHg strncture. In the second,
the proton 1s transferred to the zeolite, resulting in the lonic NH,L"' -+ -0ISiAIH, structure,
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Chapter 2 : Basis set, cleciron correlation and geometry effects

For these two structures we calculated the adsorption energies of NH; and NHY, ie the
energy of the complexes with respect to the separated NHy and HOSiAlHy fragments, as
wcl]_i-as the proton transfer energy, the difference in adsorption energy between NHy and
NHT.

The offect of electron correlation iz studied by comparing the adsorption energies at
the RHF-level and at the correlated level, Electron correlation is calculated using second-
order Megller-Plesset perturbation theory (MP2) {3,4]. This method yields a good estimate
for the correlation energy with a relatively small computational effort. The effect of the
Basis Set Superposition Error (B3SE) is investigated by caleulating the adsorption energies
with and without the full counterpoise correction (CPC) {1,2]. We studied the effect of the
basis set on the adsorption and proton transfer energies by comparing the rewalts of three
baszis sets.

To study the effect of the geometry on the adsorption energy we have compared two
extremes. In one set of caloulations we optimized the geometry of the zeolite clusters
and their complexes with the adsorbate quantum chemically without any constraint. In
& second set of calculations the geometries were obtained partly from molecular modeling
calculations and were kept fixed. The calculations in which the geometry is optimized have
the disadvantage of requiring more computer time but have the advantage that much more
complete infrared and Raman spectroscopic properties can be obtained from them. Also
the cluster can adjust its geometry to the adsorbate. Later, we will answer the question if
the optimized geometries are transferable to a zeolite crystal.

Computational Details

We calculated the adsorption energy of NHz on a HOSiAlHg cluster, and of NH on a
057AlH; cluster using two different geometries. In one set of calculations we kept the
geometry of the interacting species, ie. NHy/NH and the zeolite cluster, fixed and in
another set we optimized the geometry of the interacting species quantum chemically, For
the fixed-geometry calculations the position of the silicon and sluminum atoms of the
zeolite cluster were taken from a crystal structure obtained with & molecular mechanics
optimization of & 1:1 5i/ Al Na-Faujasite [5,6]. The hydrogen atoms saturating the dangling
bonds are put in the direction of the corresponding T-0O bond. The Si-H bond length is
fixed at 1.615 A and the Al-H bond length at 1.480 A. The positions of the OXYReT atom
and the proton of the acidic QOH-group were optimized at the SCF-level using a 6-21G
basis set with d-functions on cxygen only [7.8]. In the HOS:AIHg cluster the positions of
the atoms of the OH-group were optimized and in the QSIAIHL cluster the position of
the oxygen atom was optimized. The internal geometries of the zeolite cluster and the
adsorbate were kept fixed during the adsorption process, only the intermolecular distances
were optimized. Experimental geometries were used for NH; and NHJ [9,10]. NH; and
NH? were adsorbed such that thelr Cy-axes coincided with the O-H axis. This seems
reasonable, since for several hydrogen bonds formed between acidic XH molecules and
NHj;, little or no deviation from linearity has been reporied for the X-H-N bond [11-13].
In Table I the geometrical parameters, for both the covalent, ¢ the hydrogen bonding
structure, and the ionic structure, in which the proton has been transferred, are given,
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Table I The geometrical parameters of NHy and
NH;" interacting with the zeolite cluster. The
bond lengths and angles are given in A and de-
grees respectively, The ry -y correspends to the
e distance between two atoms inside the adsorbate.
The H-N-Q angle carresponds to Lhe angle the
NH-bond makes with the Cy-axis and the ITI-N-IT
angle to the angle hetween three atoms in the ad-

sorbate, 3
parameter covalent ionic
structure structure
PN-H Lol 1.03
ro_H 0.96 -
O g 1.67 1.60
TO—Al 1.85 1.82
LH-N- 107 109,471
fignre 2.1. The renlite cinster interact- H-N-H
) ) L AH_N_-O 112 109.471
ing with ammonia. The hond lengths . 129 137
and angles for the jonic and hydrogen Si-0-al :
. . o LH—0—8i 114 118
bonding structure are given in Table 1.

In the second set of caleulations the geometries were optimized quantum chemically
at the RHFE level, nsing the ‘small’ basis set described below, HOSiAlHg, OSiATHS , NH;
and NH are fully geometry optimized. The former two are kept in a C,-sywmetry, the
latter two in their Cy, and Ty symmetry respectively, The fixed geomnetry clusters and their
complexes with the adsorbates were the starting geometries for the geometry optimizations.
The geometry of the cluster adsorbate complexes were optimized with some restrictions.
For the dangling bonds the T H distance and the (- T-H-angle were kept fised to the values
obtained with the optimization of the HOSiAIHg and the OSiAlHZ L]Il‘ﬂtil respectively.
Furthermore, the N-H-0) angle is kept fixed at 1807 and the cluster-adsorbate complex is
kept in C, symmetry.

The interaction energy between two interacting molecules or ious called A and B, for
example O51AIH] and NHY, is calculated from:

AEint N EAH _ EA _ EB, (2.1)

in which E* is the energy of the complex, for example the OSIAIH] cluster bonded to
NHY, in the equilibrium geometry. E4 and E” are the cnergies of the fragments opti-
mized in the absence of the other fragments, in this example the optimised ions NH aad
(SIAIH; . The interaction energy, Eq (2.1), may be biased by the BSSE. The incomplete-
ness of the basis set of cach molecule iz partially compensatod by using the basis set of
the other fragment, In other words, the enorgy of the interacting fragments is lowered by
wsing the erbitals of the other fragments 1o improve thelr own wavefunetion, To avold the
BSSE, the CPC should be applied. It is caleulated with Eq. (2.2) and 15 equal to, or lacger
than rera,
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EBSSE — (EA,cum_n(XA)_l_EB.CDmp(xB))_(EA,camp(XA@X,B)_}_EH.comp(xA@XE))' (22)

Here comp denotes that the energy is evaluated at the geometry the molecules have in the
complex, ¥4 denotes the basis sct of 4, xp the basis set of B and (x4 @ yp) the sum of
the hasis sets of A and B. The counterpoise corrected interaction energy is labeled CPC:

AEM/CPC _ pAB _ pA _ pB | gpBSSE (2.3)

For NHy adsorbed on the HOSiAlH, cluster the adsorption energy is equal to the inter-
action energy, ie. AEW! or AERM/CFC gg, (2.1) or Eq, (2.3). The adsorption energy of
NHT, however, iz calculated via a two-step process. The first step is the proton trans-
fer, PT, at infinity. The second step is the adsorption of NHF onto the anionic zeolite
fragment. The proton transfer energy at infinity is ¢alculated as the difference in proton
affinity (PA) between the zeolitic anionic fragment and NHj,

AEPT — PAny, — PAz-. (2.4)

The required proton affinitics are the energies of the isolated and fully optimized NH; and
HOSiAlHs minus the energies of the fully optimized and isolated NH; and OSiAlH; ions
respectively. The adsorption cnergy of NHY is the sum of the interaction energy and the
proton transfer energy,

&Euds = AE%'?H + AEPT. (25)

The adsorption energy of NHY can also be found from Eq. (2.1) by taking the energy of
the NHY - - -QSiAIH complex as E4% and the energies of NHy and HOSiAlH, as £ and
E¥ but the scheme described here allows us to study the interaction energy between NHY
and the zeolite fragment and the AEF7T separately. Also, it coables us to caleulate the
CPC.

The energy of the complex, EAY and the intermolecular stretching frequency are
caleulated from the intermolecular potential curve. This curve is generated by caleulating
the interaction energy in a number of equidistant (0.1 A) points around the assumed equi-
librium O N distance. For the fixed geometry calculation only the O-N distance s varied,
For the optimized geometry caleulations 4% is obtained in a little more complicated way.
At each (O-N distance, all internal coordinates, except those determining the position of
the dangling bond protons, are optimized. For both sets of geometries the interaction
energy is caleulated at the various quantum—chemical levels at each point of the potential
energy curve, '™ corresponds o the minimum in the potential energy curves and from
the curvature in the minimum the intermolecular stretehing frequency can be caleulated.
The intermolecular frequency caleulated in this way allows us to study this vibration at
other levels than the SCF-level and to study it decoupled from other modes. In a normal
mode analysis the vibrational frequencies are caleulated for a gas-phasze complex of the
zeolite and the adsorbate. The intermolecular frequency caleulated from the potential en-
ergy curve pictures NHy or NH] vibrating against a lattice with infinite mass. Coupling
of the intermelecular vibration with other low frequency modes is omitted,
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The effect of electron correlation is studied by applying the MP2 method. On com-
paring the difference in proton affinity between OH™ and NHjy it is seen that electron
correlation caleulated at the MP2-level gives a proper value of the correlation energy con-
tribution to the proton transfer energy {13-15]. MP2 also gives a reasonable estimate for
the Van der Waals interaction encrgy [16)- In the small basis set the MP2-calculations are
carried out with frozen cores.

For the caleulation of adsorption energies we used two different basis sets which are
called ‘small’ and ‘large’. Both basis sets have a minimal STO-3G basls set [17] on the
dangling bond hydrogens. The small basis set has a §-31G(2) [7,18] basis sct on all atoms
except the danghng bond hydrogens. In the large basis set the non-saturating hydrogen
atoms, the alummnuwm and silicon atom have a 6-31G(d,p) basis [18]. The nitrogen atom
has a 6-311G(d,p) basis set and the oxygen atom a 6-3114+G(d,p) basis set [19]. On
the oxygen atom diffuse functions were included because the ¢alculated proton affinity of
oxygen anions is sensitive to these functions [14]. For smaller systems the large basis set
may be expected to yicld the proton affinity within 7 kI/mol at the MP2-level [14] and
to give the interaction energy of NH; with the ¢luster with a precision of 3 kJ/mol [16].
By comparing the results obtained with the small and the large basiz set the walidiy of
the use of this smaller and computationally less demanding basis sct can be tested. The
adsorption energies with the fixed geometry ¢lusters were repeated at the SCF-level with
a 6 311+ G(3df,2pd) basis set [19,20]. This basis set should give interaction and proton
transfer energy within a few kJ/mol of the Hartree Fock limit [16,14], It 15 used to check
the accuracy of the large basis set for the type of systerns used in this thesis,

Results and Discussion

The results of the geometry optimizations of the zeolite clusters and the cluster-adsorbate
complexes are given in fig, 2.2, In the protonated form of the zeolite cluster, HOSiAlH,,
aluminum forms a weak complex with the bridging oxygen atom whereas in the anionic
form, OSiAlHg, this bond shortens to form a bond comparable to the Al-() bond in
Al{OH);. This means that, in absence of the proton, the cluster anion is stabilized by
strengthening the 5i-O and especially the Al-O bond. After adsorptiom of NHy, f.e. when
the hydrogen bond is formed, the geometrical parameters of the HOS1AIH, cluster are
slightly shifted towards the values in the OSIAIHL cluster; the 51-0 and Al-0) bonds
shorten and the 5i-O-Al-angle gets smaller. Also NHy undergoes changes on the formation
of the hydrogen bond: the N-H bonds lengthen and the H-N-H angle widens.

In the equilibrium structure of the zeolite cluster- adsorbate complex the acidic proton
is attached to the zeolitic cluster. The minimum energy configuration was found by starting
the optimization from the situation in which the HOS1AIH; cluster is hydrogen bending to
the NHi mwoleculs. To check if there was & minimum in which the proton was transferred,
the complex was also optimized starting from the lonie structure, 7.¢. from the complex
consisting of the OS1AIHY cluster in ity equilibrium geometry interacting with NH;. The
structure in which the proton is transferred appeared not to be even a local minimum: the
result of the optimization was a structure with only miner differences from the optimization
started at the neutral monomers. These small differences woere the result of the internal
parameters, determining the position of the dangling bond Lydrogen atoms, which were
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Figure 2,2, The results of the optimizalions of the zeolite clusters and the cluster-adsarbate
complex. The geometries were optimised with the small basis set,

Table IT The harmonic frequencies (cm™") of the NHy - - -HOSiAlHg complex, caleulated with
2 normal mode analysis, the frequencies were scaled with a factor of 0.89,

description complex neittral 10nie
of mode fragments MONOTRETS
OH bend in plane 1251 1001 -
OH stretch 3113 3666 -
NH deformation 1161/1599/1604 1407/1836 1106/1614
N-H stretch 3210/3325/3325 3095/3224 3199/3317

kept fixed to those of the HOSIAIHg and the OS1AIH, cluster, respectively. Thus in this
simple model, ie. the zeolite is represented by a HOSIAIH, cluster and NHj‘ interacting
with one hydrogen bond with the bridging oxygen atom, no proton transfer takes place at

the RHF-level.

The full set of harmonic frequencies was calculated at the RHF-level for the clusters
and the complex of HOSiAlHg and NHy. They were not calculated for the NHY ---OSiAlH,
complex since that structure was not A minimum. The frequencies and their shifts upon
deprotonation and hydrogen bonding give additional information about the nature of the
structures, A few selected frequencies are given in Table II. To make the comparison
with ewperirnent more converient, the RHF normal-mode frequencies were sculed with
a factor of 0.88, a generally used correction factor. The vibrational analyses confirm the
weakening of the OH-bond on forming the hydrogen bond, already found with the geometry
optimization. The bond lengthens by 0.03 A and the frequency shifts down by 551 cm™t.
On the formation of the hydrogen bond, the frequencies of the N-H modes of NHy shift
towards the values in the NH] cation. The frequencies of the N-H and O-H stretching
modes shift mto the region where the N-H stretching of NHy adsorbed in zeolites 15 found
experimentally. A comparison between the caleulated and experimental N-H stretching
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frequencies will be made in Chapter 3.

The intermolecular vibrational modes between NHy and HOS1A1Hg were mixed with
the internal vibrations of NHy and HOSiAIHs. They appeared at 62, 91, 135, 217, 280
and 379 cm~ !, Becausc of the mixing with the intermolecular modes of the cluster, being
different from the lattice vibrations of the lattice, they do not allow a comparison with the
cxperimental values. From the intermolecular potential energy curve the intermolecular
stretching frequency of NH; is calculated to be in the region 180-210 em™! (Tables ITI-
VI). The frequency for NHJ is much higher because of the large interaction between the
NH} cation and the anionic zeolite cluster. Experimentally, modes at 169 cm™! [21] at
204 and 174 [22] and in the region between 164 and 193 em™' [23] were assigned to be
intermolecular modes between NH] and the crystal. The calculated intermolecular modes
of NH; seems to be in the right region of the spectrum but it can be assumed that the
cluster model is too simple to compare guantitatively the experimental and caleulated
frequencies.

The adsorption energies of NHy and NH}, in both basis sets and for both fixed and
optimized geometry were caleulated at the RHF-level as well as at the MP2-level and
with and without the CPC. From the binding energies in Tables III to VI we can study
the effect of the various strategies on the adsorption energy. For the strueture in which
NH; is hydrogen bonding to the HOSiAlHe cluster the effect of electron correlation and
the CPC are relatively independent of the basis set and the geometry. The counterpoise
correction is about 10 and 20 kJ/mol at the SCF-level and the MP2 tovel, respectively.
Without the CPC, the strength of the hydrogen bond, cspecially at the correlated level
is overcstimated. If the CPC is applied, MP2 strenghtens the hydrogen bond by about
10 kJ/mol. Because of the opposing effects of the BSSE and the absence of correlation,
the binding energies found at the RHF-level for the hydrogen bonded structure compare
well with the values found at the SCF/MP2/CPC level: they are equal within 3 kI/mol.

For the ionic structure, the structure in which the proton is transferred, the effect of
the CPC and MP2 on the adsorption energy is more dependent on the basis set. Elec-
tron correlation affects the proton transfer energy; it stabilives the ioaie form by about
13 kI /mol more than it does the covalent forin, The effect of electron correlation is largely
overestimated if the CPC is not applied. The comparicon of the adsorption encrgies as
ealenated with the different methods shows that the adsorption energy of NHT and the
proton transfer energy are not described well at the SCF-level. Electron correlation and
the CPC are too important to be neglected, or to rely on cancellation. The adsorption
energy of NHY is built from two energies; the interaction energy between the NH] ion
and the zeolite ion, AE™, and the difference in proton affinity, AEET. Both are basis
set dependent. However, since the dependency is similar, the adsorption energy is less
dependent on the basis set and electron corrclation than the AELT and the AE™ indi-
vidually. The interaction energy in the ionic system is much larger than in the hydrogen
bonded system because of the electrostatic interaction between the anion and the ecation.
This stronger bond is expressed by the shorter equilibrivim bond length and by the higher
intermolecular stretehing frequency.

Tables IV, V and VI show the effect of the basis set on the adsorption cnergy as
the data in these tables were calculated with the same geometry and three different basis
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Table III The adsorption energy and equilibrium O-N distances of NHy hydrogen bonding to
the HOSiAIHg cluster. The geometry Is optimized quantum chemically, for the calculation of the
adsorption data and for the geometry optimization the small basis set was used. The binding

energies are in kJ/mol bond lengths in A and the frequencies in cm™*.

method frno AE ¥ inter
SCF/MP2/CP 2.74 -60 185
SCr/Cp 2.82 —49 194
SCF/MP2 2.64 -8 227
SCF 2.77 -57 184

Table IV Adsorption data for NHz and NH::, calculated with the Jarge basis set and the fixed
geometry, Units as in Table I,

method Ruo AE»d Vinter
NH; | NH | NH, | NH} | NH; | NHY
SCF/MP2/CPC | 2.73 2.53 -67 -15 193 275
SCF/CPC 2.79 2.55 -60 5 181 278
SCF/MP2 2.64 2.48 -88 -35 227 281
SCF 2.76 2.53 -69 -5 223 276

Takle V' Adsorption data for NHy and NH;", caleulated with the small basis set and the fixed
geometry, Units as in Table II1,

method Rno AEa? Vinter
NH; | NHf | NH; | NHf | NH; | NH}
SCF/MP2/CPC | 272 | 2.56 68 24 211 508

5CF/CPC 297 2.54 -39 a9 190 348
5CF/MP2 2.64 2.54 -89 -36 227 83356
8CF 2.73 2.82 -6& 6 204 364

Table VI Adsorption data for NHy and NHT |, calculated with the 6-3114 4 G(3df,2dp) basis set
and the fixed geometry, Units as in Table IIf,

method Bxo AErds Vinter
NH; | NHf | NHs | NHf | NH; | NHj.
SCF 2.75 2.65 -58 -15 216 247

Table VII The proton transfer energies (kJ/mol) at infinite distance calculated in the fixed
geometry at the SCF and MP2-level

AELT (SCF) AEET (MP2)

small basis set -495 -493
large basis set -445 -436
6-311++G(3df,2pd) - 411 406
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sets. At the SCF/MP2/CPC-level the binding energy for the hydrogen-bonded cluster
is described quite well by the small basis set: it 1s within 2 kJ/mol from the adsorption
encrgies caleulated in the larger basis set. The intermolecular stretching frequency shows
& larger deviation. The lomc structure is poorly described by the small hasis set. The
adsorption energy calculated with the small basiz set deviates 39 kl/maol from the one
obtained with the larger basis set at the SCF/MP2/CPC level and 11 kJ /ol at the SCF
level, The 6-311++G(3df,2pd) basis set was used only at the SCF-level because of its
computational demands. Since this basis set is very large the BSSE will be small at the
SCF- level, therefore the adsorption energy calculated in this basis set shouid be compared
with the SCF/CPC adsorption energies of the small and the large basis set. Again, the
adsorption energy of NH; is found to be relatively independent of the basis sct. NHF
on the other hand is stabilized 20 kJ/mol more with respect to the large basis set. The
difference between the large basis set and the 6-3114+G(3df,2Zpd) Dasis set will be larger
at the correlated level bul the error made with the large basis set seems acceptable for the
calewlation of adsorption energies,

The offect of the geometry on the adsorption energy can be deducted from Tables HI
and IV as the data in the tables are calculated with the same basis set, in the Table III
with optimized geometries and in Table IV with a fixed geometry. The binding energy,
of the hydrogen bonded NHy, caleulated in the optimized geometry iz -60 kJ/mol, and
67 kI /mol or -68 kJ/mol in the fixed geometry, depending on the basis set. The seolite
cluster, stabilized by the geometry optiinization, is less reactive and the hydrogen bond is
weaker.

Compared to other hydrogen bonds the zeclite cluster—-NHy bond 1s very strong and
short. For example, the Ho Q- NHy bonrd has a strength of 24 kJ/maol with a O-N distance
of 3.01 A [11). CPC-uncorrected SCIF/MPP2 values for the HyN-HC and HyN ‘HF are -46
and -63 kl/mol respectively [24], For the SiH,QH-NHy system Uglienge o a).{25) found
a hydrogen bond with a strength of -37 kl/mel at the SCF/MP2 level. Geerlings &t al.
[26] found a interaction energy of -56 kJ/mol between the NHy and a HOSiAIH, cluster,
with & 3-21G basis sct at the SCF-level. At this level an O N distance 2.69 A was found.
The comparison of the interaction cnergies of NHy with ather acids shows that the seolife
OH-group has an acidity that is comparable to strong a¢ids. The results of the caleulations
as described in this work are not in agreement with the results found by Allavena ef al.
(27,28]. They found that the ion-pair structure was 13 kJ/mol lower in energy than the
covajent struciure. They used a 6-210 basis set, a basis set smaller than the small basis
set we used in this chapter, Most probably, the results of Allavena ot al. were influcnced
by the deficiencies of the basis set, and the geometry, they used,

Conclusion

We studicd the effect of the basis set, electron correlation and geometry optimization
on the adsorption energy of NHy onto the zeolite and the proton transfer from the zeolite
to NHy. The zeolite was modeled with a HOS1AIHg cluster.

In the chosen inodel, the zeolite cluster does not transfer its proton to NHy, NH,
forme a strong hydrogen bond with the cluster, this bond has a strength of -60, -67 or

69 kJ/mol, depending on the basis set and the geometry of the cluster. Proton transfor is

30



Chapter 2 : Bagtg set, electron correlation and peometry effects

unfavorable by 52 kJ/mol. The calculated adsorption energies are too small with respect
to the experimental adsorption energy of about 130 kJ/mol [4].

Qptimization of the geometry of the zeolite cluster makes it less reactive and NHa
is adsorbed less strongly. The hydrogen bonded structure can be described satisfactorily
at the SCF-level with a small basis set. The structure in which the proton is transferred
needs a large basis set, electron correlation and the counterpoise correction for a proper
description.

Electron correlation stahbilizes the hydrogen bond by about 10 kJ /meol and the proton
transferred complex by 15 to 20 kJ/mol, depending on the basis set. If the effect of the
electron correlation is calculated the CPC should be used to aveid the BSSE, otherwize
the effect of the electron correlation i1s overestimated.

The small basis set overestimates the proton transfer energy because of its inability
to describe the proton transferred complex. The large basis set produces the adsorption
energy of NH} with an error of about 10 kJ/mel at the SCF-level, at the correlated level
this error will be larger.
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Coordination and solvatation effects

Imtroduction

Expcrimentally, it is found that, in acidic seolites, proton transfer takes place from the
acidic HOSiAl-group to adsorbed NHy molecules, The heat of adsorption is approximately
130 kJ/mol [1]. So far, the results of the quantum-chemical calculations do not match the
experimental results. With the model used in the previous chapter, i.e. NH} bonding to
the zeolite cluster with a single hydrogen bond*, no proton transfer takes place. Also the
heat of adsorption is too low with respect to the experimental one. Apparently, NH] is not
stabilized to such an extent that it can overcome the difference in deprotonation energy
between the zeolite cluster and NH}, the AEET. In this chapter, we studied whether it is
possible to stabilize NHY by multiple bonding such that proton transfer becomes favorable.
We studied the stabilization of NH] by letting it form two or three hydrogen bonds with
the zeolitic lattice and by coadsorption of & second NH; molecule. We studied the multiple
bonding of NHY to the zeolite lattice in the cluster approach.

To describe NH singly, doubly and triply bonding to the lattice we used HOSiAlHs,
Al(QH);H; and Al(OH)3H clusters, respectively. Probably, they do not provide a good
maodel for the zeolite but they allow us to use a relatively large basis set, to optimize geome-
tries and to carry out vibrational analyses relatively easily at the SCF-level. Adsorption
energies were caleulated at the SCF/MP2/CPC lavel,

We studied the effect of the geometry optimization on the stabilization of NHT by
comparing the adsorption energy of NH} on a AI{OH);H™ cluster whose geometry was
taken from a ¢rystal structure obtained with melecular mmechanics and on the same cluster
of which the geometry is optimized quantum chemically. The effect of the cluster size
has been investigated by comparing the adsorption energy of NHY on a AI(OH);H™ and a
Al(OH);(O8iH;)H™ cluster. We also calculated the adsorption energies of NHY singly and
doubly bonding on a AI(OH);H™ cluster, a AI(QH)2H; cluster and a HOSiAlHg cluster,

* The term ‘hydrogen bond’, though perhaps not appropriate for a fully ienie system,
is used to characterize the geometrical arranpements studied,
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respectively. The results of the vibrational analysis of NH] adsorbed on the clusters were
compared with experimental infraved spectra of NH} adsorbed in zeolites.

