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AiIms

The aims of this research project were:

b)

d)

Optimization of the (known) duminosisesquioxane  dructure  of
[HNEt3] '[{ Cy7Siz09(0SIMe3)O2} 2All” using empiricd  (UFF, Dreiding)
and semiempiricd (MNDO) methods and comparison and evauation of

those methods

Derivaion of the as-amdl-as-possble but as-big-as-necessary modd for
moddling of the reaction of this Slsesquioxane with an olefin, based on

structure and HOMO properties

Predicion of the hitheto unknown  dructure of  another

auminodisesquioxane with the um formula

[HNEts] +[{ Cy7SizOg(H)O2} LAl

Reaction modding of both silsesquioxanes with an olefin



MNDO [Dewar and Thiel 1977]

The variationd principle says that the energy for the exact wave function is lower
than the energy for the ground date of any other antisymmetric normdized wave
function. So the problem of agpproximating the wave function is a problem of finding

coefficents ¢ in f; = éimeCm 20 that the energy is @ a minimum. (f; are the

molecular orbitas and C; the basis functions).

This leads to a description derived independently and a the same time by
Roothan [Roothan 1951] and Hal [Hal 1951], written in matrix form: FC = SCE.
This is a nonlinear equation as the coefficients ¢, gppear as well in the Fock matrix as
in the molecular orbitals and has therefore to be solved iteratively, named the SCF or
sdf-consgent fiedd method. F is the Fock matrix and stands for the average effects of
the fidd of dl eectrons on each orbitds, S is the overlgp matrix and E the energy

matrix, where each dement g is the one-dectron energy of amolecular orbita C;.

In Hartree-Fock (HF) ab-inito cdculations dl dements of the Fock matrix are

cdculated usng

K K
Fn=Heore, m+a & Ps[(rmll s)-%(rﬂ Ins)], irrespective of location of the basis

| s1s=1
functions f, o, f| and s P is the densty matrix and represents the energy of a sngle
gectron in the fidd of bae nude and (m|l s) ae the two-dectron repulson

integrals, each electron sees dl other eectrons as an average distribution.

Most of the computation time in an HF-cdculaion is reguired for cdculaing
integras, o it is an obvious gpproach to reduce computationa effort by neglecting or

goproximating parts of the integrds. Therefore semi-empiricd methods consder



(explicitly) only the valence dectrons of the system, the core eectrons are subsumed
into the nuclear core. In addition, the orthogondity of the employed basis functions
amplifies some of the integrds. Common to dl sami-empiricad methods in that the
overlgp marix S is st equa to the identity matrix 1. The effect is, tha the eements
that correspond to an overlap between two atomic orbitals on different atoms are set
to zero and the Roothaan-Hal equation FC=SCE becomes FC=CE, the standard

matrix form.

What is specific to MNDO? MNDO dands for “Modified Neglect of Diatomic
Overlgp” and is based on NDDO, the “Neglect of Diatomic Differentid Overlap’
[Pople et. d. 1965]. The basis of NDDO in turn is a method cdled “CNDO”. CNDO
[Pople et. d. 1965], the “Complete Neglect of Differentid Overlap’, was the firg
method to implement the zero-differentid overlap gpproximation, and neglected all
differential overlap, regardless whether the orbitas are centered on the same or on
different stoms.

NDDO, as the next levd of gpproximation, only neglects differentia overlap
between atomic orbitas on different atoms. Thus dl two-éectron, two-center integras
of the form (m|l s) where mand n are on the same atomand | and s are also on the
same atom are retained.

MNDO differs from NDDO in respect of the definition of the Fock matrix

dements. | will describe these differences now more detailed.

The maor improvement are the new terms Vims and Vime inH core, nm = Unnr é Vs
A'B

and H core m = Unr é Vme , Which represent two-centre, one-electron attractions

Al B

between an dectronic digtribution f f mor f of n respectively on atom A and the core of



aom B. These are defined as Vima=-Zg(M\Mh|SsSs) and Vime=-Zs(MmnalssSs). Another
difference are the core-core repulsion terms with OH and NH being treated separately
and a new form for the two-centre, one dectron resonance integras which depend on

the overlap Sy and parametersb,and by inH core, m = %Sm(bn+ ).

An advantage of MNDO over an earlier semiempiricd method, MINDO/3 [Bingham
et d. 1975], is the use soldy of monoatomic parameters. Almost any eement is
defined in MNDO. In the origind method only an s, p bass set was employed, but
verdons tha ae more recent explicitly include d orbitds for heavier dements

athough they are of dubious qudlity.

A problem in MNDO in the overestimation of repulson between atoms separated by a
distance equa to the sum of ther Vander-Wads radii, so hydrogen bonds are not
aufficiently moddled. Ancther problem in MNDO ae conjugaed sysems and
dericdly crowded molecules, where MNDO energies are too podtive and four-

membered rings, where the energy iStoo negative.



Force Fields

When gpplied to large molecules (i.e. with more than a few hundred aoms) even
semiempirica methods are too time consuming to be feasble in a sengble time range.

Thus, dthough in principle accessble by those methods, a classca modd is
introduced, where the forces between aoms are only based on smple functions
describing a “bal-and-spring” behaviour, e.g. Hooke's law. This agpproach reduces the
computational costs by about two orders of magnitude (a factor of 100), so even
biologicd sysems are accessble, dthough they consst of thousands of atoms. This
area can Hill be consdered as the domain of the non-quantum mechanica gpproach of

forcefidds.

A “reference’ vaue for bond lengths, angels and torson angds is defined (derived

from experiments) and an energy function of the generd form

Eol(r) = lmai - lo)%+ § 1lq(Qi - Qo)+ § %vn(1+ cos(nw- g)) +

bonds! angles torsion

e
a €ij
nonbonded

can be conceived, where we find (in this order) terms how the energy varies with the
bond length, bond angles, torson angles and interaction between nonbonded atoms.
The latter in smple force fidds often conssts of a Coulomb potentid for eectrogatic
and a Lennard-Jones (6,12) potentid for vander-Waals interactions. In more

sophiticated force fields dso cross terms, as angle-angle terms etc. are included.



Some force fields have been derived to lead satisfactory results on specid groups of
molecules, eg. MM2 (origindly) for hydrocarbons [Allinger 1977], SHAPES
[Allured et d. 1991] especidly for trangtion metd complexes or AMBER [Wener et
a. 1984] for proteins and nucleic acids.

Here we use the UFF “Universa Force Fidd’ [Rappe et d. 1992] and the
Dreiding Force Field [Mayo et d. 1990].

The UFF force fidd is desgned to modd the entire periodic table and features a
nove treatment of angle bending. The commonly used force fidds use an harmonic
potentid for angle bending, but this gpproach is mideading when angles approach

180°. Therefore, UFF uses (as the SHAPES force field) a cosine Fourier series
—_ o m
E asc(J) =Kascg _ Cncosd

for each angle ABC.

The specid reason for usng UFF in this case is that the S-O-S bond energy changes
only very litle over a wide range (~120 — 180 °) [Nicholas et d. 1991] and the
Fourier expansgon in UFF is desgned to ded with this particularity.

The Dreding force fied in contray uses a hamonic cosne form for angle
bending and is therefore expected to yield less satisfactory results.

In a geometry optimisation using force fields the energy has to be minimized.
A vaidy of difficulties arise from this quesion as for example most optimisation
agorithms don't dlow the energy to rise and so often yied the neares (and local)
ingtead of the globa minimum, that is the am of the optimization.

Minimization agorithms can be divided into groups thet use the derivative of
the energy (as e.g. the Newton-Raphson agorithm does) and those who don't (eg. the

smplex agorithm).



All of the dgorithms have advantages and disadvantages, dependent on the actud
form of the potentia energy surface.

An introduction can be found in [Leach 1996].



Introduction to Zeolitic Catalysis

Acidic duminum gtes in zeolites play an important role in catalyss as for example in
isomerization and cracking of hydrocarbons [Meisd et. a. 1976].