Cormputational Details

We treated the adsorption of NHJ as a two step process: the proton transfer from the
zeolite to NHy at infinity and the binding of NH] onto the zeolite. For the proton trans-
for step the zeolite is represented by a HOSiAlHg cluster. The clusters used to describe
the interaction between NHY and the zeolite are the smallest clusters able to describe
the specifie coordination between NH} and the zeolite. To describe the structure in which
NH] is adsorbed with two hydrogen bonds onto the zeolite lattice 2 A{OH)Hy (fig. 3.2b)
cluster was used, this is the double structure, NHY adsorbed with three hydrogen bonds
on the zeolite wall is refered to as the triple structure, the zeolite wall is modeled by an
ANOH);H™ (fig. 3.2d) cluster. When dealing with the coadsorption of two NHy maolecules
on a single acidic site the HOSIAIHg cluster was adopted (fig. 3.3¢). To study the depen-
dence of the interaction energy on the choice of the cluster some additional caleulations
on NH} handed singly or doubly on the AL(OH);H~ cluster have heen performed as well.
For the structures mentioned above, the geometry for the acidic cluster, the apionic cluster
and the complexes of the cluster with NH] are optimized.

All the caleulations were performed with the 6-311+G(d,p)/STO-3G basis sct. This
basis set is equal to the large basis set in Chapter 2 [2,3]. This notation means that the
hydrogen atoms saturating the dangling bounds are deseriboed with a STO-3G basis set
[4], the silicon and aluminum atoms with a 6-31G(d) basis set [3], the nitrogen with a
6-311G(d) i6) basis, the hydrogen atoms attached to the nitrogen atom with a 31G(p)
bauis set {7], and all axygen atoms with a 6-311+G(d) hasis st [6,8].

The adsorption energies for the geometry optimized clusters and the cluster—adsorbate
complexes were calcilated at the various levels, using Eqs. (2.1) to (2.5). The equilibrium
geometries were found by geomelry optimization of the clusters at the SCF level, using
gradient techniques. No Counterpoise Correction (CPC) was applied in this step, Starting
from the minimum found at the SCF-level the optimizations were repeated with the Al - N
distance fixed at 0.1 and 0.2 A shorter and longer, respectively. For each of the stractures
ereated in this way a caleulation is performed in which electron correlation is included in
the form of second-order Maller—Plesset theory 0], keeping the cores frozen. The CPC
15 applied in this step, The potential energy curves were used to obtain the equilibrium
Al---N distances and interaction energies, AF™,

In the two-step wdsorption process the proton transfer at infinity s the same for all
structures, The AEL” iz the difference in proton affinity of NH and the HOSiAlHg
cluster, We used this cluster since it provides the besl model for the zeolite acidic site.
The cluster, from which the reference proton affinity is taken, was also optimized with the
same basis set. Since the proton affinities are very similar, as can be seen from Table 1,
the choice to use a single proton affinity for all structures does not introduce erroneous
artifacts.

To study the effect of the cluster cholce and the role of the geometry optimization some
rigid geometry calculations were performed on the cluster shown in fig. 3.1. We calculated
the adsorption energy of NHS triply bonded on the QAN QH);(OSiHs)H™ cluster. The
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Figure 3.1, The anionic Al QH )2 HOSiHy cluster used to calculate the interaction energy between
NHT and the zeolite wall in the rigid geometry calculations.

cluster is generated in the same way as the fixed geometry cluster in Chapter 2 [2,3]. The
position of the atoms were taken from an optimization of Faujasite with a 8i/Al ratio of
1. The position of the anionic oxygen was optimized using a 6-21G basis set. The AEET
at the SCF level was 444 kJ/mol. For NH} and NH; molecule experimental geometries
were used [10,11]. The internal geometry of the fragments was kept fixed, only the Al---N
distance was optimized. The aluminum atom is located along one of the Cy—axes of the
N HI ion. Because the aluminum tetrahedron is not regular, the angle of rotation of the
NH7 tetrahedron around the Al --N axiz was optimized at the SCF-level, using a 3-21G
basis set. The minimum energy was reached for a mean value of 6° for the Al-Q-H-N
dihedral angles.

To check the stability of the calculated adsorption date with respect to the cluster
size the QSiH;z group being replaced by a OH group, resulting in a AL{OH); cluster. We
can study the effect of the geometry optimization on the adsorption energy of NH on
the A{OH)J eluster by comparing the heats of adsorption for the fixed geometry and the
optimized geometry cluster.

Results and Discussion

The geometry optimiged clusters

The results of the optimizations of the acidic and the anionic zeolite clusters are summa-
rized in fig. 3.2. The optimized double and triple structures are shown in fig. 3.3. The
zeolite clusters show large deviations from tetrahedral arrangement. The acidic Al{OH);H;
and AI{OH);H clusters show an almost planar aluminum cluster forming a complex with
a deformed water molecule. The adsorption of NHY causes a distortion of the internal
geometries of the cluster and the NHT -tetrahedron. The optimization of NHI adsorbed
on the cluster shown in fig. 3.2f resulted in a hydrogen bonding NH; - - - HOS1AlHg struc-
ture that will not be discussed in detail. The vibrational analysis of the double and triple
structures show that both structures are minima as far as the coordination of the NHJ is
concerned. The triple structure showed one imaginary frequency. However, the vibrational
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Table I. The deprotonation energies (deprotonation energy = - PA), in kJ/mol, at the SCF
and at the MP2-level, of the clusters. The deprotonation energivs are defined as the difference in
energy hetween the optimized ZH and Z~ forms of the clusiers or the difference in energy between
the optimized NH:; and NHy,

AI{OH); H, Al{OH),H, HOSIAlH NHF

5CF 1379 1364 1359 207
MP2 1377 1358 1358 05

amplitudes of this normal mode were completely located on the saturating hydrogen atoms
bonded to the oxygen atoms and were considered not to be of influence on the adsorption
procesa.

NH{ becomes the stables species rather than NHy and proton transfer takes place
when NHJ is coordinating to the lattice with two or three hydrogen bonds., Apparenily,
proton transfer can take place, if after proton transfer, NHI has a high coordination to-
wards the zeolite lattice. The adsorption energies of the double and triple structure are
much higher than those of the hydrogen bonding NH; and are relatively close to the exper-
imental heat of adsorption, especially if one notes that the basls sel used here underesti-
mates the stability of NH] by more than 10 kJ/mol [3]. Alikough the model representing
the zeolite is too simple to draw definitive conclusions, the calculations presented here
strongly suggest that in the zeolite proton transfer can take place, if after proton transfer
NH7 has a high coordination with the zeolite wall,

There remains the question whether the coordination and the stability of NHY is real,
or caused by the choice and the symmetry of the cluster. As a check we adsorbed NHY
doubly and singly bonding on the Al(OH)3H™ cluster and we compared the adsorption
energies with those in which NH] is doubly and singly bonding on the A(OH),H, and
O5iAIH; cluster respectively, We performed a constraintloss geometry optimization start-
ing from NH} doubly honding on the A{OH)sH™ cluster. The result of this optimization
was a doubly bonding structure. The vibrational analysis of this structure did not show
imaginary frequencies. The binding energy of NH doubly bonding on this cluster was
-109 kJ/mol at the SCF-level, This is comparable to the adserption encrgy of the doubly
bonding NH; on the cluster shown in fig. 3.3b. NH singly bonding on the A(OH);H-
cluster was optimized keeping the proton attached to the nmitrogen atom and one Al-Q-N
angle fixed to keep the cation singly coordinated, The O-N distance was 2.51 A, the ad-
sorption energy at the SCF-level -9.0 kJ /ol This is comparable to the adsorption of
NHT singly bonded on the OSiAlH cluster [2,3]. The adsorption energics of the singly
and doubly bonding NHY arc very similar on the A(QOH);H~ and the AI(OH),H; and
OBiAlH; clusters respectively. The heats of adsorption and the results of the geometry
optimizations do not seem to be influenced strongly by the chotee of the cluster.

NH} only seems stable when forming two or three hydrogen bonds with the zeolite
lattice. From BEq. (2.5) we see thal the stabilization of the doubly and triply bonded state
relative to the singly bonded state can be caused by a change in proton affinity of the cluster
or by a change in interaction energy. Since the proton affinity of the OSiAIH cluster is
used, the first possibility can be ruled out. Thus, the difference in stability between the
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Figure 3.2, Qptimized geometries of the clusters modeling the zeolite wall. Top, from left to right,
the protonated forms (a,ce) optimized in C, symmetry. Bottom, from left to right, the anionic
forms (b,d,f) optimized in Cyy, Chy and C,, respectively.

single the double and the triple structures is the result of the enhanced interaction energy.
For the double and triple structure the E'™ is lowered by about —100 kJ/mol relative to
the singly coordinated NH}. From the small difference in binding or adsorption energy
between the double and triple state it is clear that the binding energy is not proportional
to the number of hydrogen bonds. Int the case of an ion-ion interaction the exact alignment
of the hydrogen bond does not scem to be very important. The factor determining the
interaction energy, and thus the stability seems to be the short distance and the high
coordination between the cation and the amon,

The fixed geometry calculations

The adsorption energy of NH} was caleulated on the fixed geometry ¢luster shown in
fig. 3.1, optimizing the O-N distance only. The adsorption energies were —18 kJ/mol and
-11 kJ/mol at the SCF and SCF/CP level respectively, the Al-N distances 2.78 and 2.81 A_
The calculations were tepeated with reduced cluster size. The O51Hy group was replaced
by a OH group, resulting in a AI{OH»H™ cluster, The adsorption energies did not differ
much: -16 kJ/mol and -10 kJ /mol at the SCF and the SCF/CPC level respectively, the Al-
N distances 2.77 and 2.79 A. The difference in adsorption energy between the Al(QH)H-
cluster and the AJ{OH)2(OS5iH;)H™ cluster is small. From the calculations presented here,
the adsorption energy seems relatively independent of the cluster size and seems to be
determined to a large extent by the atoms direetly interacting with the adsorbate.
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Table IL. The adsorption cnergy and Al N bond length of the double and triple structures,
Distances are in A, adsorption energies in kJ/mal.

Method Ral.N AFEnd
double triple double triple
SCF/MP2/CPC 3.41 2.94 114 114
SCF/CPC 3.42 2.97 -98 -100
SCF/MF2 3.39 2.92 -141 -139
SCF 3.42 2.95 -110 -112

Figure 3.3. The result of the optimization of a) the double structure, and b} the triple structure,

The adsorption energies on the fixed geometry and the optimized geometry
Al(OH)3H™ clusters differ considerably, The calenlated heats of adsorption for the fixed
geometry and optimized geometry AI(OH)3Hz {the optimized geometry cluster is described
more correctly by Al{OH);H(OH;)) clusters differ about 100 kI /maol, the latter being more
favorable. From Eq, (2.4) we see that this difference may be caused by a difference in AEET
or AE*M. There is only a small difference in AEET: 444 kJ/mol for the fixed geometry
cluster and 452 kJ/mol for the optimized geometry cluster. Thus, the difference in ad-
sorption energy is caused by a difference in AF™™. The interaction energies for the fixed
geometry cluster are —460 and -453 kJ/mol at the SCF and SCF/CPPC level respectively,
For the optimized geometry ¢luster they are 561 and -548 kJ/mol. This difference is
caused by the difference in coordination of NHF with the cluster and the different align-
ment of the OH-groups. The fixed geometry cluster cannot coordinate to NH] optimally,
because of its ircegular shape; this decrenses the interaction energy. Second, the fixed
geometry cluster has a relatively flat shape. Because of this, a high NHJ -zeolite anion
coordination would imply NHY being close to the relatively large shuninum atom, leading
to repulsion. Also in the fixed geometry the OH-groups cannot be positioned optimally.
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Figure 3.4. The difference in coordination between the fixed geometry and the optimized geometry
structure, The fixed geometry structure on the left is relatively flat, itz dipole moment is small
and the aluminum atom is exposed to the NI . In the optimized geometry, on the right, the
Q-Al-O-angle is decreased, hereby increasing the dipole moment and shielding the aluminum
atom. The interaction energy bhetween the cluster and the N H;" is also increased by directing the
dipole of the OH-bonds towards the catien,

The position of the OH—groups of the AI{OH);H~ cluster is important because of the
relation between the geometry and the dipole moment of the AI(OH);H* cluster. In the
optimized geometry the O-Al-O angles are smaller. Since the negative charge is more or
less located on the oxygem atoms a decrease in the angle increases the dipole moment.
Also, in the optimized structure the OH-groups are pointing their dipoles in the direction
of the NH] cation, fig. 3.4. Both features increase the dipole moment. In the fixed
geometry cluster the dipale moment is 0.6 Debye. In the complex equilibrium geometry of
the optimized geometry cluster the dipole is 3.5 Debye. For the calculation of the dipole
moments, the origins were taken in the conter of positive charge.

The AI{OH);H™ cluster can only obtain its high coordination with NH} and its large
dipole moment by deformation. In the isolated state the 0-Al-O-angle is 102°, in the
optimized complex 111°, the Al-O bond length increases by 0.06 A, The deformation
energy, the difference in energy between the fully optimized AI{OH)3sH™ cluster and the
same cluster in the conformation of the equilibrium geometry of the triple structure, is
33 k]/mol. In the complex, the extra binding energy compensates for the deformation
energy. In the geometry optimization we gave the cluster complete freedom to deform.
In a zeolite lattice the aluminum tetrahedron s constrained and the adsorption energy
becomes dependent on the geometry of the ALO] tetrahedron in the lattice, For example,
if the AlOQ —tetrahedrons in the lattice would have the shape they have in the optimized
triple structure the adsorption energy increases by -33 kJ/mol because the interaction
energy 1% the same but the deformation energy is zero. If, on the other hand, the lattice
would have the shape of the isolated AI(OH);H™ ion the adsorption energy will be less
than the —112 found for this cluster. A rigid lattice with the shape of the eluster as shown
in fig. 3.1 will give an adsorpticn energy of approximately -20 kI /mal.

The completely geometry optimized clusters are able to repreduce the experimental
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heat of adsorption, the fixed geometry cluster does not, This, together with the change
in bond lengths as shown by XRD [1], indicates that a gromctry optimized cluster seems
a better model than a fixed geometry cluster. However, we should keep in mind that the
freedom for deformation in the small cluster may give an overestimation for the deformation
of the lattice. This means that, most probably, the geometry optimized clusters will give
a higher coordination to NH} than a AlO] -tetrahedron in a zeolite lattice [12].

The coadsorbed structure

Iz this section we studied the stabilization of NHY by a condsorbed NHy molecule
and we made an analysis of the various interactions in this system, The geomctry of
the geolite duster with two NH; molecules condsorbed on the acid site was optimized at
the SCF-level. The interaction energy caleulations, at the SCF/MP2/CPC -level, were
performed in the SCF-geometry only. One optimization started with a geometry in which
the proton was transferred to the NHy molecule bonding to the zeolite cluster and another
optimmization started with a geometry in which the proton is attached to the zeolite. Both
structures appeared to be minima, The results of the two geometry optimizations are
given in fig. 3.5. In the proton transferred state, the N-0 distance s very close to that in
the NH; ---0O8iAlHg complex [2,3]. The N- - -N distance however, is slightly longer than in
the NHy -NH; complex which is 2.85 A [13], presumably because of repulsion between the
anionic zeolite cluster and the dipole of the NHy meolecule. Also in the covalent state, e
the state in which the proion is not transferred, the N-O and N-N distances do not deviate
strongly from those in the NIy-dimer [14], an:d the NHy - - HOSiAlHs complex [2,3]. The
adsorption energy of the proton transferred structure 13 60 k] /mol per two adsorbed NH,
molecules; i.e. 30 kJ/mol per NHz—molecule. The structure in which the proton is attached
to the zenlite, while hydrogen bonding to two NHy molecules is 15 kJ/mol more stable at
the SCF. level. Since the anion is stabilized at the electron correlated level this difference
will be smaller at the MP2-level.

In the coadsorbed structure, there appears to be a subtle balance between proton
transfer energles and differences in binding energies. Energetically, this coadsorbed state
is unfavorable compared to the double and triple structures, and also to the state where
the proton is not transferred and a single NHy molecule is hydrogen bonded on o single
site. However, it is intercsting to see that NHF can be stabilized by » second adsorbed
NHi molecule. This can be understood relatively easily, We saw that, for the singly
bonding NH} the proton transfer was unfavorable by 52 kJ/mol [2,3]. The calculated
binding energy between NHy and NHJ is -99 kJ/mol [15], whereas for the NHz-dimer
they were found to be 19, ~14 and -18 kJ/mol [13,14,16]. From these differences in
binding enersy one could expect the proton transferred form of the structure to become
favorabie over the hydrogen bonded one when another NH; is coadsorbed, The required
proton transfer energy is provided by the enhanced interaction cnergy. The fact that NHF
15 stabilized by a single extra NHy 15 an indication of the strong acidity of the zeolite acidic
site. Experimentally, gas-phase a- Naphtol* (pK, ~ 0.5) requires three additional NHy
molecules to accomuplish proton transfer to NH, [17). This suggests that the acidic site of
a zeolite 1z more acidic than strong mineral acids such as HI for which a pK, of 0.77 has
been reported [18],
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Figure 3.5. The coadsorbed structure, a) after proton transfer, b) before proton transfer. Indi-
cated are the equilibrium distances botween the nitrogen atoms of the adsorbates, the equilibrium
distances between the nitrogen atom of the adsorbate and the oxygen atems of the zeolite and
some internal parameters of the geolite cluster ie. the 5i-Q, Al-O and the O-H distance as well
as the Si-0-Al angle.

In Table III the overall adsorption energies and the interaction energies between all
the individual pairs are tabulated, The latter are calculated in the absence of the third
molecule. The binding energy for the complex involving NHy, NHf and OSiAIHf is
not equal to the sum of the binding energles of the separate pairs. The difference be-
tween this sum and the total binding energy, the three-body term is repulsive; 20 kJ/mol
at the SCF/CPC-level. Electron correlation adds 2 kJ/mol to this threc-body term.
These numbers have an opposite sign and are somewhat larger than the values found for
other hydrogen bonding systems. For example, at the SCF level it is -17 kJ/mol for
the NHy .- -HF. - HF-system [19]. For the water trimer, this term is in between -3 to -
& kd/mel, depending on the geometry. The contribution of the second order Mgller—Plesset
perturbation encrgy to the three-body term was almost negligible: 0.3 and 0.1 kJ /mol [20].
Since most of the SCF three—body energy is caused by polarization energy it can be ex-
pected that, in the coadsorbed structure with two ions the three-body term is repulsive and
gomewhat larger than in the other systems mentioned. Here, the three-body term becomes
repulsive because the polarization of the NHy under influence of the NH;" cation and the
OSiAlH anion simultaneously, is less than under the influence of these ions separately.

41



A gquantum-chemical description of proton transfer in zeolites

Table II1. An analysis of the binding energies in the coadsorbed structure (fig. 3.5a). The
adsorption energies, the total of the interaction energies and the interaction energies between
the pairs of molecules are tabulated. The interaction energies and the CPC are calculated
with Egs. (2.2) and (2.3). AE*% is the AE*Y from Egs. (2.4) for the complete system
of the three interacting particles. AE™! Bgs. (2.2) and (2.4), is the interaction energy for
the three particles, AB, AC, and BC denote the pair interactions (explanation given below),
A=OSiAlH; =Z~, B= NH], C= NiI;, AE*#=EABC_E(z~ ... NH] --- NH;) - E(Z) -
2E(NH;), ABCsAE™<E(Z™ .- NIff -+ NHs) - E(2™) E(NH})-E(NH;), AB= E(3~ -+
NH]) -E(Z~) - EB(NH}), AC= E(Z~ ..+ NH3) -E(2™) - E(NH;), BC= E({NII} -+ NH;)
-E(NH) - B(NHy), AEMC= ABC - AB - AC -BC. AEABC is the ihree-body term.

total pair-energies difference

Method AE* | ARC AB | AC BC AEARC
SCF ~60 -548 -445 14 ar 30
SCF/CFC -~ 728 -481 16 -93 249
SCF/MP2 93 017 -513 11 - 107 33
SCT/MP2/CRO 60 -543 —489 15 101 31

The calculated and experimental infrared spectra

For all geometry optimized cluster-adsorbate complexes normal mode analyses woere car-
ried out. Frorn these analyses, the N-H and Q-H stretching frequencies are tabulated in
Table IV. The selection of these modey was simple as they were i1solated from the other
modes. We compared the N-H stretching region of the calculated infrared spectra with
the experimental spectra of the NHJ -forms of several zeolites: Mordenite (MOR) 121},
Faujasite (FAU) [21], Beta (BET) [22], and Erionite (ERI) [23]. In interpreting the ex-
perimental spectra we must be aware that the model used here is very simple and lacks
information concerning the influence of the structure of the zeolite on the spectra,

The spectrum of the hydrogen bonded strueture, 12 the structure in which the
proton is still attached to the zeolite s dominated by one single peak; the OH-stretching
frequency shifted into the N-H stretching region. The speetrum of the coadsorbed structure
is also dominated by a single peak at 3142 (coming from the proton hydrogen bonding to
the coadsorbed NHy). These peaks, however, are not likely to appeasr in a experimental
spectrun sinee the double and triple structures are more favorable energetically. At higher
loadings peaks stemming from coadsorbed structures may appear [24],

Most likely, the experimental spectrum is dominated by the double and triple strue-
tures. From their almest equal adsorption energies it can be expected that the experimentat
spectra is a s of the spectra of these two structures. 5till, it is useful to cornpare the
calenlated and experimental frequencies. The spectrum of the double structure is domi-
nated by two large peaks ut 2623 and 2740 cm~'. They might correspond to the two bands
present in the experimental spectrum at 2780 and 2030 ¢m ™' (MOR), 2800 and 3040 em ™'
(FAT), 2970 (BET) and 2840 and 3068 cin ™! for the erionite, However, the valnes are too
low by about 250 cm ™!,
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Table IV. The N-H stretching frequencies of four zeolites and of the optimized cluster—adsorbate
complexes, The frequencies are given in em™). They are tabulated for four zeolites: Morden-
ite (MOR) [21], Feujasite (FAU) [21], zeolite Beta (BET), [22] and Ericnite (ERI) (23], The
other spectra are calculated. ZH and 3H are the notation of the doubly and triply bonded NH;"
{(fig. 3.3a and 3.3b respeetively). H is the structure in which the proton is attached to the zeclite,
the frequency given here thus comes from the ()H—stretching. CQAD Is the structure as given in
fig. 3.58. The N-H stretching of the proton pointed towards the zeolite is shified to 2123, but is
not included in the Table because it is strongly mixed with a 5i-H stretehing, Modes belonging to
frequencies typed slanted have a negligible intensity but are included for completeness, The cal-
culated frequencies were scaled by (.92, this value gave the best agreement between the calculated
and experimentally measure N-H stretehing frequencies of the NHy molecule {10].

MOR FAU BET ERI 2H 3H H COAD
2780 2800 2970 2840 2623 3103 3142 3153
2930 3040 3068 2740 3141 3360 3363
3180 3270 3200 3260 3418 3478 3478 3401
3400 3360 3460 3384 3485 3453 3473

3476
3483

The spectrum of the triple structure has two large peaks relatively close together
(3103 and 3141 ¢m=~1). In an experimental spectrum they may appear as one peak. If also
has a less intense peak at 3478 cm™'. The composite peak around 3120 may correspond
to the band in the experimental spectrum at 3180 (MOR), 3270 (FAU), 3200 (BET) and
3260 (ERI). Again the band is calculated too low by 100 cm™!. The less intense peak at
3478 may correzpond to the less intense peak or shoulder appearing in the experimental
spectra at 3400, 3360, 3460, and 3384 cm™? for the four zeolites respectively. The first
peaks corresponds to the stretching frequency of hydrogen bonding protons, the numerical
value may be wrong hecause the harmonic approach is not sufficient. The numerical value
of the 3478 em~! peak seems to be right. This frequency corresponds to the stretch of
the proton pointing away from the zeolitic cluster. Since it is not hydrogen bonding the
harmonie approach might be sufficient. As seen from this interpretation, there is not a
simple correspondence between the caleulated harmonie frequencies and intensities and
the experimental spectra. However, this interpretation supports the suggestion that the
double and triple structures both appear at the same time.

Conclusions

We studied the stabilization of NHF by multiple bonding to the zeolite lattice or to
a coadsorbed NH; molecule. The zeolite was modeled with small clusters. The ge-
ometries of the clusters and cluster-adsorbate complexes were optimized at the SCF
level and the adsorption energies were calculated at the SCF/MP2/CPC level using the
6-311+G(d,p)/5T0O-3G basis set.