The unique environment of the Bronsted acidic dtes controls the overdl
behavior in Zeolites dgnificantly; one of the consequences is the resulting
dereochemigtry of the catdydts. In addition, transport mechanisms play an important
role since for gderica reasons not every reactant can be transported to the cataytic
center and not every product out of the cluster. What makes those studies difficult is

the heterogeneity of these systems.

A wide range of reactions between Zeolites and other molecules has been explored
with theoreticad methods, for example with CO [Bates and Dwyer 1993] or CH;CN
[Meijer et d. 1996]. Since | performed reactions with C-C bonds, | will restrain my

description of the catalytic activity of Zeolites to this particular field.

Zeolites have a dructure in common where the H next to Al acts as a Bronsted acid
and the adjacent oxygens, because of their lone pairs, as Lewis bases.

H
| o)
O A—¥
R1 N R4
O O

\

R R3

This paticular gtructure determines the catalytic behaviour to a Sgnificant extent. A
good review of theoretical aspects of zeolite catayss can be found in [van Santen and

Kramer 1995].



| shdl confine my description further to the activation of Olefins some of the earliest
cdculaions in this area were peformed by [Senchenya and Kazansky 1987] and

[Pelmenschikov et a. 1987].

The reaction with ethene reveded the following mechanism [Senchenya and

Kazansky 1991], based on calculations for a 1T-clugter with the 3-21 G basis set:

H H H H H
H\\C y \ | \ |
C
\C/H /C\ /H y ™~ /H
y C__H H C_—H
\ ’~
0
AT AT Ny O A0 SO A— O
R1 \ / \ R4 R4
o o R1 R1
\ O O O O
3 \ \
R2 R R2 R3 R2 R3

The 6-bonded complex is formed (a), stabilized by approximately 30 kI¥moal.
As an intermediate, we observe (b), reacting to the 6-bonded complex (c).
We tried to follow this reection path on a 3T mode and on both of our

slsesguioxanes.
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Experimental

Our firg god is the comparison and evduaion of the UFF, Dreiding and MNDO
method with respect to the Sructure optimization of
[HNEts] "[{ Cy7Si7O9(OSIMes)O2} 2Al] .

The cation was removed in adl modds because it forms only a separated ion
par with the anion and is expected to have a negligible effect [Edemann et d 1991].
Therefore, the anion dructure obtained from x-ray data was optimized employing dl
of the mentioned methods. Afterwards the dructure of the optimized modes was

compared with the experimenta deta.

The second am is to derive the as-amdl-as-possible but as-big-as-necessary modd in
respect to both geometry around the central Aluminum and shape and expanson of
the HOMO, as this frontier orbitd is thought to be very important for cataytic
activity. Thus, we successvely removed the cyclohexanes and subdtituted them by
hydrogen to observe how those properties change when we smplify the molecule.

The X-ray structure we compare our computed results with can be found in

[Edelmann et.d.1999].

The full anion of the molecule [{Cy;Si709(OSIMes)O5}2All" is as shown

baow.

11



This anion was reduced by removing the four cyclohexanes furthest away from the
Aluminum, yidding the so-cdled layer 3. The SMes groups were aso exchanged by
OH vyielding a model compound with the formula [{ CysSi;O9H2(OH)O2} 2Al] ~ and a

structure shown below.

12



From this model we reduced the sze by removing the six cyclohexanes separated by

one Slicon from the Al in the center, the result is the layer 2 anion with the formula

[{ Cy2Si7OgH5(OH)Oo} Al

Findly we cut the las cydohexanes from the molecule vyidding layer 1,

[{ Si7OgH7(OH)O2} LAl]

All these molecules were optimized using the UFF, Dreiding and MNDO method. For
al these layers the HOMO vaues were computed and isosurfaces were plotted to
follow the changein chemica behavior.

13



Results of optimizations
The bond lengths and angles of the origind anion and those of the optimized

dructures are given in the table 1 (p. 26).

To find a way for measuring the rate of systematic errors we computed an arithmetic
mean of the deviaions of the bond length and an aithmetic mean of the absolute
vaue of the derivations of the bond lengths. If we then divide the former by the latter,

we have a possibility to measure the rate of consstency of the systlematic error.