NH} can become stable, and the AELT can be overcome, if NH] is stabilized by
a large interaction energy. It is possible to stabilize NHY by solvatation with a second
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NHy molecule. Much more favorahble however, is the situation in which NH;" has a high
coordination to the zeolite lattice, i.e. it is bonded to the zeolite lattice with two or three
hydrogen bonds. The heats of adsorption caleulated for the hydrogen bonded structure,
the structures in which NH is doubly and triply bonding to the zeolite lattice, and for the
structure in which two NHy molecules are coadsorbed on one acidic site are -60, =110, --112
and -30 kJ/mo! respectively. The heats of adsorption of the structures in which NH] is
bonding with two or three hydrogen bonds to the lattice are close to the experimental heat
of adsorption. Although the cluster caleulations presented here have large deficiencies, the
caleulations sugpest that in a zeolite proton transfer hecomes favorable as a result of a
high coordination between NH} and the zeolite lattice.

To stabilize NHF & high coordination between the zeolite cluster and NH] is necessary.
For this high coordination it s neccssary to optimize the geometry of the cluster. If the
geometry of these structures is taken from a crystal structure and not optimized, a part
of this high coordination is lost and the heat of adsorption is only -10 kJ/mel. For the
clusters used here, the heat of adsorption scems relatively independent of the choice of
the cluster., The heat of adsorption for a singly and doubly bonding NHY is similar on
the AI{OH)3H~ cluster and on the OSiAIH and the AI{OH)2HS cluster respectively.
Enlargement of the the AI{OH)sH cluster by replacing a OH-group by a O5iH; group also
has relatively little effect on the adsorption energy.

The vibrational frequencies of the clusters were caleulated at the SCF-level in the
harmonic approach. They have been compared with experimental spectra of NHY forms
of gealites, The features of the cxperimental spectrum can be explained from the calculated
spectra. This seems to confirm that NH] is present in the zeolite as a doubly or triply
bonding structure.
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Introduction

Quantum chemists have studied the adsorption of small molecules onto the acidic site in
the cluster approach; a group of atoms, including the acidic site, is taken from the zeolite,
the dangling bonds are saturated, usually with hydrogen atoms, snd the adsorption process
can be studied as a molecule-molecule interaction, with all its computational advantages.
The cluster approach however, has three disadvantages, The first are the boundary effects
due to the saturation of dangling bonds; atoms having saturated dangling bonds are in a
different environment, than in the erystal, which can lead to a different chermical behavior,
The second disadvantage is that the cluster is, usually, relatively small. Tf, for example, the
cluster describes the zeolite acidic site, the interaction of the adsorbate with the opposite
wall of the zeolite channel is missing, The third disadvantage is that a finite cluster cannot
describe the long-range electrostatic effects of the erystal, the Madelung potential. Seme
studies are reported In which the adsorption energy is caleulated with clusters of different
sive. The adsorption energy depends quite strongly on the size of the cluster [1,2]. Other
authors have embedded their cluster in an array of point charges to account in some way
for the Madelung potential [3,4]. The main disadvantage of these studics however is that
no comparison could be made with the reference, namely the crystal.

In this study, we would Like to judge the value of the cluster approach by considering
the adsorption of NHy and NH;" on four clusters of different size cut from a chabazite
crystal, and comparing the results with those obtained using a periodic model of the
adsorption process, We used the CRYSTAL program {5-9)] for caleulating the electronic
strueture and the energy of the erystal, In this way we are able to estimate the boundary
effects in the cluster calculations as well ay the effect of the opposite side of the channel
wall and of long-range electrostatic interactions on the adsorption energy. The choice of
the adsorbates, NHy and NH;’7 enables us to study the effect of the cluster approach for a
neutral and a charged adsorbate, as well as on the proton transfer from the zeolite to NH;
[10,11]. Since the geometry is found to have a large influence on the caleuiated adsorption
energy we have carriad ont all calenlations with two different scolite geometries,
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Computational details

Zeolites are built from TQ, tetrahedrons in which the T-atom can be silicon or aluminum.
The tetrahedrons are linked together at the vertices such that a three—dimensional porous
structure, with channels, is formed. In chabazite the ¢channels are built from parallel eight—
rings. Such an eight—ring has eight tetrahedrons inked together. The eight-ring channels
are in three directions almost perpendicular to each other. Their diameter is about 4 A.
The structure of chabazite, with NHz adsorbed in it, is shown in fig. 4.1.

Figure 4.1, On the left, the structure of chabazite and NH;" adsorbed into it, the view is perpendic-
ular to the eight-ring channels. On the right, NH] adsorbed periodically in the eight—rting channel
of the chabazite, Although NHAT is adsorbed on one specific site there is also an interaction of
NH} with the atoms of the oppoesite site of the channel.

Although for the purely silicious form of the chabazite it is possible to optimize the ge-
ometry quantum chemically [12], this iz not feasible for an aluminum containing chabazite
becanse, due to its lower symmetry, it has too many parameters to be optimized. We
have used therefore two geometries, one derived from an experimental structure and onc
optimized with the shell model [13,14]. By comparing the two structures we can study the
imfluenee of the geometry on adsorption and proten transfer energies,

The first geometry we used is derived from an experimental structure of natural
chabazite, as determined by X-ray diffraction by Wyckoff [15]. Its space group corresponds
to R3m symmetry and contains twelve T atoms per unit cell. In the asymmetric unit there
is only one T-atom. From this atom the twelve T-atoms in the unit cell are generated by
applying the symmetry operations. If we want to make a structure with different types of
T-atoms we cannot use this symmetry, sinee all the T-atoms are symmetry related. 'We
decided to remaove some of the symmetry operations by reducing the symmetry to R3; the
twelve T-atoms in the unit cell are generated from four T-atoms in the asymmetric umit,
We assign one of these T-atoms to be aluminum. Thus, we generate a chabazite with a
Si/Al ratio of three. The natural form of chabazite has a Si/Al ratio close to two. To
obtain # structure with such a 51/ Al ratio the symmetry should be lower than R3, leading
to an increase in computer time that would malte the calculations not feasible anymore.
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To create the acidic HOS1Al group we put a proton on one of the oxygen atoms bonded to
the aluminum atom. Although the proton can be bonded to four different oxygen atoms,
we chose only one sinee we did not aim to compare different acidic sites. The hydroxyl
group was positioned in such a manner that the structure of the acidic group resembled,
as best ag possible, the HOSIAL structure found by optimization of a HOSi1AlHe cluster
[10]. All other geometrical parameters were kept fixed at the experimental geomctry, We
will refer to this crystal structure as the Wyckoff structure. The disadvantage of X-ray
diffraction is that it can not distinguish between silicon and aluminum atoms. Because of
this, some 5i-0 bond lengths are too long and some Al-O bond lengths are too short in
the Wyckoff crystal. The local structure around the acidic site of the Wyckoff crystal is
shown in fig. 4.2

For the second geometry we used the Wyckoff crystal as a start for the optimization of
the geometry of the crystal with the shell model. The shell model describes the interaction
between the atoms with pair potentials, containing a Coulombic and a covalent part. The
oxygen is polarizable: it is described as a charged core and, bonded to it with a harmonic
potantial, a negatively charged shell. We used the parameter set as derived by Schrider
et al. [16]. We tried to find the most stable structure by optimizing four geometries, each
with the proton on a different oxygen atom. Their stabilities are given in Table I. We can
sce that three of them are close to ecach other in stability. We decided to use the shell
model optimized geometry that has its proton on the same oxygen as the Wyckof! crystal
structure, which is also the most stable structure according to the shell model optimization,
We will call this structure the shell modei crystal.

For NH; and NH] we have used the experimental geometries [17,18]. We adsorbed
NH; onto the acidic hydroxyl group in its cquilibriumn position 1.e., the C; axis of the NHj
coincides with the OH-axis. Although NHY is more stable if it has a higher coordination
than a single hydrogen bond we put NHY in the same position as NH;. We chose this coor-
dination because the Small Cluster {defined below) is not able to describe the coordination
of NH} to more than one oxygen atom.

With the prescnt choice, there are three NH; molecules or NH,‘I" ions per chabazsite
unit cell. The distance between the adsorbates is about 6.5 A. It is an important question
to what extent the adsorption energies in the crystal are influenced by the adsorbate-
adsorbate mteraction. Therefore, we built lattices from NHy molecules in the same ge-
ometry they have in the chabazite. To study the NH} ... NH] interaction we put the
cations in the posttion they have in the crystal. In order to make a neutral lattice we
put the monovalent F~ as a counterion on the position of the anionic oxygen atom. In
this way we built a lattice of NHJ --- F~ units. The formation energy, for one unit cell
containing three adsorbates, of the NHy lattice is -3 kJ/mol for the Wyckoff crystal and
-2 kJ/mol for the shell model erystal. For the NHT - F~ lattice the formation energies
are —15 and 2 kJ/mol respectively. As another test to study the influence of the adsorbate
concentration on the adsorption energy we caleulated the adsorption of NHY in the shell
model crystal with s concentration of one ion per unit cell. In this case the symmetry of
the unit cell was P1. The adsorption energy was 117 kJ/mel {compared to 122 kJ/mol
with of three NH} ions per unit ¢cll). Thus, the concentration of adsorbate has a relatively
sinall effect on the adsorption energy of about 5 kI /mol. The comparison between cluster

48



Chaptor 4 1 A comparivon between cluster and crystal caleulations

Table I. Helative energies per unit cell (in kl/mol) of the different chabazite structures. The
energies are relative to the structure found most favorable with the shell model, The other shell
maodel crystal structures refer to chabazites with the hydrogen atom attached to different oxygen
positions (see text), Wyckoff crystal js an experimental structure. The energy per unit cell for
the shell model crystal structure was calculated to be —51.35951 H with the shell model (this is
the energy relative to the separate lons) and -5063.61286 H with the RAF calculations {(the total
energy of the crystal relative to separate electrons and nuclei) vsing a STO-3G basis set.

Method of calculation
Structure Shell-Model Quantum—chemical
shell model crystal 0 0
shell model crystal pos. 2 40.6 28
shell model crystal pos. 3 29.6 2.1
shell model crystal pos. 4 41.0 59,2
Wryckoff crystal 3000 767.8

Figure 4.2, The geometry of the first and second shell of T-atoms sround the acidie site for
the experimental Wyekoff structure, on the left, and the shell model structure on the right, Al
distances are given in Angstrom, the §i-0-Al angle js given in degrees.

and erystal caleulations is not perturbed by adsorbate—adsorbate interactions.

We cut four clusters from the crystal: the Small Cluster, the Medium Cluster, the
Large Cluster and the Giant Cluster. Each cluster is an extension of the previous one
{scc figs, 4.3-4.5). The coordinates of the atoms m the four clusters are taken either
from the Wyckoff or from the shell model crystal. If we compare the clusters with each
other and with the crystal we can distinguish three effects. The first effect iz that the
covalent description of the atoms of the cluster directly interacting with the adsorbate can
be perturbed by boundary effects, because of the saturation with hydrogen atoms. Making
the cluster larger should decrease this effect. The second effect is that the number of atoms
directly interacting with the adsorbate can be different. In zeolites this effect relates to
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a possible interaction of an adsorbate, not only with the acidic site, but also with other
atoms forming the channels. The third effect is the Madelung potential, the long-range
electrostatic effect. It 13 mecluded in the crystal but 1s not present in any cluster,

The Small Cluster is the smallest possible cluster containing the acidic HOSiAl group.
Only hydrogen atoms are added to saturate the dangling bonds, giving HOS1A1H,. In the
Mediumn Cluster the oxygen atoms bonded to the acidic group as well as the second shell of
T atoms around the acidic group are included. Two pairs of silicon atoms are connected
with an oxygen atom to form twe four. rings. In the Medinm Cluster we have added atoms
to improve the covalent description of the acidic site, the boundary effects due to hydrogen
saturation will have less influence the acidic site. The Large Cluster has the T-atoms of the
eipht—ring and the oxygen atoms of the ring that can directly interact with the adsorbate.
The extra atoms in the Large Cluster, with respect to the Medium Cluster, are able to
describe the interaction between the oxygen atoms of the channel wall and the adsorbate.
If NH; is adsorbed in its equilibrium position the distances between the hydrogen atoms of
the NHy and the oxygen atomes of the cight ring are in between 2.3 and 3.6 A In the Giant
Cluster all the oxygen atoms bonded to the T atomns in the eight-ring are included. The
differenice between the Glant and the Large Cluster is the covalent description of the T-
atoms in the eight-ring. The Giant Cluster is able to describe all the covalent interactions
between the zeolite and the adsorbate. The difference between the adsorption energy on
the Giant Cluster and the crystal will be due to the effect of the Madelung potential. For
all the clusters the saturating hydrogen aloms are put in tetrahedral positions with Si-H
and Al-H bond lengths of 1.49 A and with O-H bond lengths of 0.95 A. The direction of
the OH-bonds is along the corresponding O-T bonds.

All the calculations have been carried out at the Restricted Hartroe Fock (RHF) level
in & minimal STO-3G basis set [19]. Only at this level it is feasible to carry out caleulations
on the erystal. The deficiencies of this basis set will have their effect on the comparison
between cluster and periodic caleulations The strength of the hydrogen bond with NHp
will be overestanated and the stalbality of the onie complex will be underestimated.

Results and Discussion

The adsorption cnergics, as well as the O N equilibrium distances, of the adsorbates NHy
ard NHY on the four clusters and on the crystal are given in Table IT and Table I1I, for
both the shell model geometry and the Wyckoff geometry, The different maodels that have
been used for the zeolite, differing in the quality of the covalent description, the number of
the atoms interacting with the adsorbate, and the presence or absence of the long-range
electrostatic effects, have produced a large spread in adsorplion energles. For none of the
geometries or adsorbates there seems to be a convergence with increasing cluster sizge for
the adsorption energy.

We first compared the clusters that have more or less the same number of atoms
directly interacting with the adsorbate but that differ in the covalent deseription. In the
small Cluster as well as in the Medium Cluster the main interaction is the interaction
between the adsorbate and the zeolite OH-group. The small Cluster 1s adsorbing the
adsorbates stronger than the Medium Cluster. The difference in adsorption energy can
be explained only as a difference of the nature of the atoms of the acidic site in the two
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Figure 4.3. The Medium Cluster. The structure is shown as seen Irom three mutually perpendic-
wlar directions.

Figure 4.4. The Large Cluster, The structure is shown as seen from three mutually perpendicular
directions,

Figure 4.5. The Giant Cluster. The strueture is shown as seen from three mutually perpendicular

directions.
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Table II. Adsorption energy, E%* and O-N equilibrium bond length, An_¢o, of NH; on the
Small Cluster, Medium Cluster, Large Cluster, Giant Cluster and the crystal for the Wyckoff and
shell model geometry, The geometrics are denoted as WY and SH respectively. The equilibrium
bond lengths are given in A, the adsorption energies in kJ/mol. The adsorption cnergy is given
with respect to Lhe separated zeolite cluster and the NI,

Structure Eads Ru-o
WY =H WY 5H
Crystal -101 -72 251 2.72
Giant Cluster 95 =77 2.50 2.66
Large Cluster ~100 -82 2.50 2.63
Medium Cluster ~ 85 53 2567 2,65
Small Cluster -84 -3 254 2.59

Table III. Adsorption enargy, E°%*, and O-N equilibrium bond length, Rn_o, of NH] as
well as the deprotonation energies of the clusters (EPF ) on the Small Clusier, Medium Cluster,
Large Cluster, Giant Cluster and the crystal for the Wyckofl and skell model geometry, The
geomelries are denoted as WY and SH respectively. The equilibrium bond lengths are given in A,
the advorption energies in kJ/maol. The adsorption energy is given with respect Lo Lthe separated
zeolite cluster and the Niy. A positive energy means that the energy of the compiex is higher in
energy than the separated zeolite cluster and NIy molecule. The deprotonation energy is defined
as the difference in total energy between the ZH cluster and the 27 cluster.

Structure Enis BEy_g Deprotonation Energy
WY SH WY SH WY 5H
Crystal ~13 122 2.28 2.26
Ghiant Cluster 38 99 2.27 2.24 1703 1027
Large Cluster 27 36 227 2.26 1807 1945
Medium Cluster 52 133 2.26 2,23 1747 2114
Small Cluster 39 35 2.20 2.24 1739 1822

clusters. As an indication of the nature of the atoms i a cluster or crystal the Mulliken
charges [20] on the atoms of the acidic site in the four clusters, and the crystal, as given
in Table IV, are very illustrative. We sce that the charges on the hydrogen and oxygen
atoms in all the clusters and the erystal are relatively similar. The charges on the silicon
and aluminum atoms show the effect of the saturation with hydrogen atoms. For the
three largest clusters and the crystal the charges are very similar but in the Small Cluster
the charges deviate by half a unit. Thus, these atoms will behave differently from the
corresponding atoms in the crystal, and may, via covalent bond, alter the nature of the
adsorption site, The adsorption on the Small Cluster should not be compared with the
periodic calculation since the HOSIAl group is too different. The adsorption energies on
the Small Clnster and the crystal may seem sinular, but from the previous discussion we
see that this is based on an accidental cancellation of errors.

Both the Large Cluster and the Giant Cluster describe the interaction of the adsorbate
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Table IV. Net charges resulting from a Mulliken population analysis on the atoms of the acidic
SiQHAl-group for the erystal and the different clusters. The charges for a cluster are given in the
rows, the type of atom and the geometry are given in columns. The shell model and the Wyckoff
geometry are abbreviated as 5H and WY,

Atem H o St Al
Structure WY 5H wY 5H wy 5H WY SH
cryatal 0.289 0.213 -0.580 -0.534 1.388 1.443 1.213 1.212
Giant Cluster 0.274 0.211 -0.588 -0.528 1,438 1.456¢ 1.251 1.228
Large Cluster 0.276 0,24 0,591 RN 1.352 1.446 1.245 1.240
Mediom Cluster 0.266 9.228 -(1.836 «0.531 1.407 1.455 1.214 1,229
Small Cluater 0.283 0.238 -1 562 0477 0.930 0.B40 0.800 0.738

with the acidic OH-group and with the eight-ring. The difference between the Large
Cluster and the Giant Cluster is an improvement of the covalent description of the T-
atoms in the eight—ring, Again, this is illustrated by the Mulliken charges, now of the
T-atoms in the eight-ring, These charges are given in Table V for the Large Cluster,
the Giant Cluster and the crystal. We see that the charpes in the crystal and in the
Giant Cluster are similar. The charges of the T-atoms in the Large Cluster deviate from
thern between (0.1 and 0.3 unit. The deviations are not so large as for the T-atoms in
the Small Cluster, because in the Small Cluster the T--atoms have three bonds saturated
with hydrogen atoms, whereas in the Large Cluster the T-atoms in the eight-ring has
only two bonds saturated with hydrogen atorms. Still, the covalent interaction between the
adsorbate and the eight-ring will not be deseribed correctly in the Large Cluster.

From the previcus paragraphs we have seen that the covalent descriptions of the Small
Cluster and the Large Cluster are not correct. This leaves ue with three correct structures;
the Medium Cluster, the Giant Cluster and the crystal. From the difference in adsorption
ciiergy between the Medium Cluster and the Giant Cluster we can estimate the effect
of the eight-ring, from the difference between the Giant Cluster and the crystal we can
estimate the effect of the Madelung potential. The eight ring stabilizes NHy with —10
kJ/mol and 22 kJ/mol for the Wyckoff and shell model geometry, respectively., For NHF
these numbers are —14 and -34 kJ /mol respectively. In all cases the eight—ring stabilizes the
adsorbate. The effect of the Madelung potential is less predictable and strongly depends
on the geometry of the erystal. For NHj the effect of the Madelung potential is relatively
small, -6 kJ/mol and + 5 kJ/mol for the two respective geometries. For NHJ, with its
ienic character, the effect of the Madelung potential is larger: —53 and +23 kJ/mol for the
Wyckoff and shell model geometry respectively.

Although the Giant Cluster gives a correct description of the covalent part of the
adsorption process, it still shows some boundary effects of electrostatic nature. In the shell
model Giant Claster the OH-bonds are directed along the corresponding O-T bonds. We
also carried out some caleulations on a modification of the shell model Giant Cluster. In
this modified cluster the direction of the OH-bonds is different. The T-0-H angle is equal
to the T-O-T angle but the torsion angles are chosen such, that the OH-dipoles repel the
adsorbate. On this medified clusier the adsorption cuergics are —61 kJ/mol for NH; and
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Table V. Mulliken charges an the T-atoms in the eight-ring for the Large Cluster, the (iant
Cluster and the crystal, The charges for the astoms are given in Lhe rows, the cluster and the
geometry are given in columns, The shell model and the Wyckoff geometry are abbreviated as SH
and WY. For the crystal the charges of all the four T-atoms in the asymmetrical unit are given.
For the Large Cluster and the Giant Cluster the charges on the T-atoms that do not belong to
the acidic HOSIAI group are given.

Atom crystal Glant Cluster Large Cluster
Structure WY “H WY S11 WY SH

Al 1.213 1.212 1.261 1.260 1.141 0.771

Si 1.398 1.444 1.417 1.477 1.063 0.920

S 1.341 1.443 1.365 1.483 1.0135 1.040

§i 1.268 1.388 1.349 1.514 1.042 0.954

Si 1.346 1.522 1.057 1.058

i 1327 1.526 1.062 1.096

146 kJ/mol for NH]. If we compare these numbers with the original Giant Cluster (=77
and 99 kJ/mol) we see that for a neutral adsorbate like NHy the adsorption energy can
change by 16 kJ/mol and for NH] by 47 kI/mol due to the direction of the OH-dipoles.
For a second modification of the shell modcl Giant Cluster the adsorption energy of NHT
on this cluater is 108 kl/mol.

The effect of the Madelung potential on the proton transfer energy, 1o the difference
in adsorption energy of NHy and NHJ, is -48 and +22 k] /mol for the Wyckoff and the shell
model geotnetry, respectively, The method of Allavena et al [3], to embed a zeolite cluster
m & potential of point charges, gives ~197 kJ/mol for the effect of the Madelung potential
on the proton transfer energy, it does not give the effcct of the Madelung potential on the
individual adsorption energies of NHy and NH. The method of Allavena et al. seems to
overestimate the effect of the Madelung potential.

For all structures the adsorbate is more stable on the Wyckoff structure than on the
shell model structure. The shell model erystal was optimized for the OH: form of the zeolite
without adsorbate. This structure was made more stable, and thus less reactive, towards
adsorbates, This effect of the optimization of the geometry on the adsorption energy was
also found in previeus cluster ealeulations [10]. Optimizing the geometry of the (VH-form
of the zeolite has a larger effect on the adsorption of NH; thau on the adsorption of NHY
because a grometry that has been adjusted to an adsorbed NHy molecule is closer to the
geometry of the OH-form than s geotnctry that has been adjusted to an adsorbed NH}
ion [10,11].

The average heat of adsorption of NH; on a large number of seolites 1s -150 kJ /mol
when determined with micre calorimetry and -129 kJ/mol when determined with temper.
ature programmed desorption [21], The adsorption energies as caleulated in this chapter
cannot be compared directly to the experimental heats of adsorption hecause of the er-
rars of the used method, namely, Restricted Hartree Fock (RHF) in o minimal ST(O-3G
basis sct. The adsorption energies of NHy and NH] on » HOSiAlHg cluster have been
ralculated with a number of different basis sets [10,22]. From this work we can conclude
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that a STO-30 basis set overestimates the stability of NHy with 30 to 50 kJ/mol and
underestimates the stability of NH] between 60 and 100 kJ/mol. An improvement of the
method with electron correlation in the form of second order Mpller-Plesset perturhation
theory [23], and the counterpoise correction to correct for the basis set superposition er-
ror [24,25], has little effect on the adsorption energy of NHj (it weakens the bond with 2
kJ/mol), NH is stabilized with 10 kJ/meol. Apart from the large influence of the quality
of the calculation for NH} the coordination of NH} to the lattice is very important. In
this work we have kept NH} bonding with one hydrogen bond towards the anionic oxygen.
From cluster caleulations [11] we have learned that the NHY is about 100 kJ/mol more
stable if it is coordinated with two or three hydrogen atoms towards the anionic AlO7
tetrahedron. Although the absolute value of the adsorption encrgies cannot be eompared
with experimental results, the error due to the used basis set and the lack of correlation
can be expected to be about the same in all cases. Thus, we can draw at least quantita-
tive conclusions from the calculations carried out at the RHF/ST0-3G level concerning
the relative importance of boundary effects, the interaction with the zeolite wall, and the
effect of the Madelung field.

Conclusions

We have compared the adsorption energies of NHy and NHJ in a zeclite erystal and on four
clusters different in size. From the comparison we ¢an draw some conclugions concerning
the boundary effects of the clusters and of the magnitude of the physical effects, like the
interaction with the channel wall of the zeolite and the Madelung potential, playing a role
in the adsorption of NHg and NHY in the zeolite.

The first conclusion we can draw concerns the boundary effects affecting the covalent
description of the cluster. We found that the T—atoms in the clusters, saturated with
hydrogen atoms are different from their counterparts in the crystal, as is shown by their
charge. Good agreement for the charge with respect to the crystal calculations are found
for the Medium Cluster and the Giant Cluster where the dangling bonds are relatively far
from the adsorption site.

The error, due to the boundary effects, can contribute up to 30 kJ/mol for NHy and
up to 60 kJ/mol for NH] . Another shortcoming of the cluster model is also linked to the
boundery effects but is of electrostatic origin. Different directions of the OH-bonds in the
Giant Cluster can give rise to a difference in adsorption energy of almost 50 kJ/mol, about
the sane magoitude as the covalent boundary effect.