As we can see, the UFF method aways overestimates bond lengths by 0.106 to 0.142
Angsroms with an average of 0.116 Angstroms within AFO bond lengths. With
respect to O-S bonds the bond lengths are overestimated by an average of 0.138
Angstroms, the minima overestimation is 0105 Angstroms and the maximd
overestimation 0.160 Angstroms. The overall average deviation is 0. 127 Angstroms.

As dl devidions are within a smdl range, we can sy that UFF gives bond
lengths with a sysematic eror of about +0.13 Angsroms (100% consigtent
sysematic error, the bond lengths are dways overestimated). Therefore, we can
expect to trandfer this result to other molecules of this class and introduce an amount

correction.

To describe the results of the MNDO method, we see that the bond lengths deviate
from the experimenta vaues to a much lesser extent. The grestest negative deviations
(i.e. underegtimation of bond lengths) can be found between layer 1 and the origind
dructure with a deviation between —-0.079 Angstroms (bond a&). The greatest

overesimation is found between both layer 2 and layer 3 and the origind Structure

14



with a deviation of +0.027 Angstroms (bond f). To describe the direction of the
deviations, we can say that they are to a lesser extent consstent than those of the UFF
method. We derive degrees of consstency of the deviations between 27% and 64%,
s0 we can say that the MNDO method underestimates bond lengths, but not in every
case and depending on the type of the bond. AlFO bond lengths are rather

underestimated where O-Si bond lengths are rather overestimated.

In table 2 we see the results for the bond angles. We have to digtinguish between Al-
O-S angles and O-AI-O bond angles. Both UFF and MNDO yield 100% consistent
gysemdtic erors in AFO-S angles, UFF yields angles that are underestimated by an
average of —27.3 degree. The minima underestimation amounts to —19.7 degrees
whereas the maxima underestimation amounts to —41.2 degrees.

MNDO overesimates bond angles by an average of +14.0 degrees. The
minima overestimation amounts to 1.0 degrees whereas the maxima overestimation
has the value of 20.4 degrees.

Thus, none of the methods describes the geometry around the Aluminum

correctly, both methods show congistent systemeatic errors.

The O-Al-FO angles are computed with much smdler deviations from the
experimental values. Both UFF and MNDO give non-condstent systematic errors
(consgent to a degree of 19% respectivdly 12 %) in a much smdler range than
gpplied to Al-O-S angles. Where the absolute arithmetic mean of the deviaion within
Al-O-S angles was —27.3 degrees (UFF) and 14.0 degrees (MNDO), it is here as

small as 3.6 degrees (UFF) and 4.3 degrees (MNDO).

15



The Dreding Force Fed did not converge in any of the peformed
optimizations, regardiess whether they were started from the origind dructure or from
a dructure that has dready been optimized with other methods.

Therefore, it could not be applied to this problem. A possble explanation is
high sengtivity with regard to the input dructure, resulting from the aresdy

mentioned treetment of angle bending with a cosine term that can be mideading.

16



HOMO comparisons

The next step was to compute HOMO vaues over a 3D grid and plotting isosurfaces
at vaues of +0.05 and —0.05 &/A3. From the change in shape and expansion as the
cyclohexanes were removed we wanted to predict the change in chemica behavior.

We computed the HOMO of the anion, as no mgor difference between the

HOMO auf the anion and the HOMO of the protonated molecule is expected.

In this figure, we see the isosurfaces of the HOMO frontier orbitals plotted at vaues
of +0.05 and —0.05 &/A3. We notice that the HOMOs are mainly centered on the
oxygens next to the centrd Aluminum, to a smdler extent on the oxygens separated

by one slicon aom from the Aluminum.

17
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In this figure, we see the HOMO of our layer 3, where the four cyclohexanes furthest
away from the Aluminum were removed. The perspective is the same as in the figure
before; we notice no mgor change in size or shape of the orbitals. Therefore, we can
assume that this mode is gill accurate enough for a prediction of the cataytic
activity.

We again reduced the size of our modd, now only the four cyclohexanes closest to
the centrd Aluminum remain. Even in this modd, layer 2, we notice no mgor

differencesin sze and shape of the HOMO orbitas, with regard to the full modd.

18



In this picture, we see the HOMO of layer 1, where al cyclohexanes were substituted
by hydrogens. Again, we notice no mgor differences in shgpe and sze of these parts
of the orbitals centered on the oxygens. However, we can see an unredlidic Sze of the
HOMO centered on the hydrogen (on the bottom of the picture). Thus, this modd can

be assumed to be to crude amodd for the reaction modding.

Therefore, because of the HOMO comparison and the geometric comparisons we can
sate that even layer 2 should be accurate enough to make predictions concerning the
cadytic activity. This is an advantage because the computational costs of the later

reaction modeling could be efficiently reduced.

19



Structure prediction of [{Cy;Si;Og(OH)O}All

In this step we tried to predict the dructure of the anion with the sum formula
[{ Cy7Si709(OH)O2} 2Al]". This dructure was a the beginning of our cdculations
completely unknown, so we had to conceve a sensble input dtructure for our
optimization dgorithms.

As we compare this sum formula with the one above, we naotice that formaly
spoken the OSIMe; groups of the dlsesquioxane with the known dructure are
substituted by the smdler OH groups. Thus, a coordination number of Sx seems to be
possble (Yurii Gun'ko, private conversaion), leading to the following input

structure.

In this structure, adl the O-Al and O-Si bonds have an initid length of 1.4 Angstroms.
The hydrogens were initidly st on one line with the centers of the cubes and the
oxygens in the corners of the cubes with an O-H distance of 1.0 Angstroms. All
intracubic angles have the sze of 90 degrees. The hydrogens bonded to the oxygens
have been set on one line with the centers of the cubes and the oxygens to which they

are bonded. The initial distance was again 1.0 Angstroms.

20



This darting point seemed to be sengble, knowing that the multidimensond energy
landscape can give mideading results.
This structure was optimized usng UFF and MNDO methods, leading to those

results:

In this figure, we see the UFF optimized dructure garting from the cubic input

structure.

Here we see the MNDO optimized structure. Obvious are the greater S-O-S anglesif

we compare this structure with the UFF optimized structure.

21



At this stage, we had two optimized structures; one of them employed a semiempirica
method where the other one used force fidlds. If we look at the structure, we see the
most obvious difference in the S-O-Si and Al-O-S angles. The Al-O-S anglesdl
have a 9ze of about 150 degrees when using the MNDO method where they have a
sze of about 115 degrees when using the Universal Force Fidd. The next step wasto

compare the computationa results with the later resolved x-ray data.

In this figure, we see the experimenta core-structure, derived from x-ray data. If we
compare this molecule graphicaly with our computed models, we notice a better
agreement with the MNDO than with the UFF optimized structure. In the next section

follows a quantitative analysis of both methods.

22



Results of structure prediction employing UFF and MNDO

The UFF optimized dructure (the guess was the origind structure) leads in generd to
the same reaults as we found within the optimization of the fird dlsesquioxane. The
deviations with respect to bond lengths are 100% consstent systemdtic (positive)
within UFF

The Al-O bond lengths of the close coordinated oxygens are overestimated by
an average of 0.105 Angstroms, the grestest overestimation amounts to 0.122
Angstroms whereas the smallest overestimation has the value of 0.073 Angstroms.

The Al-O bond lengths of the far coordinated oxygens (distances i and | in
table 3) are overestimated by an average of 0421 Angstroms within a smal range, the
maxima deviaion amounts to 0429 Angstroms and the minima deviaion to 0.413
Angstroms.

The O-S bond lengths are overestimated by an average of 0.122 Angstroms
with a minimum vaue of 0094 Angsroms and a maximum vaue of 0.149
Angstroms.

MNDO applied to the origina dructure and to our cubic guess leads to quite
amilar results, what suggests that the energy minimization agorithm found two loca
minima doseto the globa minimum.

Bond lengths ae in generd dightly underestimated, but within  x-ray
resolution. The errors are not consstent systematic. In both cases MNDO gives a
great overestimation of the bond length from Al to the far coordinated oxygens,
applied to the cubic structure by an average of 1.17 Angstroms, applied to the origina
sructure by an average of 0.912 Angstroms. All other bond lengths are predicted very

well within a deviation of 0.04 Angstroms.