From the clusters that give a correct covalent description of the adsorption process
we can estimate the effect of the opposite wall of the zeolite chanoel and the Madelung
potential on the adsorption energy. From the difference between the Medium and the
Giant Cluster we see that for NHy the effect of the channel wall is -10 and 22 kJ/mel
for the Wyckoff and the shell model geometries, respectively. The effect of the Madelung
potential, estimated from the difference between the Giant Cluster and the erystal, is —6
and +35 k] /mol for the two geometries. For NH the effect of the channel wall is —14 kJ /mol
and —34 kJ/mol. These values are sensitive to clectrostatie boundary effects. The effect
of the Madetung potential on the adsorption of NHF is -53 kJ/mol and +23 kJ/mol for
the Wyckoff and shell model geometry. The Madelung potential gives a relatively small
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contribution to the adsorption energy of NHjy, as it is a local process. For NH] the
effect of the eight-ring is only a little larger than for NI;, the effect of the Madelung
potential is much larger and strongly dependent on the geometry of the crystal. This
means that the adsorption of NHY is less local than the adsorption of NHs. In the Wyckoff
geometry the Madelung potential stabilizes the adsorbates whereas in the shell model
the Madeclung potential destabilizes the adsorbate. The dependency of the effect of the
Madelung potential on the geometry of the crystal may be caused by the different positions
of the atoms or by the different charges on the atoms (see Table IV and V), or a combination
of these two.

The effect of the geometry on the adsorption energies is very large; the effect is the
largest for the crystal. For NHy the difference in adsorption cnergy between the two
geometries is 29 kJ/mol, for NH} it is 135 kJ/mol. This means that the choice of the
geometry is crucial for caleulating adsorption energies. The Wyckoff structure is not an
equilibrium structure. To obtain a better structure we optimized the geometry of the
proton form of the chabazite using the shell model. By optimizing this structure we
stabilized 1t with respeet to the zeolite confaining NHy and NHJ'. Consequentiy, the
adsorbates were adsorbed less strong. The best solution for the choice of the geometry
would be to optimize the geometry of each state guantum chemically, This however, 1s not
feasible at the moment,

In this chapter we studied the effect of the geometry and the role of the long range
effects in the caleulation of adsorption energies in zeolites. In previous studies we have
studied the effect of the geometries, the basis set and electron correlation. We conclude that
i the caleulation of adsorption energies the effect of the geometry is the most important,
The effects of the basis set, the Madelung potential and electron correlation arce smaller,
although the magnitude of the offects 1w strongly dependent on the nature and coordination
of the adsorbate.
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The embedded cluster model

Introduction

The cluster approximation is widely used to describe a zeolite in quantum chemical cal-
culations. In this approximation, a group of atoms is cut from the zeclite crystal and the
dangling bonds are saturated, usually with hydrogen atoms. The advantage of the cluster
approximation is that adsorption processes can be dezcribed as a molecule-molecule inter-
action, with its computational advantages. The disadvantages of the eluster approximation
are the absence of the long-range electrostatic forces of the erystal and the boundary ef-
fects of the cluster. Due to the saturation of dangling bonds with hydrogen atoms, the
chemical environment of the atoms in the eluster is different from the chernical environ-
ment of the corresponding atoms in the crystal. Because of these boundary effects, the
atoms in the cluster behave differently towards an adsorbate than the corresponding atoms
in the crystal [1).

A perfect zeolite ¢rystal can also be used as s model. So far, one study has been
reported in which adsorption energies are calculated in a zeolite erystal [1}. For the caleu-
lation of the electronic structure and the energy of the periodically repeating structure the
CRYSTAL program was used [2-7]. Such calculations have the advantage that the crystal
model is more realistic than the cluster model because boundary effects are absent and
the long--range electrostatic forces of the crystal are included. However, the computational
cffort that comes with a crystal caleulation is much larger,

In order to combine the computational advantages of the cluster approximation with
the better model for the zeolite provided by the cryatal, we developed & method in which a
zeolite cluster is embedded i a zeolite crystal by imposing an clectrostatic potential onto
the cluster. This electrostatic potential adds the Jong-range electrostatic forees of a erystal
(the Madclung potential) and subtracts the clectrostatic part of the boundary effects of
the cluster. There is no correction for the covalent part of the boundary ervors. With this
embedding scheme we keep the computational advantage of the cluster approsimation but
we TeMOve, at least a part of, its disadvantages.
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There are two main differences in the present work with respect to other schemes
in which a cluster is embedded in a potential representing in some way the long-range
electrostatic potential [8-13]. The first difference is that the potential in this scheme is
obtained from a periodic caleulation performed with the same Hamiltonian, basis set and
numerical accuracy as the (embedded) cluster calculations. In other schemes the long-
range electrostatic potential is caleulated from a lattice of point charges. These point
charges are the full, half or three quarter formal charges [9-11] of the atoms in the lattices,
or are obtained with Mortiers electronegativity equalization method [8-15]. The second
difference is that in this scheme the potential is not imposed on the complete cluster, but
only on the central part of it. Embedding of the boundary of the ¢luster provents a proper
correction for the boundary errors.

As & test for our embedding scheme we calculated the adsorption energies of NHz and
NH} in a zeolite crystal and on three clusters embedded in the potential of the zeclite
crystal. From the comparison between the adsorption energies on the embedded clusters
and the erystal we can judge the value of the embedding scheme and we can give some
comments on the choice of the cluster.

Methods and Computational Details

Qur aim iz to study adsorption and proton transfer processes on a zeolite cluster embedded
in a zeolite crystal. The cluster i3 embedded by adding the long-range electrostatic po-
tential of the zeolite crystal and subtracting the electrostatic potential of the boundary of
the cluster. The starting point for our embedding scheme is a perfect zeolite crystal. This
crystal is called the host crystal (fig. 5.1a). The second step in the embedding scheme is
the creation of a cluster from the host crystal by cutting out a group of atoms around the
adsorption site, in the present case the acidic HOSiAl-group, and saturating the dangling
bonds with hydrogen atoms. This cluster is called the host cluster (fig. 5.1b) and it is
used for the correction of the electrostatic part of the boundary errors. Apart from the
dangling-bond hydrogen atoms, the host cluster must have the same chemical composi-
tion and the same geometry as the host crystal. From the host cluster we derive a second
cluster; the adsorption cluster {fig. 5.1¢). The adsorption cluster is the cluster on which
we study the adsorption and proton transfer processes. The adsorption cluster may be
equal to the host cluster, but in some cases it is desirable to make some changes in the
adsorption cluster with respect to the host crystal and host cluster; atoms can be replaced
by others and the geometry can be modified. However, the boundary of the adsorption
cluster must remain equal to the boundary of the host cluster since the host cluster is used
to correct for the boundary errors of the adsorption cluster.

The interaction between the adsorption cluster and the adsorbate can be caleulated
in the case the cluster is embedded, but also in the case it is not. In the latter case the
cluster—adsorbate interaction is equal to a normal cluster-adsorbate interaction.

The electrostatical potential that is imposed on the adzorption cluster, the correction
potential (1797, adds the Madelung potential of the crystal to the Fock matrix of the
adsorption cluater and subtracts the electrostatic potential of the boundary of the cluster.
For the calculation of the V™ we have divided the host cluster and the host crystal into
two complementary parts, the inner zone and the outer zone. The charge distribution in
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Figure 5.1. The host crystal (a), the host cluster (b) and the adsorption cluster (¢). The host
cluster iz made by cutting a group of atoms out of the host crystal and saturating the dangling
bonds. The adsorption cluster is derived fram the host cluster by making some changes, leaving
the ouler zone unmodified. The host crystal and the host cluster are divided inte a tnner zone
and a outer zone. The charge distribution of the outer zones are used lor the caleulation of the
correction potential. The central part of the adsorpiion cluster is the part that is corrected for
the long-range electrostatic effects. It Is not necessarily equal to the inner zona.

the inner zones in the host cluster and the host erystal are very similar if the boundaries
of the host cluster are sufficiently far from the inner zone. The correction potential is the
electrostatic potential of the outer zone of the host crystal minus the electrostatic potential
of the outer zone of the host cluster, It 1s calculated as follows. The charge distributions
of the host erystal and the host cluster, obiained with a RHF-caleulation, are partitioned
through a Mulliken scheme [16]. From the resulting atomic charge distributions the atomic
multipoles are calculated, up to the hexadecapoles {2).

VErt(r) = Vo Thelr) — Vol Tone(r) (3.12)
— Z Ytauf cr-yH(A) Z (:DL(]- — 8, — h)
AL h
= 3 et AL — ) (5.1b)
AL
r(r) = X[ (r)/(e))*. (8-3¢)

The A summation extends to the atoms of each unit cell of the host crystal m the frst
summation and to the atoms of the outer zone of the host cluster in the second. The
b summation extends over all unit cells in the infinite erystal, excluded those identifying
the atoms of the inner zone of the host erystal. L = {ln) are (spherical harmonic)

quantum numbers; ﬂyg'm FUAY and ieet fe(4) are the (Im) maultipole moments of
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atom A calculated according to a Mulliken partitioning from the host cluster and host
erystal charge distribution (sce Appendix A in Ref. (2]). X[ are real solid spherical
harmonics (see Appendix A in Ref. {2]}. The position of atom 4 in the reference cell 1=
given by s,, the position in the cluster by r,. The question can be raised why in Eq. (5.1)
only the outer zone is considered; in fact, if the multipoles in the inner zone of the host
erystal and the host cluster coincide, V" would be exactly the same as resulting from
Eq. {6.1). As we need a correction for the long-range effects, the differences in the charge
distributions and thus in the multipoles of the inner zone should be negligible. However,
the risk exists of magnification of minor differences by the multipole approximation or by
numerical errors caused for example by small differences between the geometries of the
host cluster and the host crystal. Therefore, the inner zones are ignored in the calculation
of the correction potential. The correction potential is thus smooth in the inner zone of the
adsorption cluster, We would like to repeat that since the host cluster is uzed to correct
for the electrostatic boundary errors of the adsorption cluster the outer zones of the two
clusters should be equal. Modification of the adsorption cluster with respect to the host
cluster may only be made in the inner zone of the host cluster.

Only the part of the adsorption cluster that is of interest for the adsorption process
s embedded Le corrected with the V4", The rest of the cluster remains unmodified.
We will define the part of the adsorption cluster that iz embedded as the central part. In
the Imifing case only the adsorbate molecule belongs to the central part. The correction
potential must behave properly in the central part, therefore the central part must be
completely inside the imnner gone. The central part is defined by assigning a group of atoms
around the adsorption site to the central part. An overlap distribution pr is said to belong
to the central part if both atomic orbitals g and v are centered on nuclei belonging to the
inner part.

Fuo = F, + (Ve |v) + Vo S (5.2)

F is the modified Fock matrix, F? iz the Fock matrix of the non-embedded adsorption
cluster. ‘The adsorption cluster is embedded by adding the integrals (u|17%°""|t) to the
Fock matrix of the adsorption cluster (2). Thie integral is set to zero if y or v do not
belong to the inner zone. A second term 1s added to all matrix elements: V5., Su.
is the overlap element and Vo a constant selected such that the host cluster and host
erystal potential coineide, This term is necessary in order to fix the arbitrary zero of the
potential in the periodic calculation [2,17]. This arbitrary zero is caused by the expansion
of the charge distribution into multipeles. It is to be noticed that the 145, term has no
influence on the energy of & neutral inner zone, if both ¢lectronic and nuclear terms are
corrected. In our caleulations we did not caleulate the Vg esxeplicitly but it was set to zero
for convenicnae,

From the previous discussion, and from general considerations, our model supposes
that the long-range electrostatic potential has a minor influence on the wavefunction of
the clustéer, but a non-negligible effect on the adsorption energy. On the basis of this
assumption the correction can be applied a posteriori, once the convergence of the self-
consistent cy¢le in the calculation of the wavefunction has been reached. This is the
first order embedding scheme since the effect of the correction is calculated as a first order
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perturbation. If the correction, on the contrary, iz applied to the Fock-matrix at each cycle,
the full embedding scheme iz obtained. In the latter the wavefunction of the adsorption
cluster can adjust itself to the correction potential. In the following these two corrections
are compared.

The embedding of the central part of the adsorption cluster in the correction potential
changes its total energy. The effect of the embedding on the adsorption encrgy or on a
geometry optimization is simply the difference between the change in total energy by the
emmbedding for two different modifications of the cluster. For example, the effect of the
embedding on the adsorption ¢nergy is the change in total ¢nergy of the adsorption cluster
with the adsorbate mimus the change in total energy of the adsorption cluster without
the adsorbate, For the first order embedding scheme the effect of the embedding on the
adsorption energy is given in the following equation:

Ads
AEEmI =[S PV o) = Y 2 ) (Ve + Va)]

[ E

IRNEPEORE
- [Z Pu (V" + Vo) — 3 Zi(rz)(Vom(rx) + vc.)} (5.3.2)

v £¢
interyone

ceniral central

part part

[ =smverm v [ e - sm) (3.3.b)

In Eq. {5.3.a) the atomic positions, the nuclear charges and the density mateix of the ad-
sorption eluster with the adsorbate are indicated with vz, Z} and ™ . For the adsorption
cluster without the adsorbate the symbols are rz, Zr and Py, respectively, In other words,
in the first order cinbedding, the effect of the embedding on the adsorption energy is the
integral over the ceniral part of the product of the correction potential and the change in
the charge distribution due to the adsorption. This is the first term in Eq. (5.3b). The
charge distributions p(r) and p/(r) also contain the nuclear charges, Although Eq, (5.3) is
only correct for the first order embedding scheme we also used it in the interpretation of
the results of the full crubedding scheme singe, for the cluster we will discuss more exten-
sively, there appears to be only a minor difference between the first and full embedding
scheme. The second term in Eq. (5.3b) is the error made by ignoring the V5, as we do in
this work. This error is equal to the constant Vg multiplied by the change in the charge
of the central zone by the adsorption process, r.e. the flow of charge in or out the central
part as a result of the interaction with the adsorbate. Although we did not calculate the
Vy explicitly we made an estimate for it from the correction potential, Since for the zeolite
system studicd here the absolute value of the ¥4 iy below 107* and since the charge flow
of the adsorption ts at maximum a few tenths of an clectron charge, the error maximally
made by ignoring the ¥ is 1 kJ/mol. For other systems, in which either the charge flow
or the Vg iz larger the Vy should be caleulated explicitly.

We would like to make some comments on the choice of the inner gone in the hosts and
the central part in the adsorption eluster. As the correction potential should correct for
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the electrostatic boundary errors the inner zone should be as small as possible because the
correction potential only corrects for boundary errors outside the inner zone. On the other
hand, a large inner zone has the advantage that more modifications can be made in the
adsorption cluster and that the central part can be larger. In the latter case a larger part
of the cluster iz embedded and more changes in the electronic structure due to adsorption
or changes in the geometry are embedded. We studied the effect of the size of the inner
zone and the central part by varying their size in the caleulation of the adsorption energies.

Figure 5.2, The Intermediate Cluster, The structure is shown as seen from three mutually
perpendicular directions.

We calculated the adsorption energies of NH; and NHY on three zeolite clusters, both
embedded and non-embedded, and we compared them with the adsorption energies as
caleulated in the host erystal. The host crystal iz the shell-model optimized chabazite
crystal as described in Chapter 4 of this thesis, fig. 4.1a. Three clusters were cut from the
erystal. The first cluster is the Medium Cluster as described in Chapter 4, fig 4.3. The
second cluster is the Intermediate Cluster, shown in fig. 5.2. the Intermediate Cluster,
SiAl0.H;, is smaller than the Medium Cluster; only the acidic HOSiAl-group and the
oxygen atoms bonded to them are ineluded in the eluster. The saturating hydrogen bonds
are put in the direction of the bond they are saturating. The OH-bond lengths are 0.95
A. The third cluster is the Giant Cluster as described in Chapter 4, fig. 4.5. For NH; and
NH; experimental geometries were used [18,19]. NH; and NH} were adsorbed in such a
way that their symmetry axes coincided with the OH-axis. All calculations are carried
out at the RHF-lavel with a 5TO-3G basis sct[20]. This basis set iz used to enable the
comparizon between the embedded cluster and the erystal calculations. It iz too much
computer time consuming to carry out CRYSTAL calculations on the chabazite crystal
with a larger basis set. The adsorption clusters were chosen equal to the host clusters.

Results and Discussion

The comparison between the adsorption energies on the three embedded clusters and the
adsorption energies in the crystal allows us to draw conclusions about the role of the clus-
ter size in the embedding scheme, The clusters differ in two ways, First, they differ in
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the number of atoms directly interacting with the adsorbate and second, they differ in
the quality of the covalent description. In both the Medium Cluster and the Intermedi-
ate Cluster the main interaction is the interaction between the adsorbate and the adidic
OH-group. The Giant Cluster also describes the interaction between the adsorbate and
the atows in the eight-ring. In the Medium Cluster and the Iuermediate Cluster this
mberaction 15 desenbed purcly clectrostatically.

Apart from the number of atoms interacting with the adsorbate the clusters also
differ in the quality of the covalent deseription. Previously, we found that the quality of
the covalent description can be estimated from the Mulliken charges of the atoms {1]; if
the atoms in the cluster have a charge that is close to the charge of the corresponding
atom in the crystal the environment in the cluster and the crystal is very similar and the
quality of the covalent deseription is good. Before we caleulated the adsorption energics on
the three clusters, we performed a RHF-calculation on the host clusters, here egual to the
adsorption cluster. From the resulting Mulliken charges on the atoms interacting with the
adsorbate we made an estimate of the quality of the covalent description. In Table 1 the
Mulliken charges of the atoms of the acidie group are given for the crystal and the three
clusters. The charges of the atoms of the acidic site of the Medium Cluster and the Giant
Cluster deviate less than 0,01 unit from the charges in the crystal, whereas the deviation
for the Intermediate Cluster is larger. The Medium Claster and the Giant Cluster give
a correct covalent description of the zeolite OH-group, whereas the Intermediate Cluster
does not. Table II shows that in the Giant Cluster the atoms in the oight-ring are not
described well,

We caleulated the potential energy curves of NHy and NH}, on the embedded and
non-embedded Medium Cluster, They are shown in fig. 5.3. The cmbedding of the cluster
shifts the potential encrgy curves of NHy and NHI towards the potential encrgy curves as
ealeulated in the erystal. However, the shape of the potential encrgy curve remains more or
loss the shape of the eluster curve. The reason for this is that, since the cinbedding is purely
clectrostatic, the embedded cluster deseribes the interaction between the adsorbate and the
upposite wall of the zeolite channel purely electrostatically. The potential energy curve of
the cluster i shifted the least if the central part and the Inner zone are cqual to HOS:1AI,.
This combination of central part sud inner gone also results in the smallest perturbation
of the wavefunction of the cluster (see Table I). In the minimum the embedded cluster
describes the crystal potentinl cuergy curve quite well; the crystal adsorption encrgies are
reproduced within § kJ/mal for all combinations of central part and inner zone, The
corresponding adsorption energies are given in Table IIT and TV,

The crrer mads by the cluster approximation is reduced largely by embedding she
cInster. For the non-embedded cluster the errors with respect to the crystal caleulations
were 16 and 23 kJ/mol for NHy and NHT, respeclively. By embedding the cluster the
errors are 1-4 and 1-6 kJ/mol. The erubedding scheme preduces the crystal adsorption
energies with a relatively sinall error for a staller part of the computer time, Onoa Cray Y-
MP4/464 the acidic form of the chabusite crystal costed 408 seconds, The non-embedded
and embedded custer costed 194 and 220 seconds, respectively. Althongh the savings in
time are not spectacular we should keep in mind shat for basis set containing more diffuse
functions the increase in required computer shue will be larger for the periodic structure
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Table I. The net charges resulting froem a Mulliken population analysiz on the atoms of the
acidic S10HAl-group and the oxygen atoms bonded to this group. The charges are given for the
crystal and the three clusters. The charges for the embedded clusters are marked with an asterisk.
In parenthesis the central part and the inner zone thal were used in the embedding scheme are
indicated.

Atom: H Q 51 Al
Crystal 0.213 -0.534 1.443 1.212
Medium Cluster 0,215 -0.532 1.449 1.224
Medium Cluster™ (HOSIAIO /HOSIAIOG) 0,219 -0.533 1.473 1.203
Medium Cluster™ (HQSiAl/HOSIAIOg) 0.220 -0.535 1.535 1.198
Medium Cluster* (HOSIAI/HOGIAL) 0.220 -0.537 1.565 1.243
Intermediate Cluster 0.222 -0.522 1.612 1.2%5
Intermediate Choster™ (HOSIAL/HOSIAL 0.226 0.527 1.586 1.123
Giant Cluster 0,219 -0.533 1.452 1.230

Table ILThe charges of the atoms in the eight-ring, resulting from a Mulliken popuiation
analysis, for the Giant Cluster and the crystal. The numbering of the atoms starts with the
silicon atom that iz the closest to the aluminum atem of the HOSiAl-group.

Atomn Crystal Giant Cluster Atom Crystal Giant Cluster
s1l 1.443 1.477 01 -0.728 -0.726
512 1.443 1.026 02 -0.723 -0.708
513 1.388 1.522 03 -0.721 -0.70%
Sid 1.443 1.514 O4 -0.723 -0.712
5ib 1.388 1.483 5] -0.745 -0.729

| Al6 1.213 1.280

than for the cluster [2]. We also note that the embedding costs only a small fraction of
the total time.

The difference in adsorption encrgy between the full embedding and the first order
embedding energy is about 1 kJ/mol in all cases. Also the effect of the embedding on the
wavefunction of the cluster is small, see Table 1. The effect of the cholce of the inner zone
and the central part on the adsorption energy has been investigated. For the case the inner
zone consisted of the group of atoms deseribed as HOS1A1Og, we used two different central
parts: the HOSIAIQ, group itself and the HOSIA! group. The difference in adsorption
energy for the two central parts is caused by the six oxygen atoms bonded to the HOS1Al-
group. In the former case a change in electronic structure, ¢aused by the adsorption, on
these atoms 15 included in the embedding, see Eq. (5.3), in the latter case it iz not. The
change in electromie structure on these oxygen atoms as a result of the adsorption is larger
for the adsorbate NH than for the adsorbate NH;. Consequently, the dependence of the
adsorption energy on the size of the central part will be larger as well; § kJ/mol for NH;"
and 3 kJ/mol for NHy. For a charged adsorbate a lasge central part should be used. The
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Figure 5.3, The potential enargy curves of NHy (fig a.) and NU:‘ {Ag. b) adsorbed on the acidic
site of the Medium Cluster. The potential epergy curves of the cluster and the crystal are shown
in hold lines. The crystal curve is uninterruptod, the cluster curve is dotted. The curves of the
embedded clusters are also given in thin lines, The lowest curve is calculated with the central part
equal Lo HOSIAL and the inner zone equal to HOSiAIOg, The middle curve is calculated with the
central part and the inner zone equal to HOSIAL The upper curve is calenlated with the central
part and the inner zone cqual to HOSIAIO,.

effeet of the size of the inner zone s investigated by keeping the central part constant at
HQSiAl and changing the size of the inner zone. In the first case there iz a correction for
the boundary effects of the six oxygen atoms, in the scecond there is no such correetion.
The difference in adsorption energy, as calculated with the two inner zones, HOSiAl and
HOS1ALOy is small: 2 kI/wol. This implies that the charge of the oxygen atoms bonded
ter the acidic site in the host crystal and the host cluster differ little; they wre deseribed
well in the host cluster.

In Table T we showed that only the OH-group itself is described well in the Inter-
mediate Cluster. All other atoms have relatively large boundary effects, e they have a
charge deviating more than 0.1 unit from the charge of the corresponding atoms in the
zeolite erystal. This means that the Intermediate Cluster does not give a good covalent
deseription of the acidic site. Since the cinbedding scheme only gives an electrostatic cor-
rection the Intermediate Cluster will not produce good rewults. A correction potential not
affected by boundary effects can omly be obtained if the iuner zone, and the corresponding
central part, consist of just the OH-grovp. This central part however is too small to give
proper results in the vmbedding scheme. This becomes clear if we compare the adsorp-
tion energies caleulated with the inner zone equal to the HOSiAl-group. There is a large
difference in adsorption encrgy for the central part equal to the HOSIAL group and just
the OH group. As a consequence Lhe cmbedded Medium Cluster does not reproduce the
adsorption energies of the crystal (Table V). Also there is a large difference in adsorption
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Table III. The adsorption energies and O- N equilibrium distances of NHy on the Medium
Cluster. The adsorption energies obtained with the first order embedding seheme are indicated
with AE®¥*(]) the adsorption energies obtained with the full embedding scheme are indicated
with AE®*¥_ The adserption energies are given in kJ/mal, the equilibrium distances in A. The
adsorption energy of NHy in the crystal is =72 kJ/mal, the corresponding equilibrium distance is
2.72 A[1]. The calculated adsorption energies of the first line are the adsorption energies of the
non-embedded cluster.