23



So with respect to bond lengths MNDO predicted the right geometric
arrangement of the center of the molecule.

The angle predictions by both methods are within smdl ranges of the actual
vaue, UFF deviates by an abs. ar. mean of 5.6 degrees, the MNDO deviations are
gmaler, 29 degrees a the cubic input and 34 degrees applied to the origind
structure.

One could think that even UFF gives satisfying results, but a glimpse a the
cacuaed dructure compared to the experimentad sructure shows us tha the angles

further apart are predicted totally wrong. MNDO gives a much better result.

We can date that we predicted the gructure of the unknown auminosisesguioxane
right, usng the MNDO method.

No bond length is predicted with a deviation greater than 0.04 Angstroms and
no angle is predicted wrong more than 2.9 degrees (concerning the near coordinated
oxygens). In addition, we predicted the four-fold coordination of the centrd
Aluminum right. We have an error of about one Angstrom with regard to the bond
lengths of the far away coordinated oxygens, but that does not affect the coordination

number of the Aluminum.
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Reaction modeling

| tried to modd the reaction usng various methods (MNDO, HF, B3LYP) darting
with ethene about 25 Angstroms apat from the acidic hydrogen of the
dlsesquioxane, as carried out by Senchenya and Kazansky (1991) on a 1T-cludter,
employing a 3-21G bass sat. An energy minimization was used, as we assumed this
part of the reaction to decrease the energy content of the system.

They found that in a firg gep the ébond of ethene and the acidic hydrogen of
the zeolite form a bond. This result could not be reproduced, with none of the
employed methods and with none of various orientations. In dl cdculations the
ethene disappeared from the hydrogen it was assumed to react with; possibly there is
an energy barrier that could not be overcome with energy optimization methods.

In a next step, we had to figure out whether the reactants do not react or our
used methods were not capable of deding with this reaction. So we tried to perform
the cdculations on a 3T cluster and ethene, as for this reaction Senchenya and
Kazansky (1991) aready revedled a possible reaction path applied to a 1T cluster. The
cataytic behavior was assumed not to differ between those molecules.

Therefore, both educts and product have been MNDO and B3LYP (with a 3
21G and 6-31G bass set) optimized and the QST2 trangtion dtate search was
performed This method is suggested for more difficult transtion states and needs both
reactants and products as input data.

In the input structure of the educts, ethene was smply about four Angstroms
goat from the acidic hydrogen; the product structure was the following in case of the

3T cluger.

25



Even in the case of employing the QST2 method on a 3T duster and ethene, we did
not get a senghle trandtion dtate. Thus, the results by Senchenya and Kazansky
(1991) on a 1T cluster could not be reproduced on a 3T clugter, dthough the cataytic
activity of the 3T cluster was observed experimentally.

We have to assume tha the employed methods were not able to ded with this

case of reaction modeling
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table 1 - silses1 - distances*

Al- O Bond distances in Angstroms

Distance a
Type of model/method

Original Structure 1.790
UFF complete model 1.886
UFF layer 3 1.880
UFF layer 2 1.864
UFF layer 1 1.845
Original Structure 1.790
MNDO complete model 1.722
MNDO layer 3 1.724
MNDO layer 2 1.718
MNDO layer 1 1.711

average difference orig. compared to UFF compl.
(all units Angstroms, arithmetic mean)

Al - O - bondlengths 0.116
O - Si - bondlengths 0.133
overall difference 0.125

(all units Angstroms, abs. Ar. mean)

Al - O - bondlengths abs. Ar. Mean 0.116
O - Si - bondlengths abs. Ar. Mean 0.133
O - Si - ar. Mean / O-Si - ar.abs mean 100%

b c d e
1.732 1.753 1.726 1.612
1.821 1.865 1.894 1.717
1.844 1.860 1.889 1.717
1.850 1.870 1.847 1.735
1.851 1.864 1.866 1.727
1.732 1.753 1.726 1.612
1.725 1.722 1.726 1.602
1.720 1.725 1.721 1.604
1.719 1.718 1.719 1.601
1.716 1.711 1.716 1.597

UFF layer3 UFF layer2 UFF layerl MNDO compl.