Central part Inner sone AE#(1) J Rn-o AR | Rn_o

- - -56 2.67 -56 2.67

NH; 4+ HOSiAl BOSIAIQg -71 2.66 =70 2.65
NH; + HOSIAIQg HOS1A104 -68 2.66 -67 2.66
NH; + HOS:AL HOSiAl -69 2.66 -6 2.65

Table IV, The adsorption energies, and O-N equilibrium distances of NH::' on the Medium
Cluster. The first order embedded adsorption energies are indicated with AE2Y(1), the full
embedded adsorption energies by AE™. The adsorption energies are given in kJ/mol, the
equilibrium distances in A, The adsorption energy of the crystal is 117 kJ/mol, the corresponding
O-N distance 2.21 Af1). The calculated adsorption energies on the first line are the adsorption
energies of the non-embedded cluster.

Central part Inner zone AR Rn_g ARuds Ry_o

- . 140 2.23 140 2.23

NHZ" + O5iAI~ HOSIALO, 118 2.23 117 2.25

NHT + 0SiAlOg HOS1Al1O; 123 2,24 122 2,24
NH{ + OSiAl” HOSiAl 120 2.24 119 2.24

energy for the full and the first order embedding energy.

The adsorption encrgies of NHy and NH,}" on the Giant Cluster are given in Table VI
The Giant Cluster is an extension of the Medium Cluster; it includes the atoms of the eight—
ring, their charges however, differ from those they have in the zeolite crystal (see Table
IT). As in the case of the Intermediate Cluster the poor covalent description of the atoms
in the eight-ring will prevent proper adsorption energies in the embedding scheme. For
the 'small’ inner zone and central part (the HOS1AlOg group) the error in the adsorption
energy is a result of the poor deseription of the eight—ring. Because the lnner zone is very
large for the large’ inner zone and central part (the HOS1AIOg group and the atoms in
the eight-ring) there is only a amall correction to the adsorption energy.

Although the Giant Cluster is an extension of the Medinm Cluster, the latter yields
better adsorption energies. Apparently, the error made by the purely electrostatic descrip-
tion of the interaction between the adsorbate and the eight-ring, as in the Medium Cluster,
is smaller than the error caused by houndary errors in the eight-ring, even if there is a
correction for the electrostatic part of them. By comparing the three clusters it results that
the embedding scheme only produces rensonable results if atoms with boundary effects are
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three or four honds away from the adsorbate. In this embedding scheme the cluster must
be relatively large because the embedding is purely electrostatic.

Even if the clister is chosen well, some numerical errors will remain in the embedding
scheme. For the systems studied in this paper a numerical error of » fow kJ/mol is made
by the truncation errors in the caleulation of the matrix elements {u|V77 |1} (see the
Appendix). Another error is introduced by comparing the adsorption energics on the
cinbedded cluster with adsorption energies in the host crystal. In the crystal caleulations
the adsorbate is adsorbed pericdically and there is an interaction between the adsorption
sites and the adsorbates, In the embedded cluster there is only one adsorbate. The ervor
introduced by this comparison is about 2 kJ/mol for NH7 and smaller for NH; (the crystal
adsorption energies were calculated with 3 NHy molecules per unit cell and one NHT cation
per unit cell [1]). Neglecting the V4 causes an error of less than 1 kJ/mol.

It is useful to make a comparison between our embedding scheme and other schemes
in which a zeolite cluster is embedded 1 a potential representing in some way the long
range electrostatic effects. Allavena and coworkers [8,9] developed a method in which
the potential is caleulated from a lattice of point charges whose value is obtained with
Mortiers electronegativity equalization method [14,15]. From this potential a correction
for the potential of the dangling bond hydrogens is subtracted. The latter 15 caleulated
in the Muiliken point-charge approximation. The cluster is embeddod completely, not
just a central zone. Allavena et al. [8,9] did not caleulate the effect of the embedding
on the adsorption energy of NHa or NH] but they caleulated the effect of the Madelung
potential on the proton transfer energy; ie., the differcuce in adsorption energy between
the adsorbed NHs and NHJ. They estimated the effect of the Madelung potential on the
proton transfer energy to be =197 kJ/mol. We calculated this effect to be -6 or -8 kJ /ol
for the Medium Cluster, depending on the size of the inner vone and the central part. The
value produced by Allavena et al. seems a large overestimation of the effect of the Jong-
range electrostatic potential since our values are consistent with the crystal caleulations.
Also the effect of the embedding on the Mulliken charges of the atoms of the acidic site is
overestimated. The charges of the atoms of the acidic site changed by 0.2 unit, Cook et
al. [13] used the embedding scheme developed by Allavena et al. [8.3]. They found that,
ns a result of the embedding, of a zeolite cluster the Mulliken charge of the acidic proton
changed from 0.33 to 0.55. In our work, for the Medium Cluster, this change 15 0.005 at
maximuin (Table I),

The overestimation of the effect of the embedding in the scheme of Allavena et al,
and Cook ¢f 2l can have two causes: the size of the cluster and the embedding scheme
itsclf. Both groups of authors used a cluster in which the silicon atem of the HOS1AD group
was saturated with hydrogen atoms, These cluster are too small to be embedded in an
electrostatic potential representing the crystal. Already in the Iutermediate Cluster, having
the dangling-bond hydrogens even further away from the adsorbate than the clusters used
by Allavena et al, and Cook of al. the offect of the embedding is overestimated. Another
reason for the errors made may be in the anbedding scheme itself. There can be two
sources of ereors in the method. The first is the error in the potential. Although some
error will be made by using the electronegativity equelization method to caleulate the
potential instead of taking the potential from the erystal, this error will not cause a large
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Table V. The adsorption energivs and (-N equilibrium distances of NHy and NH] calculated
for the Intermediate Cluster, The adserption energies marked with an asterisk are obtained with
the full embedding scheme, all others are first order embedded energies. Energies are in kJ/mol,
bond lengths in A. The adsorption energy of NHy in the crystal is ~72 kJ/mol, the adsorption
energy of NH;" is 117 kJ/mel. The respective equilibrium distaneces are 2.72 and 2,21 A[l]. The
calculated adsorption energies on the first line are the adsorption energies of the non—embedded

cluster.

Adscrbate NH;j NH:
Central part Inner zone A Fads Rn_o AFads Bn_o
- - =57 275 129 2.23
NH: + HO HO -82 2.63 &89 2.23
NH; + HO HOS1AL -76 2.57 116 2.25
NH; + HOS1Al ROS5:1A1 -85 2.66 92 2.26
NH; + HOS1Al* HO51A1 -85* 2.63* 9o+ 2.26*
NH; + HOS1A1Og HOSIAlO, -118 2.59 25 2.26

Table V1. The adsorption enesgies and O-N equilibrium distances of NHy and NHI on the
Giant Cluster, The embedded adsorption energies are first order embedded energies, Encrgies are
in kJ/moi, bond lengths in A The adsorption energies denoted with 'small’ are calculated with the
central part and the inner zone equal to the HO5iAIQg-group. The adsorption energies denoted
with large’ were obtained with the central part and the inaer zone equal to HQSIAIQg-group plus
the silicon and oxygen stoms in the eight-ring, The adsorption enecgy of NHy and NHT in the
crystal are -T2 and 117 kJ/mal respectively, with equilibrium distances of 2.21 and 2.72 Af1]. The
calewlated adsorption encrgics on the first line are the adsorplion energies of the non--embedded

eluster,
Adsorbate NH; NH;"
Central Part/Inner zone AFuds Ryeo AF=ds Bu_o
- =77 2.66 99 2,24
stall -65 2.69 124 2,22
large -8 2.66 a5 2.24

overestimation. The charges obtained with this scheme do not deviate more than 35 %
from the Mulliken charpes [21]. Probably more impertant errors in the scheme are the
correction for the dangling-bond hydrogen atoms and the fact that the complete cluster,
including the dangling bond hydrogen stoms is embedded. In the potential there is a
correction for the dangling bond hydrogen atoms, ie. the electrostatic potential of the
hydrogen atoms is subtracted from the correction potential. Thus, at the position of the
dangling bond hydrogen atoms, the potential will have very large values, possibly close to
infinity. As such values for the potential strongly perturb the wavefunction the embedding
of the complete cluster, including the hydrogen atoms, causes problems. In the work of
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Allavena et al. another error may be caused by the fact that for the geometry of the acidic
site: the peometry of the isolated HOB1AIH; and OSIAIH; clusters was used. In this way
the link between the lattice of point charges and the orientation of the zeolite acidic site
s not well defined.

The scheme used by Vetrivel et al. does not allow an cstimation of the effect of the
embedding since their cluster is charged [10-12]. However, some comments can still be
made on the method. Probably as a result of the charge of the cluster, the offect of the
cinbedding can be largely overestimated. For example, the Mulliken charges found in the
clusters are strongly deviating from other cluster calculations, oxygen charges of -1.5, or
in another case aluminum charges of +0.8. Alse a deprotonation energy of more than
2600 kJ/mol was caleulated. On non-embedded small clusters this was caleulated to be
about half this value [22]. An overestimnation of the effect of the long-range electrostatic
potential will also be caused by the fact that the charges in this scheme are the full formal
charges (8i**, 0O?7), half the forinal charge or three quarters the formal charge. A general
corornent on the methods used by Allavena et al, Cook et al, and Vetrivel et al., to embed
a cluster in a array of point charges [8-13], is that point charges are used to describe the
ions in the zeolite lattice. By ignoring the higher electrical moments of the ions a relatively
large error, about 20 to 30 %, is introduced in the caleulation of the potential {see the
Appendix).

Conclusions

We have calculated adsurption energies on three cmbedded clusters, The Medium Cluster
gives the best results, because the atoms ¢lose to the adsorbing molecule are properly
described and their charges are very close those of the perfect zeolite erystal. On this cluster
the error in adsorption energy with respect to the adsorption energy in the perfect crystal
is very small; 1 to 6 kJ/mol. Roughly speaking, it results that in the present, simplified
embedding scheme in which there is only a tlectrostatic correction, only reasonable results
are obtained If the boundary of the cluster is three or four bonds away from the adsorbate,
On clusters having the dangling bonds close to the adsorbate, such as the Intermediate
Cluster and the Giant Cluster, erroneous results are obtained,

The effect of the additional electrostatic field on the wavefunction of the cluster is
negligible, as shown by the very small difference resulting from the a posteriort and self-
consistent correction of the Fock oporator. However, the corrective contribution is im-
portant in the calculation of the adsorption emergy, in particular if charged species are
considered.

The present scheme containg numerical approximation in the ealculation of the cor-
rective term t¢ the Fock matrix; the numerical error as a result of the Taylor expansion
{A.1}, sltheugh not negligible, is small encugh to caleulate precise adsorption energles,

By comparing the results of this work with other schemes in which there is a correction
for the long—range clectrostatic effects of the crystal we see that most of these methods tend
to overcstimate the effect of the long-range electrostatic potential [8-13]. The reasons for
this overestimation are several: the choice of the charges used to caleulate the potential, the
choice of the cluster and the method to correct for the dangling bond hydrogens. Probably
also an ervor is caused Ly embedding the complete cluster instead of just a part.
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Appendix: The calculation of the matrix elements

The integrals (u{V 7" |1) added to the Fock matrix of the non-embedded cluster, Eq. (5.2),
are calculated with a Taylor series truncated after the second step (A1),

y corr > narr . norr

it B Y 5.A.10
6mlc'¥;+5y|c‘ry+ 5o ( )

wiVlr) =V - Su +

Suw is the overlap between the atomic orbitals w4 and v, " are the transition dipole
moments. %}D:]C is the gradient of V" in the center ¢ from which the potential is
expanded. The AQ's are linear combinabions of gaussians. The potential is expanded from
the center C of the praduct of the atomic orbitals 4 and v. This center is determined with
the gaussian product theorem [23]. The exponents used in this theorem are the most diffuse
exponents of the atomic orbitals. Using only the most diffise exponents of the contracted
gausslans gives a considerable saving in computer time but does not introduce a large
crror since the largest overlap between two AO's comes from the most diffuse gaussians.
The potential and its derivatives are caleulated from atomic multipoles, Eq. (5.1). The
correction to the Fock matrix which is approximated o two ways, the truncation of the
multipoles series m the caleulation of the potential and the truncation of the Taylor series,
Eq. (5.A.1). Both approximations are acceptable if the central part and the outer zone are
not only not overlapping but also relatively apart form cach other.

We studied the convergence of the potential as a function of the order of the multi-
pole, Eq. {5.1). We calculated the interaction of NHy with the Madelung potential of the
chabazite erystal, without an inner zone created in it, for three O-N distances: 2.77 4,
3.19 A and 3.62 A. The first O-N distances are close to the O N cquilibrium distances,
for the last one the NHj is in the middle of the cage. The order of the multipole is varied
from the charge only up to the hexadecapole moment. The results of these calculations
are shown in fig. 5.A.1. For the shortest distance, as expected, the convergence is slow,
For an O-N distance of 3.62 A the multipole expansion convergence is more satisfactory.

We have also studied the convergence of the Taylor series in Eq. (5.A.1). We calculated
the interaction energy between a NHy molecule and the potential of the Mediumn Cluster
in two ways. First the integral (u|V]e) is caleulated according to Eq. (5.A.1), sccond the
Taylor series is truncated after the first step, eg. the integral is approximated as the
product of the charge and the potential. The comparison is made for three O-N distances;
2.97 A, 3.97 A and 4.97 A, The first distance is a little bit larger than the equilibrium O-N
distance, i the last one NHy is relatively far from the cluster. The interaction cnergies
with the electrostatic polential of the cluster are given in Table A.L The Table shows that
if the adsorbate and the part of the zeolite that is described electrostatically, e.g. the
atoms outside the inner zone are separated from the adsorbate by 4 A as is the case in the
Medinm Cluster and the Giant Cluster, the error we will make in the matrix clements will
be at maximuam 10 percent. For the ealeulation of the effect of the correction potential, in
which the potential of the boundary effects s subtracted from the potential of the crystal,
the error will be less sinee 14 can be cxpected that the arrors made in the caleulation of
the host potential and the host crystal will be relatively similar. Although the integrals
are approximated, they are sufficiently precise for our purposes.
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Figure 5.A.1. Convergence of the multipole series, The interaction energy of NHy with the
Madelung potential of the chabazite crystal is shown as a function of the order of multipole
used to calculate the potential. This calculation has been carried out for three O-N distances:
267 A (——), 319 A (----- )and 362 A (----- .

Table A.I. The effect of the truncation of the Taylor series on the interaction energy of NHj
with the electrostatic potential of the Medium Cluster (kJ/mol). The interaction energies are
calculated in two ways. In the first the integral is approximated as the product of the averlap
integral and the potential at the centroid of the overlap integral, In the second also the dipole
contribution is included.

O-N distance (4) 2.97 3.07 497 |

V-5 4+ 8y -2817 | -8.62 | -1.83
V-5 2585 | -8.27 | -1.03
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Large basis sets and geometry optimizations in the
embedded cluster scheme

Introduction

In this thesis we study the adsorption of NHy onto the acidic HQSiAl group i zeolites
and the proton transfer from the zeolite forming NHJ. It appears that, for an accurate
description of adsorption and proton transfer processes, it is necessary to use a relatively
large basis set, to optimize the geometry and to include the long range electrostatic forces
of the crystal [1-6].

Usually, the zeolite adsorbate interaction is studied in the ¢luster approximation. In
thiz approximation, a group of atoms is cut from the zeolite ¢rystal and the dangling
bouds are saturated with hydrogen atoms. The advantage of the cluster approximation is
that large basiz sets ean be used, Furthermore, the geometry can be optimised relatively
casy as 8 cluster can be handled with standard molecular packages such as GAMESS and
Gaussian [7,8], having implemented automatic geometry optimizations using analytical
gradients. The disadvantages of the cluster approximation are the absence of the long-
range electrostatic forces of the crystal and the boundary errors of the cluster [8]. As
n result of the saturation of the dangling bonds with hydrogen atoms the atoms at the
boundary of the cluster are in a different chemnical environment than in the erystal. Con-
sequently, they behave differently towards adsorbates. Both disadvantages of the cluster
calculations have a non-negligible effect on the caleulation of adsorption energies [5].

In erystal caleulations the model representing the zeolite is better; there are no bound-
ary effects and the long-range electrostatic forces of the crystal are present. So far, only
ane stody has been reported in which the adsorption and proton transfer processes were
studied in a zeclite crystal [5]. The disadvantage of the crystal caleulations is that for
silicon-aluminum zeolites, because of the size and the symmetry of the systemn, the cal-
culations are restricted to o minimal basis set. Furthermore, geometry optimizations in

CRYSTAL are elaborate.
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Another alternative for the calculation in zeclites is the embedded cluster method
described in Chapter 5. An embedded cluster calculation has the computational advantages
of a cluster, ie. relatively large basis sets can be used, and a much better model for the
zeolite is provided because the long-range electrostatic forces are included and = part of the
boundary effects 1s removed [6]. The long-range electrostatic forces are calculated from the
wavefunction of the zeolite crystal. This wavefunction is calculated at the RHF (Restricted
Hartree Fock) level using the CRYSTAL program [9-13]. An embedded cluster reproduces
the adsorption energies of the crystal within a few kJ/mol, requiring less computer time.
Until now, the embedded cluster method has only been used with clusters having the same
basis set and geometry as used to calculate the long-range electrostatic potential of the
crystal [6].

We used the embedded cluster scheme to study the adsorption of NH; and NHY ina
zeolite crystal. NHj iz adsorbed hydrogen bonded onto the zeolite OH-group, in the case
of the adsorption of NH} the proton has been transferred and NH} is interacting with a
zeolite anion. We compared the adsorption energies for threc different basis scts on the
embedded cluster and we aptimized the geometry of the zeolite acidie site.

On a small cluster, keeping the geometry fixed, we caloulated the adsorption energies
of NH; and NH} with a minimal, a large and a mixed basis set. The latter has a large
basis s¢t on the atoms around the adsorption site and a minimal basis set on the atoms
at the boundary of the clusier. We used a mixed basis set for two reasons. First, to
embed the cluster properly, the atomns in the boundary of the cluster must have the same
basis set as the corresponding atoms in the crystal [6). As we can only use a minimal
basis set in the crystal caleulations, the atoms in the boundary of the cluster should have
a minimal basis set as well. Second, a large basis set on all atoms of a relatively large
cluster would increase the number of basis functions, such that the calculations arve not
feasible any more. The accuracy of the mixed basis set was estimated by comparing its
results with those calculated with the large basis set. As an application of the mixed
basis set the adsorption energics of NH; and NHY were caleulated on an embedded and &
non-embedded larger cluster, using the minimal and the mixed basis set.

Using a minimal §TO-3G basis set, we optimized the geometry of » part of the cluster
relatively far from the boundary effects, namely the acidic OH-group. It was optimized in
the non—embedded cluster, the embedded cluster and the crystal. We also calculated the
changes in energy, with respect to a reference structure, as a result of the optimizations
of the various structures. Finally, we caleulated the adsorption energy of NHy and NHI
using & mixed basis set and partially opiimizing the geomotry.

Methods and Computational Details

We studied the adsorption of NHy and NH] on two clusters, one of them embedded in
a zeolite crystal, The zeolite is the shell-model optimized acidic chabazite us described
in Chapter 4, fig. 4.1a. We calculated the adsorption energies of NH; and NH] on two
clusters cut from the chabazite. One is the Medium Cluster as described in Chapter 4,
fig. 44. The other one is the Intermediate Cluster as deseribed in Chapter 5, fig. 5.2,
For NH; and NH] the experimental geometries were used [14,15], They were adsorbed
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onto the acdic OH-group with their symmetry axes coinciding with the OH-axis. The
ON-distance is the only parameter optimized in the calculation of adsorption energies.

On the Intermediate Cluster, we compared the results of three different basis sets.
The first basis sel was the standard minimal STO-3G basis set. The second basis set is
referred to as the large basis set. In this basis set, the sihcon and aluinum atoms of the
acidic HOGiAl-group had a 8-31G(d) hasis set [16,17], the oxygen atom of the addic group
had 8 6-311G(d) basis set [18]. All other atoms had a 6-31G basis set [19,20]. The third
basix set is the mixed basis set. In this basis set the adsorbate and the HOSiAl-group had
the same basis set as In the large basis set. All other atoms had the minimal STO-3G
basis set. The minimal basis set has two advantages: it requires hittle computer time and
it 1s the same basis set used to caleulate the charge distribution of the seolite crystal.
However, it does not yield precizse adsorption energies. The large basis set, requiring more
comnputer time, produces the adsorption energies of NHy with an error of 10 kJ/mol and
underestimates the adsorption energy of NH} by about 50 kJ/mol [1,21,22],

The mixed basis set has a part of the advantages of both basis sets: it requires less
computer time than the large basis set and it is less probable to cause problems in the
ernbedding scheme as the boundary of the cluster has the same basis set as the crystal.
Also it can be expected to give a acceptable description of the acidic site of the zeolite
cluster. The disadvantage of the mixed basis st 18 that 1t is unbalanced; one part of the
cluster is described well whereas another part is not. This imbalance may cause a flow of
electronic charge to the part that is described better, thus perturbing the calculation of
adsorption cnergies,

The Medium Cluster was embedded in the chabazite erystal with the method deseribed
in Chapter 5. The host cluster is equal to the Medium Cluster, The charge distributions of
the host cluster and host crystal ave caleulated at the RHF-level using a minimal STG-3G
Lasis set [23), The atomic multipoles of the HOS1A106 group, both in the crystal and the
cluster, are ignored in the caleulation of the correction polential. T4 is uot added to the
complete cluster but only to the atoms of the HOSIAIOg group and the adsorbate.

We optimized the geometry of the zeolite QH-group on the non—-embedded Medium
Cluster, the embedded cluster and the crystal, These optimizations were carried out with
a minimal 8T0-3G basis set. The x, y and z-coordinates of the oxygen and the hydrogen
atom were optimized. This means that the O-H, 5i-0, Al O distances, the 5i-0-H-
angle and the H-0-5i-Al and H-(3-51-0 dihedral angles were optimized. In all cases the
start for the optimization was the shell-model geometry. The OH -groups of the crystal,
the embedded cluster and the non-embedded cluster wore optirmized with the CRYSTAL
program [9-13]. A parabolic interpolation algorithm [24] was nsed as analytical derivates
are not implemented in CRYSTAL.

In CRYSTAL, the Coulomb and exchange integrals are caleulated exactly if some of
the overlaps between the atomic orbitals for which the integral iz caleulated are above
are certain threshold, If the overlaps are below this thresheld the integral is approximated
with multipolar expansions [9,13]. For the cluster, the crystal and the embedded cluster we
used the same value for the thresholds: 1079 for Coulomb integrals and 107% for exchange
integrals. The convergence criteria are affected by the approximations in the caleulation of
the integrals; the potential energy surface is slightly discontinnous, Although it is possible
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to avoid these discontinuities [13], we decided to stop the optimizations when the changes in
energy became of the order of magnitude of the numerical noise due to the approximation
of the integrals. In practice, this means that the energy was converged below 107% H
(2.5-107% kJ/mol) in all cases. This change in energy corresponds to a step size of about
51071 A,

The OH-group in the non-embedded clusier was alzo optimized with the Berny algo-
rithm [25)], an algorithm using analytical derivatives and implemented in the Gaussian 92
program package [8]. Here, all Conlomb and exchange integrals are caleulated exactly.
There are two criteria for the convergence of the optimization; one for the step size, 1073
a.u., and one for the forces on the atoms, 2:.10*% a.u.. As a result of the latter, the energy
converges below 1078 H (2.5-107° kJ/mol). By comparing the geometry of the OH-group
in the non-embedded cluster optimized with the parabolic interpolation the securacy of the
latter can be estimated since the optimization with the Berny algorithm iz more accurate.

We caleulated the adsorption energies of NHy and NH;" on the embedded and non-—
embedded Medium Cluster using the mixed basis set and optimizing the geometry of the
OH-group and the adsorbate. The optimizations were carried out with the Gaussian
program package. During the optimizations the O-H-N-angle was kept fixed at 180°.
For NH] there was an additional restriction; the N-H distance of the proton bonding to
the anionic oxygen atom was kept fixed at the experimental value of 1.03 A [15]. The
adsorption energy was calculated from a potential energy curve consisting of three O-N
distances; the equilibrium distance found with the optimization and two distances 0.1 A
longer and shorter, keeping all other parameters fixed.

Results and Discussion

The comparison of the three basis sets

The adsorption energies of NHa and NHJ on the Intermediate Cluster caleulated with three
basis sets are given in Table I. As found earlier, the adsorption energy of the hydrogen
bonding NH; is relatively independent of the basis set [1]. The adsorption energy of NH}
depends more strongly on the basis set as a result of the diffuse nature of the anlonic oxygen
atom in the zeolite cluster [1]. If the large basis set is taken as a reference, the mninimal
basis set underestimates the stability of the ionic structure by more than 120 kJ/mol.