0.118 0.123 0.106 -0.027
0.136 0.140 0.142 0.006
0.127 0.132 0.124 -0.010
0.118 0.123 0.106 0.027
0.136 0.140 0.142 0.011
100% 100% 100% 55%

(all UFF errors are 100% systematic, the MNDO errors around 50%)

UFF average

Al - O - bond lengths 0.116
O - Si bond lengths 0.138
overall average deviation 0.127

* pond names are defined in the gppendix

O-Si-Bond distances in Angstroms

f g h
1.570 1.598 1.593
1.730 1.734 1.743
1.727 1.723 1.750
1.724 1.723 1.750
1.731 1.737 1.725
1.570 1.598 1.593
1.597 1.601 1.598
1.597 1.604 1.597
1.596 1.601 1.596
1.595 1.597 1.595

MNDO layer3 MNDO layer2 MNDO layerl

-0.028 -0.032 -0.037
0.007 0.005 0.003
-0.010 -0.013 -0.017
0.028 0.032 0.037
0.011 0.011 0.011

64% 45% 27%
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table 2 - silses 1 - angles*

Al - O - Si Bond agles in degrees O - Al - O Bond angles in degrees
Angle ale b/f c/g d/h alpha beta gamma delta  epsilon omega
Type of model/method
Original Structure 136.1 153.5 138.5 140.0 111.2 111.2 109.9 109.6 111.8 102.8
UFF complete model 109.7 1151 114.0 120.8 107.1 111.6 113.5 116.5 101.6 107.2
UFF layer 3 1151 114.8 115.9 117.7 110.1 112.0 113.9 118.6 101.5 101.1
UFF layer 2 1135 113.6 118.8 112.7 111.8 107.8 114.4 110.2 104.3 108.3
UFF layer 1 111.8 112.3 116.9 111.8 109.3 110.8 113.6 106.5 110.5 105.9
Original Structure 136.1 153.5 138.5 140.0 111.2 111.2 109.9 109.6 111.8 102.8
MNDO complete model 155.7 154.5 155.4 154.8 104.1 110.0 104.0 110.3 110.9 117.6
MNDO layer 3 155.6 158.1 154.0 160.4 105.1 109.7 105.7 110.0 1111 115.7
MNDO layer 2 155.5 157.4 155.5 157.3 106.2 109.5 106.1 109.5 110.9 114.7
MNDO layer 1 154.9 156.3 155.1 156.4 105.9 110.7 105.9 110.6 109.8 113.9
UFF average angles 112.5 114.0 116.4 115.8 109.6 110.6 113.9 115.3 104.5 105.6
deviation from orig. struct. -23.6 -39.5 -22.1 -24.1 -1.6 -0.6 4.0 5.7 -7.3 2.8

(all Al - O - Si angles are underestimated)

100 % systematic error arithmetic mean of der. from orig. struc O- Al O: 0.5

arithmetic mean: -27.3 abs. Arithmetic mean: 3.6

systematic to an extent of 19%

MNDO average angles 155.4 156.6 155.0 157.2 105.3 110.0 105.4 110.1 110.7 115.5
deviation from orig. struct. 19.3 3.1 16.5 17.2 -5.9 -1.2 -4.5 0.5 -1.1 12.7

(all Al - O - Si angles are overestimated)

100% systematic error arithmetic mean of der. from orig. struc O- Al O: 0.5

arithmetic mean: 14.0 abs. Arithmetic mean 4.3

systematic to an extent of 12%

* names of angles are defined in the gppendix



Distance

Crystal Structure (original)
MNDO; cubic input

UFF; orig input

MNDO,; original input

table 3 - silses2 - distances & angles

Al- O Bond distances in Angstroms

a
1.725
1.716
1.847
1.717

Average difference orig. compared MNDO

to

cubic

(all units Angstroms, arithmetic mean)