With respect to the large basis set, the mixed basis set slightly overestimates the
adsorption energies of NH; and NHF. Probably, this overestimation is caused by the
imbalance in the Intermediate Cluster as a result of the mixed basis set. Because of the
better description of the acidic site its electrontc population is incressed. In this way, it
stabilizes the adsorbate and causes an overestimation of the adsorption energles by about
5 to 10 kJ/mol on the Intermediate Cluster, In the Medium Cluster this overestimation is
smaller. Probably, the imbalance in the Medium Cluster is smaller as it is buffered by a
larger cluster. Thus, with the mixed basis sct adsorption energies on the large cluster can
be calculated well.
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Table I The adsorption energies (in kJ/mol) of NHy and NIE," on the Intermediate Cluster,
calculated with three different basis sels: a minfmal STO-3( basis set, the mived basis set and
the large basis set.

Adsorbate Large Mixed STO-3G

NH; -58 -62 57
NH; 6 -4 129

Table II The adsorption energies {in kJ/mol) of NIy and NH] valculated on the Medium Cluster
[6], caleulated with the STO-3C basis sel on the non-embedded and the embedded cluster.

Adsorbate Non-embedded First Order Embed Full Embed ‘ {
NH; -56 -B7 -68
NHy 140 123 122

Table III The adsorption energics (in ki/mel) of NHy and NUT ralculated on the Medium
Cluster, calculated with the mixed basis set on the non-—embedded and the embedded cluster,

Adsorbate Non-—-emhbedded First Order Embedded Full Embed

NH, -69 -§0 (80
| NH; -8 -27 29

The adsorption energies of NHy and NHY for the non-embedded, the fivst order em-
bedded and the fall embedded Medium Cluster are given in Table II for the minimal
ST0-3G basis set and in Table ITT for the mixed basis set. On the Medium Chuster, the
difference between the adsorption energies caleulated with the ST0O -3G and the mixed ba-
sis sel are larger than for the Intermedinte Cluster, This larger difference is probably not
the result of the imbalance in the basis set, but most probably the result of the larger Ba-
sis Set Suporposition Error (BSSE) [26,27]. Because there are more atoms in the Medium
Cluster the adsorbate and the cluster have more possibilities 1o use each others orbitals to
lower their own energy; as a consequence the BSSE is larger.

Although the mwixed basis set gives much better adsorption encrgies than the minimal
basis sct $he charge distribution is not strongly affected [6]. This i llustrated by the fact
that the difference between the effect of the embedding for the minimal and the mixed
basis ket is at most 3 kI/mol. Also, there is o very small difference between the full and
the frst order embedding scheme. This was seen before for the STO 3G basis {Table IT)
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Figure 6.1. The results of the geometry op-
timizations of the OH-groups of the non-
embedded Medium Cluster, the embedded
Medium Cluster and the crystal. The cal-
culations were carried out with a minimal
ST(Q-3( basis sel., Qn the left, the geome-
try of Lthe acidic site. In the table the results
of the optimizations obtained with the var-
ious techniques are given.

shell geometry grometry geometry geometry

model optirmized optimized on optimized on optimized
geomelry with non-embedded embedded in the
parameter gauasian eluster cluater crystal
ro-y 0.999 0.975 0.975 0,978 0.976
TOwg; 1.712 1.738 1.742 1.742 1.748
T{i—Al 1.884 1.8249 1.8256 1.825 1.820
£8i_0—Al 138.1 140.7 140.7 140.7 140.5

The geometry optimizations

The results of the geometry optimizations of the OH-group of the non-cmbedded and
embedded Meodium Cluster and the crystal, all with a oinimal basis set, are shown in
fig. 6.1. The shell model structure is different from the structures in which the OH-group
15 optimized guantum-chemically. Especially the O-H bond is predicted too long. For a
purely siliceous system a better agreement was found between the shell model geometry
and the ab-initio geometry [28]. Apparently, the parametrization of the shell model for
the atoms of the acidic site [29] iz less accurate than the parametrization for the purely
siieeous system [30]. The quantum-—chemical optimized structures are similar to each
other, bond-lengths for the various structures are equal within 0.01 A and the §i-0-Al
angles within 0.2°. The geometries of the acidic group of the non-embedded cluster as
optimized with Gaussian and CRYSTAL differ only slightly. This difference can be caused
by the approximation of the integrals in CRYSTAL, but is is more likely that it is cansed
by the less strict convergence criteria used in the CRYSTAL optimizations.

The optimizations of the various structures ie., the non—embedded cluster, the em-
bedded cluster and the erystal, with CRYSTAL show a large resemblance to each other.
We concluded before that in the Medium Cluster the atoms of the acidic HQSiAl-group
are in the same chemical environment as in the crystal [5,6]. Here, this is illustrated by
the very similar bond lengths, Although the long range offects of the crystal affect the
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relative wenk interaction with adsorbates, they hardly affect the covalent binding between
the atoms in the acdic site of the cluster,

Table IV The gain in energy, LE°P, due to the eptimization, given with respect to the sheil
model geometry. The AEF! has been calculated for four geometries of the OH-group. In column
A, the AE®P' iz caleulated for the geametry obtained with the geometry optimization on the
non-embedded cluster using the Berny algorithm. In the columns B, C and D the AE®F! j5
calculated for the peometries as obtained with the parabolic- interpolation geometry optimization
of the non—embedded cluster, the embedded cluster and the crystal, respectively. In row I the
AE®P! i calculated for the non-embedded cluster, using Gaussian. In rows I, IT and TIT A E°P!
is calculated with CRYSTAL on the non-embedded cluster, the embedded cluster and the crystal
respectively.

geometry: A B C D
AFE°P! calculated on:
I -B.771 -B.714 -B.708 -B.476
I1 -8.868 -9.052 -9.046 -5.809
III -9.193 -9.434 -9.434 -9.269
IV -10.797 -11.179 -11.183 -1E277

Tn Table IV, the AE®#!, the lowerings in energy of the cluster as a result of the opti-
mization with respect to the shell-model geometry, are given. We calculated the AE®" for
geometries obtained from optimizations of the non-embedded cluster, optimized with both
Gaussian and CRYSTAL, and geometries obtained from the optimization, using CRYS-
TAL, of the embedded cluster and the arystal, The AE®* is relatively independent of the
method used to optimize the geometry. The differences are never larger than 0.5 kJ/mol.
The differences between the optimizations on the cluster with the Berny algorithm with
Gaussian and the parabolic interpolation with CRYSTAL are not negligible but rather
constant. They seem to be caused more by the approximations in CIRYSTAL than by the
difference in the accuracy of the parabolic interpolation algorithm. Probably, the AE¥
for the CRYSTAL-calculation on the cluster are about 0.3 kl/mol larger because the en-
ergy of the shell model geometry cluster was caleulated 0.3 kJ /ol higher in energy as a
result of the approximations used in CRYSTAL.

For cach structure, the AE® ag n result of the various optimizations is similar,
This means that, for the geometries investigated here, the potential energy surfaces seem
parallel. On the other hand, the AE°P! of a geometry differs for each structure, The
AE" in the embedded cluster are 0.3 to 0.4 kJ/mol lower than the AE®Y in the non-
embedded chister. Altheugh the geometries found with the optimization in the embedded
and non-embedded cluster are similar, the AE®P! in the former is larger. Apparently, the
potential encrgy surfaces are similar in the sense that the minima are in the same position
but the depths of the potential energy well are different. The same 15 true for the crystal,
in which the AE°"! are even larger. The covalent binding and the long-range electrostatic
effects of the erystal seem to enforce the bonds in the acidic site.

So far, we have seen that the optimized geometries arce the same in the custer, the
embedded cluster and the crystal. Also the AE°M for the geometries are the same in a
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Table V The results of the geometry optimization of the Medivm Cluster without the adsorbate
(the OH—form), and the cluster with NHy and NH] adsorbed on it. The geometries have been
optimized with the mixed basis sot,

OH NH, NHY

Ron 0,953 0.996 1.468
Ro_s; 1.713 1.700 1.670
Ro_a 1.894 1.900 1.886
£5i—0—al 137.2 137.7 141.7

Table VI The adsorption of NHa and NHT oit the partially geometry optimized Medium Cluster.
The adsorption encrgies have been calculated on the non-embedded and the embedded cluster
with the mixed basls set,

non—embedded | full-embedded
Ryo AE Ryo AE

NH; 2.76 -79 2.75 -89
NH{ 2.48 -14 2.52 -35

structure. However, we should keep in mind that the geometry optimization was limited;
only the positions of the atoms of the OH-group were optimized. For more extensive ge-
ometry optimizations one could expect larger deviations, since in the cluster the boundary
effects are getting more important. However, more extended geometry optimization are
not feasible for the crystal at this moment.

The adsorption of NH; and NHY with the mixed basis sct and optimized geometry

The geometry and adsorption energies of NHy and NHY on the embedded and non-
embedded Medium Cluster augmented with the mixed besis sct are given in Tables V
and VI. With this basis set, the OH-distance iz shorter than in the shell model geometry

arc relatively close to those of the shell model geometry.

The adsorbates are more stable on the geometry optimized cluster than on the shell
model geometry cluster (Tables IIT and VI, Previously, we zaw that NH; is adsorbed loss
strongly if the geometry is optimized: the zeolite is more stable and less—reactive [1,5].
Apparently, the effect of the optimization on the adsorption is dependent on the starting
geometry. In this case the shell model geometry provided a good model for the QH-form
of the cluster; the Al-Q and 5+--0Q boud lengths are very similar. With respect to the
shell model geometry the cluster with NHy adsorbed on it could, during the optimization,
stabilize itself by elongating the Al-O bond length and shortening the $i—-0Q bond length.
NH] is stabilized by the geometry optimization by shortening the 5i-0 and Al-O dis-
tances aftee proton transfer. The stabilization of NH is larger than for NHy because its
adsorption energy is more sensitive to the geometry than that of NHy [1,4-6]. Moreover,
the optimized geometry of NH;" adsorbed on the zeolite differs more from the shell-model
optimized structure than that of NHy (compare fig. 6.1). With respect to the minimal basis
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set, the mixed basis set stabilizez the anionic oxygen. This is illustrated in the elongation
of the O-N bond with respect to the minimal basis set caleulations [5]. The enlargement
of the cluster, with respect to the caleulations in which a small cluster and a larger basts
set was used, also seems to stabilize the anion as the O-N bond is elongatiug [1,4]. As the
charge separation is larger, the large (O-N distance is enlarging the offect of the embedding

(3).

Conclusion

We calculated the adsorption energies of NH] and NHj on a zeolite cluster with three
different basis sets; a minimal basis set, a large basie set and » mixed basis set. The mixed
basis seb has a large basis set on the atoms around the adsorption site and a minimal basis
set on the rest of the cluster. We deducted that there was an imbalanee in the Intermediate
Cluster as a result of the use of the mixed basis set, as it showed a slight overcstimation of
the adsorption encrgies with respect to the large basis set. This crror is 4 kJ/mol for the
adsorption of NHy and 10 kJ/mol for the adsorption encrgy of NHY . The minimal basis
set underestimates the stability of NHY by more than 120 kJ/mol. The imbalance, and
thus the overestimation of adsorption encrgics, s smaller for the Medium Cluster,

We optimized the position of the atoms of the OH-group in the non- cibedded cluster,
the embedded zeolite cluster and in the erystal. In all these structures the geometry has
been optimized with the CRYSTAL program, using parabolic interpolation. The QH-
group has also been optimised on the non-embedded cluster with the Ganssian program
package, using the Berny algorithm, The convergence criteria in CRYSTAL were not
as strict as in Gaussian becanse of the numerical noise in the latter as a result of the
approximation of some integrals. The resulting geometries were vory similar in all cases,
The AE™! the charge in energy with respect to the reference geomneiry, was almost the
same for all optimized geometries, The potential energy surfaces for the OH-group, a
group relatively far from the boundary, are parallel for the non-embedded cluster, the
emboedded cluster and the erystal,

We caleulated the adsorption energics of NHy and NHT with a partial optimization
of the cluster and the mixed basis sef. With respect to the fixed geometry caleulations the
adsorbates are stabilized.

The calculations presented here, namely those of the embedded cluster scheme using
a mixed basis sel and partial optimization of the geometry offer an improved moethod for
the caleulation of the adsorption energies of NHz and NHT. We have shown that the
uge of the mived basis set does not cause problems due to the imbalance in the basis set.
As we can use the cluster optimized geometries for the embedded cluster, we can remove
some arbitrariness in the adsorption energies caused by the choiee of the geometry, This
arbitrariness can be introduced if a geomectry is used that resembles the OH-form of the
zeolite, in this case the stability of the adsorbates is underestimated, or if a geometry is
used that resembles that of the cluster-adsorbate complex, in this case the stability of the
adsorbate is overestimated.

The caleulations presented here are an important step towards the caleulation of
accurate adsorption energies ag they showed that we can use large basis sels and geometry
optimizations from clusters in the cmbedded cluster method. The deficiencies in this
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caleulations, such as the limited optimization, the low coordination of NHJ towards the
zeolite lattice, and the absenee of electron correlation and a correction for the BSSE are
not likely to cause problems in the embedded cluster scheme,
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The adsorption energy of NH; and NH in chabazite

Introduction

So far in this thesis, as an example of an adsorption and proton transfer reaction on the
zeolite acidic site, we studied the adsorption of NH;y and the proton transfer forming NH7 .
We concluded that an accurate description of the adsorption and proton transfer in zeolites
requires a correct model for the zeolite and a quantum chemical method yielding adsorption
and proton transfer energies as accurate as the size of the system allows. The aceuracy of
various quantum chemical methods were tested in the caleulation of the adsorption energies
of NHy and NH} on small zeolite clusters [1-4]. A relatively large basis set should be used,
as especially the heat of adsorption of NH] is strongly dependent on the size of the basis
set. It is also important to apply the counterpoise correction (CPC) to correct for the
basis set superposition error (BSSE) [5,6]. Without this correction the adsorption energy
can be largely overestimated. Furthermore, it is important to include electron correlation.
A factor as important as the choice of the basis set is the choice of the geometry. After
proton transfer the zeolite lattice can stabilize itself by adjusting its geometry. NHF is
stabilized to a large extend by a high coordination to the zeolite lattice. This also requires
relaxation of the lattice.

Although small clusters enable the use of accurate quanturn-chernical methods they
are not satisfactory because they do not provide a proper model for the zeolite addic
site [7]. A comparison between cluster and crystal calculations, using the CRYSTAL
program [8-12], shows that, first, the long-range electrostatic forces of the crystal are
non-negligible [7]. Second, the clusters have boundary crrors, Because of the saturation
of the dangling bonds with hydrogen atoms the atomns of the acidic site are in a different
chernical environment in the cluster than In the crystal and thus behave differently towards
the adsorbate. These are the boundary effects. To avoid the boundary effects having a
large influence on the adsorption process the dangling bond hydrogens should be at least
four bonds away from the adsorbate [7),
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The crystal seems to be a more attractive alternative for the zeolite than a cluster;
in the crystal all atoms interacting with the adsorbate are present and boundary cffects
are absent. Also, the long-range electrostatic forces of the crystal are included. However,
the erystal model does not yield accurate adsorption energies because the crystal caleu-
lations on sibcon aluminum zeolites are restricted to a minimal basis sct, for the electron
correlation only density functional estimates are available [12] and, in the absence of the
implementation of analytical gradients geometry optimizations are elaborate,

With the embedded cluster method the advantage of the crystal model can be com-
bined with the computational advantages of the cluster approximation. In this model, the
zeolite crystal is represented by a seolite cluster embedded in a correction pofential, This
potential is the long-range electrostatic potential of the crystal minus the electrostatic
potential of the boundary of the cluster [3], For a cluster having the boundary errors rela-
tively far from the adsorption site the adsorption energles from the crystal are reproduced
within a few kJ/mol with the cnbedded custer method.

Although the adsorption coergies of NHy and NH] in acidic chabazite have been
caleulated with the embedded cluster method with a mixed basgis set, a basis set having
8 good basis set on the atoms of the acidie site and a mdnimal basis set on the boundary
of the cluster, and a limited geometry optimization they have not yet been caleulated
satisfactory because in these calculations the BSSE was ipnored and clectron corvelation
was absent [4]. At least of the same importance is that in these caleulations NHT was not
optimally coordinated to the lattice,

Here, we present calculations of the adsorption energies of NHy and NH] mecting all
the requirements. We used a mixed basis set ou an embedded cluster, The CPC 15 applied
ang electron correlation is included through second order Muller Plessct porturbation the-
ory {13]. The geometry of the cluster and the adsorbate is optimized purtially and different
oricntation of NHY towards the lattice have been studied. We studied the effect of the
deficiencies in the caleulation, for example the basis set and the limited geometry opti-
mization, on small clusters, From these comparisons we corrected the caleulated heats of
adsorption. After correction the heats of adsorption wore accurate enough to be compared
to the cxperimental value, Our calculations allowed us to obtain detailed mformation on
the proton transfer and the interaction of NHY with the zeolite wall.

Methods and Computational details

We studied the adsorption of NH; and NHY in the shell-model optimized acidic chabazite
(Chapter 4, fig. 4.1a). The chabazite is described with the cnbedded eluster methed, as
introduced in Chapter 5. The cinbedded and non-embedded Medium Cluster, ax deseribed
in Chapter 4, fig. 4.4, is used to adsorb NHy and NHF, The charge distributions of the
host cluster and host erystal are caleulated al the RHF-level, using a minimal STO-3C
basiz set [14]. The atomic multipoles of the HOS1AIOg—group, both in the erystal and
the cluster, are ignored in the caleulation of the correction potential. Tt is not added to
the complete cluster but only to the atoms of the HOSIAIOg group and the adsorbate.
Witk this cluster, the embedded cluster method reproduces the adsorption energics of the
corresponding zeolite crystal within o few 1] /mol [3].

The geometry of a part of the cluster, as well ag of the adsorbate, is opinnized
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quantum-chemically at the RHF-level to allow for the relaxation of the lattice. We did not
optimize the cluster completely for several reasons. Since we used the embedded cluster
method to describe the chabazite, the cluster must fit into the chabazite. Therefore, the
boundary must be left unmodified in a geometry optimization. In this way, structural in-
formation of the chabazite is passed onto the acidic site and the adsorbate. Thus, the acidic
site 15 not an arbitrary acidic site but the acidic site in a chabazite. An additional advan-
tage of a partial optimization is that the geometry optimization converges more rapidly;
in some cases already a partial optimization took several months of computing thmne on an
Alliant FX/2816.

The result of a partial optimization depends on the group of atoms being optimized,
To estimate this dependence we compared the results of the optimization of two different
groups of atoms. In group A, we optimized the positions of the atoms of the adsorbate, of
the acidic OH-group, of the aluminum atom bonded to it and of the oxygen atoms bonded
to the aluminum atom. In group B, the position of the atoms of the adsorbate, and of the
atoms of the acidic HOSiAl-group were optimized. As another estimate for the effect of
the partial optimization we compared the adsorption energies on a completely optimised
Al(OH):H cluster, a cluster used in Ref. [2], and the same cluster in which the geometry
iz kept fixed in the geometry found with the partial optimization of the chabazite cluster.

The adsorption energy is calculated m two steps. First, the geometry of the cluster—
adsorbate complex and of the cluater is optimized at the RHF-level. With this optimization
the zeolite can adjust itself to the adsorbate. For group A, the geometry optimization
started with NH} bonding with three hydrogen bonds towards the oxygen atoms of the
AlOy tetrahedron, a structure found favorable in small cluster caleulations [2]. To keep
NH; coordinated with three hydrogen bonds, the N-H bond lengths were kept fixed at the
experimental bond length of 1.03 A [15] and three dibedral angles H-N-AJ-Q, determining
the coordination of NH towards the zeolite lattice were kept fixed at zero. Starting from
this optimized structure a second one was generated by reoptimizing it with the dihedral
angles no longer fixed, and fixing only one N-H distance at 1.03 A. Finally, a third structure
was generated from the second one without any constramts on the adsorbate. For group
B only one optimization, without any constraint on the adsorbate, was carried out.

From the structures optimized at the RHF-level four extra points for a intermolecular
potential energy curve were generated by taking two distances longer and two distance
shorter than the equilibrium intermolecular distance at the RHF-level. This energy curve
i= caleulated at the MP2-level, applying the CPC and embedding the cluster. The distance
selected as an appropriate intermolecular distance depends on the cocrdination of the
adsorbate. As in small cluster calculations we choose the Al---N distance for the triply
bonding NH] [2], and the O-N distance in the singly bonding and hydrogen bonding
structures [1]. ‘

In the Results and Discussion section we will discuss both the adsorption energy of
NH; and the interaction energy of NHY. These terms have the same meaning as in
Chapter 2 of this thesis. The interaction energy of NH is the interaction energy between
NH{ and the zeolite anion ie the energy of the NH;"—clustcr complex with respect to
the energy of NHY and the seolite anjon in the geometry they have in the complex. The
adsorption energy of NHY is the energy of the NHf cluster complex with respect to the
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energy of NHa and the energy of the OH—form of the cluster.

For the geometry optimization as well as for the caleulation of the interaction energies
we used a mixed basis set. [n this basis sct the silicon and aluminum atoms have a 6-31G{(d)
basis set [16,17]. The oxygen atom of the acidic group has a 6-311G(d) basis set [18], all
other oxygen atoms have a 6-31G basis set [19). The acidic proton and the protons of the
adsorbate have a 3-1G basis set [20]. The nitrogen atom in the adsorbate has a 6-31G(d)
basis set {19,21], All other atoms have a standard minimal 8TO-3G basis sct [14]. This
mixed basis set produces the adsorption energy of NHy with an error of 10 kJ/mal and
underestimates the adsorption energy of NH with 40 to 50 kJ/mel [1.4,22 23],

Results and Discusaion

The results of the partial geometry optimizations for group A are shown in the figs. 7.1 to
7.4. Seane of the geometrical parameters of the optimized struetures are givesn in Table L
In the first optimization of group A NHZ' was kept triply bonding. Therefore, we rofor
to it as the triply bonding or the triple structure. In the chabazite caleulations presented
here, the coordination between the NHY and the AlQ] tetrahadron of the lattice is not
as regular and well defined as the coordination between NHF and the AOH), H™ cluster
[2]. On the small cluster all OH- distances, i.e. the distances betwieen the oxygen atoms of
the lattice and the proton of the adsorbate, were 1.85 A. Here, the NH: —ion has one short
0-H distance, comparable to an O-H bond of a NH bonding with one hydrogen towards
a OSIAIH; cluster [1]. The other O H bonds are much longer.

The result of the further optimization of the triple structure without constraints on the
dihedral angles doternining the coordination, is called the singly hbonded or single structure
because it shows some similarities with NHT singly bonded on & small cluster: also here, the
N-H-O angle i close to 180° [1]. During the optimization of the txiple structure, resulting
in the single strueture, NHT is rotated around the NO-axis, the oxygen atom on this axis
bemng the bridging oxygen atom, the atem on which the acidic proton was bonded originally.
Doing o, it increases ity interaction with oxygen atoms of the cight ring other than these
of the AlO] tetzabedron, keeping constrained the distance with the bridging oxygen atom.
Although this strueture is ealled the single structure there 1s a relatively small difference
in coordination with this lattice between this structure and the triple structure, The
coordination 1% not changing as dramatically as in the small cluster ealoulations where the
clusters and their symmetry were chosen to deseribe a certain coordination, The names
of the structures are a bit misleading, because, in the zeolite, the differences betwoen the
singly and triply coordinated NHY are not as large as in the cluster caleulations. As we
have seen in the previous paragraph, the lattice docs not deforin to such an extend that
NHJ can be perfectly doubly or triply bonding as in the small dluster and, on the other
hand, in the singly bonded steueture NHF is interacting with other oxygen atoms in the
wealite channel.

The result of reoptimization of the sinply bonded structure, without any constraints
on the adsorbate, is a structure in which the proton has been transforred 1o the zeclite
and NI is hydrogen bonding to the zeolite OH group. Also the optinization of group
B, in which the atoms of the HOSIAL group are eptimized without any constraint on the
adsorbate resulted in a hydrogen bonding NHy, Apparently, al the RHF-level NHY is not
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Figure 7.1. The Ol-form of the cluster. The structure is shown from three mutually perpendicular

directions.

Figure 7.2, The triple structure, The dihedral angles H-N-Al-O, determining the coordination of
NH:', and the N-H distances were kept fixed during the optimization. The structure is shown

from three mutually perpendiculer directions.

Figure 7.3, The singly bonded structure, the result of further optimization of the triply bonded
structure. The N-H distance of the proton bonding to the beidging oxyveen atomn was kept fixed,
The structure is shown from three mutually perpendicular directions.

Figure 7.4, The hydrogen bonding structuce, This structure is the result of further optimization of
the singly bonded structure without any constraints. The structure is shown from three mutuvally

perpendicular directions.
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Table I The geometrical parameters of the OH-form of the cluster (Ag. 7.1), for the single and
triple bonded structure {figs. 7.2 and 7.3, respectively) and for the hydrogen bonding structore
(ﬁg, 7.4). The three shortest O-H distances are tabulated. They are those between the oxygen
atoms of the cluster and the protons of the adsorbate, For the hydrogen bonded forms, indicated
with an asterisk, the torsion angle H-N-0-Al instead of the torsion angle N-H-Al-Q is tabulated.
The N-H distances and H-N-H angles in the column of the OH form of group A refer to the
parameters of the free NHy molecule,

group A group A group A group A groig B group B

parameter OH-ferm H-bond triphe single OH--form H bond
L | .96 100 1.49 1.50 0.95 1.00
rao—Hg - 2,74 2,24 2.45 - 2.76
Tri—H - 3.18 3.77 2.6 - 3.30
TN H 1.00 1.01 1.03 1.03 - 1.01
PN 1.00 1.01 1.03 .02 - 1.00
PAN_H 1.00 1.01 1.03 1.01 - 1.00
TN_H - - 1.03 1.01 : -
re— Al 1.6 .54 L.77 1.77 1.91 1.8%
To. 5 1.6% 1.67 1.62 1.61 1,70 167
LAl_O_N - 112 102 107y - 112
Lp—nN—I 114 111 112 110 - 112
ATy 114 113 105 10g - 110
L-N—H 114 114 105 104 - 112
Lgi—o-al 139 137 11 140 136 136
IN-H-Al-0 - aa* 0 34 ; 20"
En—ti—al-0 - EV 0 47 . 40*
IN_H-Al-0 - 155" 0 8 - so*

stable. This is in contrast to our earlier findings, that, if NH} can coordinate to more
oxygen atoms in the zeolite, it is favorable over hydrogen bonding NH; [2] This may
be the result of the absence of diffuse funections on the oxygen atoms in the Jarge cluster
calculation presented here, or of the decreased interaction between the zeolite and NHY jo
the chabazite cluster with respect to the small zeolite clusters.

Earlier, the adsorption encrgies of NHy and singly bonded NHY were caleulated at the
5CF and SCF/CPC-level, just optimizing the adsorbate and the OH-group, With this
more extended geometry optimization the adsorbates are loss stable [4].

The adsorption energies of NHy and NH] for the various structures are tabulated in
Table II. The most accurate adsorption energies are those including electron correlation,
the CPC and the long range clectrostatic forees of the arystal. Some important differences
between the SCF/CPC/MP2/EMB level and the SCF -level are that, at this level, the
adsorption energies of NHy and the triple bonding NH are almost equal in energy and that
the relative stability of the single and triple struecfure is reversed. The various quantum
chemical methods have a relatively similar effect on the adsorption energies as in the
stuall cluster ealenlations. However, there are some differences. In the chabazite cluster
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Table IT The adsorption energies of NHy and NHY, for the single structure (fig. 7.3), the triple
structure {fig. 7.2) and the hydrogen bonded structure (fig. 7.4), the latter for the optimization of
group A and group B. The adsorption energies are calculated at the RHF-level and at the MP2-
level with and without the CPC and for the embedded cluster (EMB) and for the non-embedded
clusier. The adsorption energies are in kJ/mol, intermolecular distances in A.

Sirncturs NHz (A) NHY single (4) NH] iriple (A) NHj (B)
Method AE Ryo AER RBrno AR Rain AE Rno
SCF 77 2,72 -38 2.52 -31 3.3 .87 2.68
SCF/CPC -31 2,80 % 268 -4 3.52 wd1 2.78
SCF/MF'.Z -G 268 11-3°] 1,52 -7 3.32
SCP/CPC/MP2 -36 2.80 -9 2,56 -26 353
SCF/EME «82 2.71 -6d 1.55 -48 3.31 -89 2.67
SCJF‘/C!”C/EME% -45 297 -Z1 2.59 -258 3,55 -52 2.4
SCF/MP2/EMB -113 2.66 -94 2.8% -84 3.32
SCF/CPC/MP2/EMB -5t 2.78 .36 2.60 .50 2.55

calculations the effect of the CPC is wuch larger [1,2). Already at the RHF-level it is
very large and at the MP2-level the largest part of the interaction energy appears to be
BSSE. The effect of the electron correlation, if the CPC is applied, 1s comparable to that
of the small clusters [1,2]. Tt stabilizes NH,T because it stabilizes the anionic lattice, thus
decreasing the proton affinity. It stabilizes both NH; and NH} because a part of the Van
der Waals energy is included. The effect of the embedding is almost the same as found
in earlier calculations, in which the geometry of the cluster and the adsorbate were not
optimmized (3,4].

There arc two reasons for the BSSE being larger than in the small cluster caleulations.
First, the basis set is emaller than in the small eluster ealculations. On comparing different
basis sets on the small clusters we saw that a smaller basis set incresses the BSSE [1].
Second, the cluster 1s much larger, this implies that there are more atoms providing orbitals
that can be used by the interacting particles, the adsorbate and the zeolite cluster, to lower
their energy, thus increasing the BSSE [5,6]. Therefore, adsorption energies for systems as
described here must be calculated with the use of the CPC.

The adsorption energy of NHy is 10 kl]/mol less than on the small cluster, the ad-
sorption energies of NHY shows much larger deviations. We will discuss two causes for
the differences in adsorption energy between the calculations described here and the small
cluster calculations: the smaller basis set and the difference in coordination. Here, we will
not discuss the differences in adsorption encrgy caused by the poor covalent deseription
by the small cluster as found in Ref. {7]. To study the effect of the basis set we repeated
the calculations of NHY triply coordinated on a AI(QH);H™ cluster as in Ref. [2] with the
basis set used in this paper. The geometry of the NHf .- -Al(OH);H™ complex and the
ANOH)3H; cluster were fully geometry optimized. The N-H distances and the dihedral
angles H-N-Al-Q, determining the coordination were kept fixed as in the chabazite cluster
caleulation. The first restriction was also imposed in the previous cluster caleulations.
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The result of thiz optimization is shown in fig. 7.5. The geometry is sitmilar to that
found with the larger basis set although slightly less regular because of the different basis
sets on the oxygen atoms in the basis set used in this paper. With the basis set used
in Ref. [2] the O-Al-0Q angles were 101°, here they were 100 and two times 101°. The
OH-distances were 1.79 A with the large basis set and were 1.78 & and two times 1.73 &4
with the mixed basis set used here. The longer distance corresponds to the oxygen with
the larger basis set. The adsorption energies at the SCF/MP2/CPC level with the mixed
basis set was —85 kJ/mol, about 30 kJ/mol less than with the large basis set [2]. Thus,
one of the reasons for the decreased stability of the NH} is the lower quality of the basis
set.

3
£
¢ o Y
]
Figure 7.5 The difference 1o coordivation  bhetween  the [fully  optimized

NH? -+ ANOQH}s ™ complex and the same complex with the AlQy part kept fixed to the ge-
ometry fonnd with the optimization of the triple structure. As in the optimization of the triple
structure the N -H distances and the dihedral II-N-Al-O determining the coordination were kept
fixed, On the left Figure 7.5a) the fully optimized structure and on the right Figure 7.58) the
strucénre in which the AlQs part is kept fixed,

Another reason {or the decreased stability of NHT is the decreased interaction between
NH; and the zeolite lattice, caused by the less optimal and less regular coordination. In
the small cluster the interaction between the cluster and NHY is enlarged by directing the
oxygen atoms towards NHF . The O-Al-Q angles of the oxygen atom directing towards the
NHJ are equal to 101°, and 95° in the A(OH);H~ and Al{OH);H} cluster respectively.
In the chabazite cluster the O-AL O angles of the AlO,—tetrahedron are 94°,113% and 114°.
The O-Al-O angle of the two oxygen atoms with the shortest O-H distance is 94°. The
Al O distances in the chabazite cluster arc a little bit shorter than in the small eluster;
1.76, 1.72, 1.70 and 1.69 A in the chabagite cluster and 1.78, 1.73, 1.73 A in the fully
optimized AIOH)Hy cluster.

It is an important guestion whether the partial optimization makes the zeolite appear
to be too rigid, or whether the coordination is described well in the chabazite and the
Hexibility of the zeolite, aned thus the coordination, is overestinated in the completely
geometry optimized small clusters. In arder to answer this important question we compared
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the loss in interaction energy by comparing the interaction energy of a fully geometry
optimized Al(OH}H cluster and the same cluster in which the AlOy part 1s kept fixed in
that of the triple structure. Furthermore, we estimated the interaction energy that could
be gained by a more complete geometry optimization of the chabazite cluster.

We made an estimate of the loss of the interaction energy as a result of the decreased
coordination by repeating the optimization of NH] om the AI(QH);H™ cluster keeping
the AlQ; part fixed in the geometry found with the optimization of the triple structure,
fig. 7.5b, and comparing the interaction energy to that of the fully optimized A{OH);H~
cluster, fig. 7.5a. Becauze of the less optimal coordination for the structure in which
the AlOs part is kept fixed the interaction energy between NH] and the zeolite cluster is
36 kJ/mol less at the RHF-level. The decreased imteraction energy is & result of the less
optimal coordination.

The decreased coordination may be caused by the partial optimization of the chabazite
cluster, making the zeolite appear to rigid. In a more extended optimization the eoordi-
nation may be improved because the silicon atoms ¢an alse be displaced. The extra
interaction that can be gained maximally by the displacement of the silicon atoms in a
more extended geometry opéimization iz 36 kJ /mol, the difference in interaction energy of
the NH} between the fully optimized AI(OH);H™ cluster snd the same cluster in which
the AlQ; part is kept fixed in the triple geometry. This 36 kJ/mol is an upper bound
because first, by increasing the interaction with the aluminum tetrahedron the interaction
with the other parts of the zeclite is decreased, and second, and probably more important,
is that to increase the interaction, the zeolite lattice has to be deformed. The deformation
energy has to be subtracted from the interaction ¢nergy that is gained.

We made a rough estimate of the deformation energy required to obtain the optimal
coordination between the NH;" and the zeclite lattice. The deformation energy can be split
into two parts, The first is the cxtra deformation of the AlQ, tetrahedron, the sccond is the
displacement of the silicon atoms bonded to this tetrahedron to accommodate the deformed
tetrahedron. After all, the extra interaction energy should come from the displacements of
these silicon atoms because tn the partial optimization the atoms in the AlQy tetrahedron
were already free to move, The deformation energy of the AlQ; part is easy to estimatc
as the difference between the energy of the A{OH)sH™ clusters in fig. 7.5a and 7.5b; this
is 7 kJ/mol. The deformation energy needed for the displacement of the silicon atoms is
roughly estimated from the deformation of small clusters. We estimated the deformation
of the Al-0Q and 51-0 stretching and for the Al-C-5i bending on a OSiAlH; cluster and
the 5i-0-5i bending on a 08iyH;; cluster. The stretching of the Al-O and Si-OQ bonds by
0.05 A, necessary for the optimal configuration, costed 2.1 and 5.7 kJ/mol respectively.
The bending of the angles by 10° costed 1.7 and (.8 kJ/mol respectively. Thus, it seems
more favorable to displace the silicon atoms by the bending of the 5i-0-Al and Si-0-5t
angles, although some stretehing will also appear. For each displaced silicon atom two
5i-0-5i angles and one $5i-0-Al angle must be bended. The displacement of one silicon
atom costs 4 kJ/mol, and thus, the displacement of three silicon atoms will cost 12 kI /mol,
Thus, in this simple model, not including the stretching of bonds, apart from those in the

-AlO; part, the deformation energy is 19 kI /mol (7 + 12).

The adsorption energy that can maximally be gamed by a more extended geometry
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optimization iz 17 kJ/mol. From this number we should also subtract the decrease in
interaction between NH and the other atoms in the eight-ring as a result of the higher
coordination to the aluminum tetrahedron and the deformation energy as a result of the
strefching of the bonds not taken into account in the simple model to calculate adsorption
energies. This means the adsorption energy that can be gained maximally by a move
extended optimization is about 10 kJ/mol.

Another estimate for the effect of the partial instead of a full optimization can be made
from the differences in adsorption energy of NHy for group A and B since the adsorption
energy was calculated for two different partial optimizations. To group A the HOAIQ,
group was optimized and in group B the HOSiAl-group. The difference in adsorption
energy of NHy 15 10 kJ/maol at the SCP-level. This 15 a relatively lazge difference and
the partial optimization does not seem valid but, we should keep in mind that one of
the differences between group A and group 13 is the optimization of the position of the
silicon atom, an atom close to the adsorbate in the hydrogen booded structure. The
effect of further enlargement of the group of atoms to be optimized will be smaller than
10 kJ/mol. Although, for the triple structure, the interaction energy, is more dependent
on the geometry an enlargement of the group of atoms to be optimized will not have a
larger effect on the interaction energy than for than for NHay. Already all the atoms close
to the NHY, ie the AlQ, group are optimized. The estimation of the effect of a more
extended optimization of is 10 kJ/maol.

In our cluster calculation, where the geometry is partially optimized, the zeolite does
not seem to be too rvigid. For example, the difference in cell constants and average T-0
bond lengths is 1 or 2 % for the H-form and the NH} -form of Zeolite Rho [24,25]. These
numbers do not deviate significantly from the deformations we found. Thus, the partial
optimization seems to be valid and we can conclude that the coordination of NHY is lower
in the zeolite lattice because the atoms are less free to move than in a cluster since they
are bonded in & zeolite lattice. In a cluster in which the geometry is completely optimized
without passing any mformation from the lattice to the cluster, the interaction energy is
overestimated, Cluster caleulations in which the cluster is eompletely optimized and in
which the coordination between the adsorbate and the cluster is important and strongly
dependent on the deformation of the zeolite cluster, as in Refs. [2,26-34] overestimate the
stability of the adsorbate by about 20 kJ/mol.

From the comparisen of the various quantumn chemical metheds, we can question the
value of the geometry optimizations at the SCF-level, First, the geometry is optimized at
a level that, because of the absence of electron correlation, underestimates the stability of
NH}. Therefore, constraints must be used in the optimization of the NH. The effect of
the constraints on the geometry and the interaction energy s relatively small, because the
main part of the effect of the optimization on the interaction energy lies in the relaxation of
the lattice and not in the deformation of NHJ . The abscnce of the effect of the embedding
on the geometry is negligible, the internal geometry of the latticn and the adsorbate cluster
distances are almost independent of the embedding [3,4]. A larger problem is that for a
cluster like the chabazite cluster, the potential energy surface is quite complicated and the
difference between the RHF and the MIPP2 potential energy surfaces will be larger than in
the case of the sinall elusters, The largest problem of the optimization at the SCF- level are

94



Chapter 7 : The adsorption energy of NHy and NHF in chabazite

the BS5E-effeats. We tricd to avold the shortcomings of the optimization at the RHF-lavel
by caleulating the interaction from an appropriate potential energy curve, and calculating
the adsorption energy at the SCF/CPC/MP2/EMB level. Even so, the optimization of
the geometry at the SCF-level will certainly cause some errors in the geometry and the
adsorption energy. It is difficult to give an estimate for the error in the adsorption energies
caused by the optimization of the geometry at the RHF-level; it will however not be mueh
larger than 10 kJ/mol.

By making an estimate of the deficiencies and the errors in the caleulstion we can
produce a value for the adsorption energies that can be compared to the experimental
heat of adsorption. The largest deficiency is the limited size of the basis set, 1t docs not
have a large effect on the adsorption energy of NHy [1], but the adscrption energy of NH;"
is strongly affected by the deficiencics of the basis set. The adsorption energy of NHY is
underestimated by 40 to 50 kJ/mol [1,4,22,23]. Other errors arve caused by the Nmited
geometry optimization and the optimization at the RHF-level. Together, they will give an
error in the adsorption energy between 10 and 20 kJ/mol. Also we should add some extra
Van der Waals energy. With the cluster and this basis set not all the Van der Waals encrgy
between the zeolite and the adsorbate 1s obtained, From the adsorption energy of CHy,
baving the same nuraber of electrons as NHy and NHY in zeolite X [35], the missing Van
der Waals energy is estimated to be 10 kJ /mol. This Van der Waals energy stabilizes both
NH; and NH::'. If we fake into account the errors and the deficiencies of the caleulation
for the adsorption energy of NHy will be aboul -70410 kJ /mol. The adsorption energy of
NH;" , in the favorable triple structure, will be about -120+15 kJ /mol. The latter compares
quite well with the experimental heat of adsorption of -—130 kJ /moal [36].

Conelusion

We studied the adsorption of NH; and NH: in zeolites using an acourate quantum chemical
method. The caleulations were performed with the embedded ciuster method using a
mixed basis set, including electron correlation and applying the counterpoise procedure.
The geometry of the adsorbate, and the part of the cluster that is interacting with it, was
optimized. We ounly optimmized a part of the cluster since, by keeping the boundary of the
cluster fixed, the custer can be embedded and structural information is passed from the
zeolite to the cluster.

The adsorption energy of NHy and NH;", in & conformation with a high coordination
towards the zeolite lattice, are almost equivalent: —51 and B0 kJ /mol, respectively. If the
calculated adsorption energies are corrected for their errors, as estimated from small cluster
caleulations, svch as the deficiencies in the basis set, the incomplete Van der Waals energy,
the only partial optimization and the errors made with the optimization at the RHF-level,
the adsorption energies become -70£10 kJ/mol and 120 £ 15 kJ/mel respectively. The
latter compares quite well with the exporimental heat of adsorption.

The comparison between these embedded cluster caleulations, in which the geometry
is only parfially optimized such that the cluster still fits into a real zeolite, and cluster
celculations in which the geometry is completely optimized, shows that in the latter the
effect of the optimization of the geometry is overestimated. Therefore, in adsorption pro-
cesses in which the coordination between the adsorbate and the lattice is crucial and the
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geometry 15 completely optimized, the stability of the adsorbate is overcstiznated by about
20 kJ/mol. Because of this, the cluster should contain structural information from the
zeolite and should not be an arbitrary zeolitic cluster.

The counterpolse correction to correct for the BSSE is very important in the caleula-
tion of the adsorption enerpies, because of the basis set that was used and the size of the
zeolite clusters, the BSSE can be more than 40 kJ/mol at the SCF-level and more than
60 kJ/mo) at the MP2-level. Electron correlation stabilizes both NHy and NHF because
it includes the Van der Waals energy, it decreases the difference in adsorption energy be-
tween NH; and NH because it stabilizes the zeolite anion, The embedding of the cluster
stabilizes both adeorbates by 10 to 20 kJ/maol.
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Summary and General Conclusions

In this thesiz we studied the adsorption of NHy in acidic seolites, the proton transfer
from the zeolite to form NH} and the interaction of NH] with the scolite lattice by means
of quantum chemical calculations, The alm of the research was twofeld. One aim of the
study was to obtain detailed information on the adsorption and proton transfer processes,
The second aim was to develop a quantum chemical method able to produce accurate
adsorption and interaction encrgies.

The reliability of the quantum chemical model used for the deseription of the adsorp-
tion processes depends on three factors. The first is the quantum chemical method itself,
1.2 the way in which the clectronte structure is calenlated. The seeond 18 the geometry of
the zeolite and the coordination of the adsorbate, The third is the model used to describe
the zeolite, e.g. a erystal or o clugters with a certain shape.

In the firat part of the thesis we studied the accuracy of various gquantum chemical
methods. We described the zeolite with & small cluster, allowing us to use high—quality but
computer time consuming methods, We studied the effects of the basis set, the basis set
superposition error and eleciron correlation on the adsorption energy. We compared three
different basis sets, a small one, comparable to a split valence basis set with polarization
functions, a large one, containing diffuse function on the anionic oxygen atom, and a basis
set expected to give adsorption and proton transfer energios within a fow k] /mol of the
Ifartree—Fock limit. For further caleulations we decided to use the large bhasis set. Although
it underestimates the stability of NH by about 10 kJ/mel it is still small enocugh to be
nsed more or less routinely. The adsorption energy of NH; is relatively independent of the
biagts set.

Electron correlation cannot be neglected in the caleulation of adsorption energies, it
adds about 10 kJ/mol of Van der Waals energy to the adsorption energy of both NHy
and NHY and it stabilizes the antonic oxygen atoms formed by the proton transfer alse by
about 10 kJ/mol. The caleulated adsorption energies must be correated for the basis sel
superpoesition ercor. Without this correction, adsorption cnergies can be overestimated by
10 kT /mol aé the SCF-level and 20 k] /mol at the MP2-level if the large basis set 1w used.
For smaller basis sets this orror is larger.

The peometry of the zeolite and the coordination bhetween NI-I;" and the zeolite are
importent factors in the ealeulation of adsorption energies. The coordination of NHy
usually does not cause problems because it is adsorbed lincarly outo the acidic OH-group
with an adsorption energy of 60 kJ/mol. The coordination of NE] with the zeolite lattice
however, is very important, NI bonded to a zeolite cluster with a single liydrogen bond
has an adsorption energy of only 15 kJ/mol. NH bonded to a zeolite cluster with a
high coordination, e with two or three hydrogen bonds, has an sdsorption energy of
-110 kJ/mol. The high coordination of NHT with the zeolite lattice stabilizes NH and
enables proton transfor,

The geometry of the seolite has a large influence on the adsorption encrgy, For NH;
the influence 1s relatively limited, Optimization of the zeolite eluster, making it more stable
and less reactive, decreases the adsorption encrgy by about 10 kI /mol. For NHF the offect
is much larger. For the high coordination between NH] and the zeolite lattice the latter
has to deform. On a zeolite of which the geometry is not optimized the adsorption energy
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Summary and general conclusions

of a triply bonding NH] is only —10 kJ/mol. After a geometry optimization, in which the
cluster can adjust itself to accommodate NHJ, the adsorption energy is —110 kJ /mol.

After having investigated the various quantum chernical methods we studied the va-
lidity of small clusters as a model for the zeolite lattice. We compared the adsorption
energies and Mulliken charges of the atoms of the acidic site of four different clusters and
a zeolite crystal. It appears that the cluster caleulation have two errors. The first are the
boundary effects; as a result of the saturation of the dangling bonds with hydrogen atoms
the charges of the neighbonng atoms are different from their counterparts in the crystal.
Consequently, they boehave differently towards an adsorbate. To aveid the boundary ef-
fects having a large influence on the cul¢ulated adsorption energy the saturating hydrogen
atoms should be four, or more, bonds away from the adsorption site. I not, an error in
the adsorption energy of about 50 kJ/mol can be made. A second disadvantage of the
cluster approximation is the abscnce of the long-range clectrostatic forces of the erystal,
The effect of these forces on the adsorption energy can be as large as 50 kJ/mol.

Although the crystal offers a much betier model for the zeolite, boundary errors are
absent and the long-range electrostatic forces are present, ¢rystal caleulations do not enable
us to calculate accurate adsorption energies because, as o result of the size of the system,
we are restricted to use minimal basis sets. Furthermore, geometry optimizations are too
elaborate and for the electron corrclation oanly density functional estimates are available.

In search for a satisfactory method to calculate adsorption energies we developed a
method offering a good medel for the seolite while keeping the computatienal advantages
of the cluster approximation. We did so by embedding & zeolite cluster in a corvection
potential. This correction potentials adds the long-range ¢lectroztatic forces of the crystal
and subtracts the electrostatic potential of the boundary of the cluster. The correction
potential is only added to the atoms around the adsorption site. If an appropriate cluster
ig used, Lo a cluster having the boundary effects four, or more, bonds away from the
adsorption site, the adsorption energies of the crystal are reproduced within a few kJ/mol.

Within the embedded cluster method, we tested the use of mixed basis sets. Such
a xcd basis set has a high quality basis set on the atoms around the adsorption site
and a minimal basis set on the atoms in the boundary of the cluster. This minimal basis
set on the atoms of the boundary is necessary for several reasons. First, there is the
restriction that, within the embedded cluster scheme, the atoms on the boundary must
have the same basis set and geometry as in the crystal. Second, by using a minimal basis
set on the boundary of the cluster the required computer time is reduced. The mixed basis
set produces the adsorption energies caleulated with a good basis set on all atoms within
10 kJ/mol. It undercstimates the adsorption encrgy of NHT by about 40 to 50 kJ/mol.
The adsorption energy of NH; is less dependent on the basis set.

We compared the results of the geometry optimnizations performed with the cluster, the
embedded cluster and the crystal. It appeared that, although the long-range electrostatic
forces have a non-negligible effect on the adsorption energies the effect on the geometry
of the acidic site is very small. This is impoertant, because in this way, we can use the
geotuetry of the acidic site found with an eptimization of a cluster, for which automatic
optimizations using gradients can be used, as a geometry for the embedded cluster for
which no such techniques are avazlable,

99



A quantum-chemical description of profon transfer in zeolites

We calculated the adsorption energy of NH; and NHY on a cluster embedded in a
chabazite crystal, using a mixed basiz set and a limited optimization of the geometry. The
limited geometry optimization stabilizes the adsorbates,

Finally, we calculated the adsorption energy of NHy and NH] on a cluster embedded
in a chabazite erystal combining all features important for the caleculation of accurate
adsorption energles. We used a mixed basis set, corrected for the basis set suparposition
error, and calculated the contribution of the clectron correlation. The geometry of the
cluster was partially optimized. Some different coordinations of NH}Y with the zeolite
lattice were studled. After correction for some of the deficiencies in the calculation, 1e
the error made with the limited size of the basis set, the linifed Van der Waals energy
and the limited geometry optimiszation, the adserption energy of NHy was estimated to
be ~70+10 kJ/mol and the adsorption energy of NHY, in a couformation having a high
coordination with the zeolite lattice, was estimated to be - 120415k J/mol. The latter value
corresponds well with the experimental heat of adsorption.