Al - O - bond lengths (near)
O - Si - bondlengths
Al- O - bond lengths (far)

Al - O bonds (near), abs. ar. Mean
O - Si bonds, abs. ar. Mean
Al - O bonds (far), abs. Ar. Mean

Al - O (near) ar. Mean / abs. ar.
Mean

O - Si ar. Mean / abs. ar. Mean
(near)

Al-O (far) ar. Mean / abs. ar. Mean

Angle

Crystal Structure (orig)
MNDO; cubic input
UFF; orig input
MNDO; orig input

Deviation MNDO, cubic input
Deviation UFF, orig. input
Deviation MNDO, orig. input

-0.016
-0.008
1.17
0.016
0.023
1.17
100%
35%

100%

b
1.749
1.711
1.822
1.718

d
1.725 1.719
1.716 1.71
1.847 1.822
1.718 1.718

UFF orig MNDO orig

0.105
0.122
0.421
0.105
0.122
0.421
100%
100%

100%

-0.012
-0.007
0.912
0.012
0.021
0.912
100%
33%

100%

Al - O - SiBond angles in degrees

alpha
108.9
106
101.5
104.9

-2.9
7.4
-4

beta

109.9
110.9
113.2
110.4

1
3.3
0.5

bond ang angle names are defined in the appendix

gamma delta

108.9 109.9
106 110.9
101.1  113.2
105 110.3
-2.9 1
-7.8 3.3
-3.9 0.4

3.662
4.832
4.091
4.576

3.662

4.832

4.075

4.571

1.58
1.595
1.728
1.597

1.627
1.597
1.723
1.603

(MNDO produces non-sy. Errors)

epsilon omega ny
112.
113.

106.7
109.2
112.4
110.1

2.5
5.7
3.4

4
9

116

116.

wWowkE
N oo

1

84.7
78.9
96.9

79

-5.8
-5.8
-5.7

my

84.7
78.9
97.5
78.8

1.58
1.595
1.729
1.597

O-Si-Bond distances in Angstroms

h
1.627
1.597
1.721
1.603
ar. abs.ar.mean
Mean
-1.7 2.9
-1.2 5.6
-1.4 3.4
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Summary, Conclusions and further work

We compared the predictive capacities of UFF and Dreiding force filds and MNDO
applied to a known and to an unknown auminosisesguioxane.

For the optimization of the known sructure
[HNEt3] [{ Cy;Siz09(0SIMez)O2} 2AlT UFF gave consstent systemétic errors  of
dgonificant sze, wherees MNDO gave results with a much smdler eror and
conserved the geometry around the center.

The Dreding force field did not converge in energy and could therefore not be
gpplied to this problem.

We derived the smdlest suitsble modd for resction modding based on
HOMO and geometric properties with the formula [{ Cy>SizOgHs(OH)O5} 2Al] .

We predicted the dructure of the unknown auminosisesquioxane
[{ Cy7Si7O9(OH)O2} 2AIl" right usng MNDO, whereass UFF is not gpplicable. The
predicted structure was later confirmed by X-ray data.

None of the employed methods gave good results concerning the modding of

the reaction with ethene.

Further work should be made in the area of reaction modding, where the
reection mechanism of the 3T cluser with ethene has ether to be confirmed or
disoroved. Theresfter the sudied duminosiisesquioxanes have to be examined agan

with regard to their catdytic activity.
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Computational Details

All cdculaions were peformed with Gaussan98 on Pentium 1l — 450 MHz
computers under Red Hat Linux. The convergence criteria were used as predefined.

For visuaization and measurement of structural properties, we used gOpenMol.
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Definition of bond and angle names

Nomenclature of Al-O / O-Si bonds and Al-O-Si bond angles

Sj Sj
e
d/h /
o 0
ale
a d
Al
b C
O pjf 0.9
f 9
Sj Sj

Nomenclature of O-Al-O bonds

10 Q4

AlL

Y
A4

2 3

name of angle is the angle between the following
oxygens with Al in the centre

alpha 1/2
beta 2/3
gamma 3/4
delta 1/4
epsilon 214
omega 1/3

The smaller of the two angles determines the value.
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