From our final caleulations we can draw two conclusions:

+ We have developed o reliable and generally usable method to caleulate adsorption
encrgies of small molecules in zeolites.
s After adsorption of NHy in the zeolite proton transfer takes place and NH is formed.

Tt iz stable because it has a high coordination with the zeolite lattice.



Samenvatting en Algemene Conclusies

In dit proefschrift hebben we de adsorptic van NHj in zure zeolieten, de protono-
verdracht waarbij NH} gevormad wordt en de interactie tussen NH] en het zeolietrooster
bestudeerd met behulp van quantumchemische methoden. Het onderzoek had twee doelen.
Het eerste was gedetaillecrde informatie over de adsorptie- en protonoverdrachtsprocessen
te verkrijgen. Het twecde was een quantumchemische methode te ontwikkelen waarmee
nauwkeurige adsorptie en interacticénergieén berekend kunnen worden.

De betrouwbaarheid van ¢en quantumchemisch model dat gebruikt wordt om adsorp-
tieprocessen te beschrijven hangt af van drie factoren. De eerstc 15 de quantumchemische
methode zelf, dat wil zeggen de manier waarop de elektronenstructunr berekend wordt.
De tweede is de geometrie van het zeoliet en de codrdimatie van het adsorbaat. De derde
15 het model dat gebruikt wordt om het zeoliet te beschrijven, bijvoorbeeld een kristal of
een cluster met een bepaalde vorm.

In het eerste decl van het proefschrift hebben we de nauwkcurigheid van diverse quan-
tumchemische methoden bestudeerd. We beschreven het zeoliet met een klein cluster
waardoor we tijdrovende methoden van hoge kwaliteit konden gebruiken. We bestudeer-
den de effecten van de basisset, de basisset-superpositiefout en elektronencorrelatie op de
adsorptieénergie. We hebben drie verschillende basissets met elkaar vergeleken: een kleine,
vergelijkbaar met een split-valence-hasisset met polarisatiefuncties, cen grote met diffuse
functies op het antonische zuurstofatoom en een basisset waarvan verwacht kan worden dat
ze adsorptie- en protonoverdrachtsenergieén binnen enkele kJ/mol van de Hartree—Fock-
limiet levert. We beslotenn om voor verdere berekeningen de grote bagisset te gebruiken,
Hoewel ze de stabiliteit van NHY met zo'n 10 ki/mol onderschat is ze klein genoeg om
min of meer routinematig gebruikt te worden. De adsorptieénergie van NHa s relatief
onafhankelijk van de gebruikte basisset,

Electronencorrelatie kan niet verwaarlonsd worden bij de berekening van adsorptie-
energieén omdat het ongeveer 10 kJ/maol Van der Waals—energie toevoegt aan de adsorp-
tie€nergieén van NHy en NHF. Bovendien stabiliseert het het anionische zuurstofatoom
dat gevormd wordt bij de protonverdracht met ongeveer 10 kI /mol. De berekende adsorp-
ticénergieén moeten gecorrigeerd worden voor de basissei-superpositiefout omdat zonder
deze correctie adsorptieEnergieén overschat worden met 10 kJ/mol op het SCF-niveau
en met 200 kJ/mol op MP2-niveau. Bij het gebruik van kleinere basissets worden deze
overschattingen groter.

De geometrie en de codrdinatie tussen NHF en het zeoliet zijn belangrijke factoren
bij de berekening van adsorptieénergieén. De codrdinatie van NHj geeft meestal geen
preblemen omdat het lincair geadsorbeerd is op de zure OH-groep met cen adsorptie-
energie van —60 kJI/mol. De codrdinatie van NHT met het zeolietrooster daarentegen is
zeer belangrijk. NHF gebonden aan het zeolietrooster met een enkele waterstofbrug heeft
con adsorptieénergie van slechts 15 kJ/mol. NHY gebonden aan het rooster met een hoge
codrdinatie, dat wil zeggen met twee of drie waterstofbruggen, heeft cen adscrptieénergie
van -110 kJ/mol. De hoge codrdinatic van NH] met het zeoliet stabiliseert NHT en maakt
protonoverdracht mogelijk.

De geometrie van het secliet heeft eon grote invlned op de adsorptieénergie. Voor NHy
is deze invlioed vri] beperkt. Door optimalisatie wordt het zeolietcluster stabieler en minder
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reactiel, de adsorptiesnergie vermindert daardoor met ongeveer 10 k) /mol. Voor NHJ is
het effect veel groter, Het zeolietrooster moet zich vervormen om cen hoge codrdinatie
met het NHY mogelijk te maken. Op cen zeoliet waarvan de geometrie niet vervormad is,
is de adsorptieénergic van dricvoudig gebonden NHT slechts —10 %J/mol. Als het rooster
de gelegenheid krijgt o zich, door middel van een geometricoptimalisatic, aan te passen
aan het NH dan is de adsorptieénergie ~110 kJ/mol.

Nadat we de diverse quantumchemische methoden onderzocht hadden bebben we de
getdigheid van kleine clusters als model voor een zeoliet bestudeerd. We hebben de ad-
sorptieénergie en Mulliken ladingen van de atomen van de sure groep van vier verschil-
lende clusters en cen kristal onderzocht. Het blijkt dat de clusterberekeningen twee fouten
hebben, De eerste zijn de randeffecten; als gevolg van de verzadiging van de verbroken
bindingen met waterstofatomen zijn de ladingen van de annliggende atomen versehillend
van hun equivalenten in het kristal. Daardoor gedragen ze zich ook anders tegenover
adsorbaten. Om te vourkomnen dat de randeffecten een grote invioed hebben op de here-
kende energieén moeten de waterstofatomen minstens vier bindingen van het adsorbaat
verwijdeard zijn. Een tweede nadeel van de clusterbenadering is de afwezigheid van de elek-
trostatische lange--dracht interacties van het kristal., Het effect van deze interacties op de
adsorptiegnergiegn kan 50 kJ /ol sijn. Hoewel het kristal een beter model voor het zeoliet
iz omdat de randeffecten afwesig zijo en de clektrostatische lange-dracht-interacties aan-
wezlg zijn, leveren de kristalberekeningen geen nauwkeurige adsorptiefnergiedn omdat we
door de grootte van het systeem alleen minimale basissets kunnen gebruiken, Verder =i
geometrie optinalisaties te bewerkelijk en zijn er alleen dichtheidsfunctionaal-schattingen
voor de eleltronencorrelatie beschikbaar.

Op zoek naar con bevredigende methode om adsorpticénergiesn te berekenen hebben
we gen methode ontwikkeld die een goed model voor het zealict levert terwijl de rekentijd
nauwelijks meer is dan die vau oo de clusterbenadering, Dit hebben we bereikt door
cen zeolietcluster in te bedden in een correctiepotentianl. Dese correctiepotentinal zet de
clektrostatische lange-dracht-interacties van het kristal over het eluster en corrigeert voor
het elektrostatische gedeelte van de randeffecten. De correctiepotentiaal wordt alleen over
de atomen van de zure groep en het adsorbaat heengesel. Als coen goed gekosen cluster
gebruikt wordt, dat wil zeggen de met waterstof versadigde bindingen zitten tenminste vier
bindingen van de zure site af, dan reproducecet het ingebedde cluster de adsorplicénergiodn
van het kristal binnen enkele kil /mol.

Binnen dese ingebedde clustermethode hebben we het gebruik van gemengde basissets
getest, Zo'n gemengde basssel heefl con basisset van hoge kwalibeil op de atomen rond de
sure grocp on een minimale basisset op de atomen aan de rand van het cluster, Het is om
verschillende redenen noodzakelijk om een minimale basisset te gebruiken aan de rand van
het cluster. Ten eerste legt de ingebedde clustermethode de restrictie aan het cluster op dat
de atomen aan de rand van het cluster deselfde geometrie en basisset moeten hebbeon als die
in het kristal. Ten tweede wordt de benodigde hoeveelheld rekentijd behoorlijk beperkt
door het gebruik van een minimale basisset op de rand van het cluster. De gemengde
basisset geeft de adsorpticinergiedn met een afwijking van maximaal 10 kJ /mol ten opzichte
van een grote basisset. Ze onderschat de adsorptictnergie van NHY met ongeveer 40 tot
50 kJ/mol. De adsorpticinergic van NHa is minder afhankelilk van de basisset.
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We hebben de resultaten van de geometrie—optimalisaties van het cluster, het in-
gebedde cluster en het kristal met elkaar vergeleken. Het blijkt dat de elektrostatische
lanpge-dracht-interacties, hoewel ze een niet—verwaarlooshare invloed op de berekende ad-
sorptieénergieén hebben, nauwelijks invloed hebben op de geometrie van de zure site. We
kunnen dus de geometrie van een zure groep zoals we dic gevonden hebben met een clus-
teroptimalisatie gebruiken voor cen ingebed cluster. Dit is belangrijk omdat we voor een
cluster automatische geometrie—optimalisaties, waarbij gradienten gebruikt worden, kun-
nen gebruiken. Deze technieken zijn niet beschikbaar voor een ingebed cluster.

We hebben de adsorptieénergieén van NHj en NHT berekend voor een cluster ingebed
in een chabazietkristal, waarbi] we con gemengde basisset gebruikten en de geometrie
gedeeltelijk optimaliscerden. Het blijkt dat in dit geval de geometrie—optimalisatie de
adsorbaten stabilizeert.

Uiteindelijk hebben we de adsorptiefnergieén van NHy en NH] herekend op een clus-
ter ingebed in een zeolictkristal waarbij we verder alle karakteristicken belangrijk voor een
nauwkeurige berekening aanwesig waren. We gebruikten een gemengde basis set, corrigeer-
den voor de basisset—superpositiefout en we namen de bijdrage van de elektronencorrelatie
mee. De geometrie van het cluster werd gedeeltlijk geoptimaliseerd. Er werden meerdere
coordinaties van NHY met het zeolietrooster bestudeerd. Na correctie voor de tekortko-
mingen van de berekening zoals de fout in de basis set, de beperkte Van der Waals energie
en de beperkte geometrie—optimalisatie werd de adsorptieénergie van NHy geachat op -
70£10 kJ/mol en die van NHT op -125+15 kJ/mol. Deze laatste komt goed oversen met
de experimentee]l gemeten adsorptiewarmte.

it onze laatste bevekeningen kunnen we de volgende conclusies trelkken,

s We hebben cen betrouwhare en algemeen toepasbare methode om adsorptieenergieen
van kleine moleculen in zeolieten uit te rekenen ontwikkeld,

« Na adsorptic van NHz in het zeoliet vindt protonoverdracht plaats waarbag NH;}' g
vormd wordt. NHY is stabiel omdat het een hoge coordinatie heeft met het zeolie-
trooster.
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(Juesta tesi riassume lo studio, condotto con metodi quanto—meccanicl, della assorii.
mento di NHy nelle zeolite acide, il trasferimento protonice, grazie al gquale si forma NHJ,
e, infine, Uinterazione fra NHY ¢ la rete della zeolite. La ricerca ba fondamentalmente due
oblettivi. Il primo & quello di ottenere Informazioni dettagliate sul processi di assorbimento
e di trasferimento protonico. Il secondo obiettivo riguarda il tentativo di sviluppare un
metodo quanto-meceanico con it quale sia posaibile calcolare energle di assorbimento e di
interazicns in maniera accurata,

La schdita di un medello quante meccanico, usato per deserivere processt o1 assor-
bimento, dipende da tre fattorl, Il prime ¢ il metodo quanto meceanico usato, cloé 1
modo in cul viene calcolata la struttura elettroniea. Il secondo concerne la geometria e la
coordinasions dell’ assorbato. 11 terse rnguarda il modello usato per descrivere la zeolibe.

Nella prima pacte di questa test abbiane studiato Paconratesza del van metods quanto-
meceanici. Dal momento che abbiamo considerato la zeolite come un cluster di piceole
dimensioni, abbiamo usato metodi di alta qualith richiedenti molto tempo di caleolo, Ab-
biameo successivamente studiato ghi effetti sull'energia di assorbimento indotti dal set base,
dall’ errore di superposizione di set base (BS5E) e dalla correlazione elettronica. Abbiamo
preso a confronto tre diversi set base: uno di piceolo dimensioni, simile ad un set base
split—valence, dotato di funzioni di polarizzazione, uno grande caratterizato da funzioni
diffuse sull” atome di ossigeno, avente cariea negativa ¢, infine, un set base atiraverso il
quale fosse possibilie prevedere se le energie di assorbimento e trasferimento protonico siano
realmente contentute entro il limite Hartree-Fock. Abbiamo deciso di usare il secondo set
base, quelle grande, por ulterior caleeli. Anche se questo set base sottovaluta la stalalita
di NHF di circa 10 kJ/moal, si dimostra sufficentemente piccolo cosi da cssere usato pitt o
meno abitualmente, L'energia di agsorbimento di NHy risulta relativamente indipendente
dal set base. La correlazione eletbromen non puad essere trascurata perché contribuisee di
cirea 10 kJ/mol (questo contributo & 17 energia di Van der Waals) alle energie di assorhi-
mento di NHy en NHY . Inoltre stabilizza di cirea 10 kJ/mol I atomo anionico di ossigeno
ottenuto per mezzo del trasferimento protonice. Le energie di agsorbimento devono perd
easere corrette al fine di evitare il BSSE. Senza questa correzione, le encrgle dh assorbimento
sarebbero infattl sopravalutate di 10 kl/mol e di 20 kJ/mol, rispettivamente per 1 livelli
S5CF & MP2. Se il set base usato & i minori dimensioni, le energie saranno maggiormente
sopravalutate.

La geometria e la coordinazione esistente fra NHY e la zeolite sono fattorl molto
importanti al fine del caleolo delle energie di assorbimento. Di solito, la coordinazione di
NHj non crea problemi di sorta perché NHy viene assorbato linearmente sul gruppo acido
OH con un'energin i assorblmento part 2 60 kJ /ol D7 altra parte, la coordinazione di
NH} con larete zeolitica & fonte di qualche problema. La lone NHT, infatti, legato alla rete
della zeolite con un singolo legame ad idrogeno, ha un’ energla di assorbimento pari a soli
16 kJ /ol NH;"} legato alla rete, avente un alo numers di coordinazione (con due o tre
legami di idrogeno), ha un’ energia di assorbimento di —110 kJ/mol, L7 alta cooedinazione
di NHT con la zeolite stabilizza NHT e rende possibile il trasferimento protouico.

La geometria della zeolite influenza ' energia di assorbimento. Per NHi, questa in-
fuenza & di poco rilievo. L7 ottimizzazione geometrica stahilizza e rende meno reattivo

104



Sommaric ¢ Conclusioni Generali

il cluster zeolitico; pertanto 1” energia di assorbimento s1 riduce di cirea 10 kJ/mol. Per
quanto riguarda NHT, I' effetto & di maggiore intensita. La rete zeolitica, infatti, si deve
deformare in mode da raggiungere un’ alta coordinazione con NHF . Su una zeolite, avente
geometria non deformata I’ energia di assorbimento di NHF, legato mediante tre legami
ad idrogeno, ¢ di solo -10 kJ/mol. Se, in una ottiimzzazione geometrica, la rete ha I’
opportuniti di deformarsi, I energia di assorbiznento & pari a 110 kJ/mol,

Dope aver preso in constderazione 1 varl metodi quanto-meccanict, abbiamo vagliato la
possibilita di adattare un cluster di piccole dimensioni ad un modello zeolitico, In questo
contesto, abbiamo esaminato 1’ ¢nergia di azsorbimento e le cariche di Mulliken per gli
atomi del gruppo acido di quatiro diverst cluster e di un eristallo. Due diversi tipi di errore
risultano dai caleoli ¢ffettuati sui cluster. Un tipo di errore & rappresentato dai cosidetti
effetti di margine: in seguito alla saturazione, mediante atomi di idrogeno, dei legami
precedenternente rotti, le cariche degli atomi in prossimita degli idrogent, sono diverse da
quelle che gl stessi atomi presentano nel cristallo. Pertanto il loro comportamento cambia
a zeconda del tipo di assorbato.

Per evitare che ghi effetti di margine acquisting una relativa importanzs nel calcolo
delle energie, gli atomi di idrogeno devone essere separati di almeno quatiro legari dall’
assorbato, Un secondo svataggio derivante dall’ approssimagione con un cluster & I’ assenza
delle interazioni & lungo raggio. L’ effetto di questo interazioni sull’ energia di assorbimento
pud essere pari a 50 kJ/mnol.

Sebbene il cristallo rappresenta un modello migliore per la zeolite perché gli effetti
di margine sono assentl e, d altra parte, sono presenti le interazioni a lunge raggio, i
caleoll sul cristallo non forniscono acourate energie di assorbimento perche, a causa delle
grandi dimensioni del sistema, si & costretii ad usare un set basc minimo. Ineltre, I
ottimizgzazione geometrica risulta troppo laboriosa e per guanto riguarda la correlagione
elettronica, esistone solo stime in funzione della densita.

Nella ricerca di un meccanisimo pii soddisfacente per caleolare le energie di assorbi-
mento, abbiamo sviluppato un metodo in grade di fornire un discreto modello per la zeolite
e che, simulizneamente, richieda un tempe di calcolo di poco maggiors a quello impiegato
nell’ approssimasione di cluster. Mediante questo metodo, o & state possibbile “intarsiare”
un cluster i un potenziale di correlazione, Questo potensiale include il cluster nelle in-
terazioni a lungo raggio ¢ corregge, per quanto riguardo la parte elettrostatica, gli effetti
di margine. Il potengale di correzione & usato solo sugli atomi del gruppo acide e dell’
assorbato, Se al fa use di un cluster adeguatamente scelto (questo significa ¢he i legami,
gaturati con stom di idrogeno sono separati dal gruppo acido da almeno quattzo legami),
lo schema del cluster “intarsiate” riprodurra quasi fedelmente le energic di assorbimento
del cristallo, con una differcnza di pochi k] /mol.

Nell" ambito del metado del cluster “inlarsiato™ abbiameo verificato ' uso di un sot
base misto, Un tale sct base & costifuito da una set base di alta qualitd sugli atomi del
gruppe acide ¢ un sel base minimo sugli atomi al margine del custer. Da tutto eid risulia
che 1l metoda del cluster “intarsiate” richiede che gl atomni al margine del cluster debbano
avere la stessa geometria ¢ o stesso set base del eristallo. Inoltre, il tempao di caleolo risulta
ridotte nel caso in cul &1 faccia uso di un set base di grande dimensioni sul margine del
cluster. Il set base misto conduce ad una energia di assorbimento avente un deviazione di
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10 kJ /mol rispetto a quella derivante da un set base pilt grande. L' energia di assorbimento
di NHT & sottovalutata & cirea 40-50 kl/mol. L' energla di assorbimento di NH, risulta
invece meno dipendente dal set base usato.

Abbiamo succesivamente confrontato i risultati ottenuti dall’ ottimizzarione geomet-
rica del cluster, del cluster “intarsiato” e del eristallo. Sebbene le interazione a lungo raggio
abbiano un’ influenza non trascurabile sulle energie di sssorbimento, Pinfluenza sulla ge-
ometria del gruppo acido non & di grande rilievo. Pertanto & possibile usare la geometria
del gruppo acido, precedentemente ottentuto per il cluster, per il cluster “intarsiato” Tutto
a1t & di grande importansa poerche, per il cluster, ¢ possibile usare 1" ottimizzazione auto-
matica basata sull’ use dei gradienti. Queste tecniche non sono disponibili per il cluster
“iniarsiato” Abbiame quindi calcolato le energie do assorbimento di NHy ¢ NHY su un
cluster “intarsiato” in un cristallo di cabasite, In questo contesto abbiamo usato un set
base di tipo miste, effetuando una parziale obtimizzazione di geometria. In questo caso, I’
ottimizeazione di geometria stabilisza 1 sorbati.

Per ultimo, abbiamo calcolato I encrgla di assorbimento di NHy e NH: su un cluster
Sndarsiato” in un eristallo 3 ocabazite, in presenza di condizioni favorevoli per un ealeolo
accurato. In questo cuso, & stato usato un set base di tipo misto; il BSSE & stato corretto ad
& stato caleolato il contribuito derivante dalla correlazione elettronica. In questo contesto,
sono state studiatl diversi tipt di conrdinazione di NH: con la rete zeolitica. Dopo aver
eseguito le necessarie correzioni (per esemplo quelle sull’ energia di Van der Waals ¢ quella
sull * ottimizsazione di geomnettia incompleta), 1 energia di assorbimento di NHy fu stimata
pari a —T0%10 kJ/mol e quella di NH pari a -125=15 kl/mol. L' ultima sisulta in un
buon accordo con le misure sperimentali, Dagli ultizi ¢aleoli & possibile concludere quanto
segue!

¢ E stato possibile sviluppare un metodo attendibile e applicabile al caleolo dell’ energle

di assorbimento di piccole molecole nella zeolite.

& Dopo lassorbimento di NHy ha luogo il trasferimento del protone; in seguito a cid, &
forma NH. NHY & stabile perché presenta un’ alta courdinazione con la rete della
zeolite.
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Stellingen
behorende hij het proefschrift
’A quantum chemical description of proton transfer in zeolites’
E. H. Teunissen

Vergelijkingen tussen experiment en quantum-—chemische berekeningen geven
vaak een verschillende uitkomst, niet omdat de qguantum—chemische methode
niet goed genoeg zou zijn, maar omdat deze van goed gedefiniseerde systemen
uitgaat, icts wat experimenteel niet altijd het geval is,

Het “ongebruikelijke mechanisme” zoals voorgesteld door Medin et. al is
nict alleen ongebruikelijk maar ook hoogst onwaarschijnlijk,

A. 5. Medin, V. Yu Borovkov, V. B, Kazansky, A. G. Pelmenschikov and
G. M., Zhidomirav, On the unusual mechaniam of Lewis acidity manifestation
in HZSM -5 zeolites, Zeolites 10, 668 {1990).

The methode, gebruikt door Derounane en Fripiat, om Al-substitutie energie-
en nit te rckenen mag hoogst onbetrouwbaar genoamd worden,
E. G. Derpuane and 1. G, Fripiat, Nen-emperical guanium chemical study of
the siting and pairing of aluminium in the MFI [ramewark, Zeolites 5, 165
(1945).
Aangezien er zoiets als een acceptabele wachttijd bestaat, neemt het aantal
quantum-chemische berekeningen dat uitgevoerd wordt niet, toe bij vergro-
ting van de rekencapaciteit, de kwaliteif ervan aechter wel.

Editors van tijdschriften zouden erop toe moaten zien dat artikelen waar naar
verwezen. wordt als ‘In preparation’, ‘to be published’ en ‘to be submitted’
na enige tijd ook daadwerkelijk verschijnen.

Blijkbaar is de hoeveclheid literatuur zo toegenomen dat er in het werk
waarin de Al-H afstand gerneten wordt, er niet meer gerefereerd wordt naar
metingen van Al-H afstanden van minder recente datum.
N. P. Kenaston, A. T. Bell and J.A. Reimer, Determination of the Al-H
Internuclear Distances in Z5M-5 using NMR spectroscopy, J. Phys. Chem.
98, 594 (1994).
R. L. Stevensom, The location of proten in dehydrated Y-Faujasite, J. Catal.
21, 113 (1971).



9

10

12

De conclusic van Sauer et af, betreffende de protonoverdrachtsenergie van
watcr in zeolieten zou waarschijulijk anders zijn geweest als zif de Basis
Superpositie Fout uvitgerckend zouden hebben.
1. Sauer, I. Horn, M. Hiser and R. Ahirichs, Formation of hydronium ions
on Bransted sites in zeolite catalysts: a quantum—chemical ab inilis study,
Chem. Phys. Lett, 173, 26 (1990).
Aangezien men absoluut niet geinleresseerd is in de conformatie van een
zeolistcluster die correspondeert met het absolute minimum, en de water-
stolatarnen die de verbroken verhindingen vorzadigen geen invloed horen te
hebhben, ts het werk van O'Malley ef al. weinig zinvol te noemen. Bovendicn
is het verschil in adsorpticenergie van NHz voor beide conformeren, slechts
0.4 kI/mol, te verwaarlozen.
P. I, O'Malley, H. Soscun and $. ). Collins, The “true” minhmum energy
structere of Hy3iQHAIHg. Implications for conformational preferences of
bridged hydroxyl groups in zeclites, Chem. Phys. Lett. 217, 29 (1994),
In hel algemeen is het zo dat als de kwaliteit van een berekening tocneemt
degens die ze nitvoert minder aan de analyse van het resultaat doet cn
miinder aandacht besteedt aan hel mogelijke belang van deze herekening,.
Het zou opportuun genoemd mogen worden dat er een grote hoeveelheid
clusterberekeningen gedaan is voordat de waarde van de clusterbenadering
bepaald was,
Zeopbakjes zouden van onbreekbaar plastic moeten zijn, en gesloten moeten
blijven Lijdens de rets,
Pannclappen zouden van onbrandhaar materiaal moeten zijn.
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