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A new interatomic potential for simulating the properties of zeolites synthesized through the fluoride
route has been derived. Hexafluoro compounds have been used as a basis for deriving a force field for
the interaction of Si/Ge/Al ions with fluoride ions, as a starting point for describing the chemical behavior
of the fluoride anions in the cavities of zeolites. From this, as well as ab initio data concerning the
interaction of fluoride with framework, the equilibrium location of F- in the different small cavity
environments found in zeolites can be calculated. It is found that the pentacoordination of Si due to
formation of Si-F bonds is predicted by our model. The calculated Si-F distances for each case are
found to be in excellent agreement with recent19F NMR and single-crystal XRD results. Furthermore,
our force field can be used to predict distances in any zeolite, and in particular to establish the effect of
Ge-F interactions and the corresponding equilibrium distances, which in some cases are not yet available
experimentally. This new force field can be used in zeolites containing any compositional range with
Si/Ge/Al as framework atoms, in the presence or absence of fluoride. Aluminogermanates and
silicoaluminogermanates can therefore also be studied and the results used as a guide for new synthesis
experiments using the fluoride route.

1. Introduction

The use of fluoride in the synthesis of zeolites, first
introduced by Flanigen and Patton,1 has allowed new
structures to be obtained due to the special role played by
this anion during the synthesis. The fluoride influences the
process in at least two ways. First, it acts as a mineralizing
agent that increases the solubility of silica species at neutral
pH. Second, it functions as a catalyst in the condensation
reactions that lead to the formation of Si-O-Si bonds.2,3

An additional effect of F- as a structure directing agent has
also been claimed because it tends to favor small cavities,
in particular those containing at least one four-membered
ring (MR) and, if the synthesis is carried out in germania-
forming media, toward double four ring (D4R) cavities.
Zeolites obtained by this route tend to be low-density
materials, with few framework defects and large crystallite
sizes.4 Furthermore, materials with nonlinear optical proper-
ties are often found as products, such as [F-BQ]-IFR.5

Fluoride anions tend to be located inside small cavities of
the zeolite, and in particular near 4-MR, where they are

believed to form stable intermediates during the synthesis
process.3 Although the electrostatic repulsion between F-

and the framework oxygens in a small cavity is an impedi-
ment to F- stabilization inside such regions, other factors,
related to both electrostatic and short-range interactions
combine to provide an overall stabilization of F- in small
cages. The trend of fluoride anions to locate themselves in
small cages of zeolites points to a different mechanism for
the silica condensation reactions from that observed in OH- -
containing media, and so a mechanism involving either
trigonal bipyramid species (pentacoordinated [SiO4/2F]-) or
fluoride bridging the condensing silicate species is proposed.6

The way in which charge is balanced in OH- and F- systems
is essentially different, and while in the case of the former
anion connectivity defects give rise to terminal silanol groups,
the latter leads to extraframework fluoride anions located in
the intracavity space available within the material. The F-

ion is subjected to varying environments in different zeolites,
and in all cases a tendency to coordinate to Si atoms is
observed.5,7-10 Five- and six-fold coordinated Si compounds
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have been known for a long time11 and, in particular,
hexafluoro compounds (i.e., Na2SiF6) demonstrate the ability
of Si to coordinate octahedrally by forming six Si-F bonds.

The precise length of typical Si-F distances in zeolites is
open to debate, since generally they are reported from single-
crystal XRD measurements5,9,10 whose local structure, as a
result of the F- cage occupation being lower than 100%, is
normally averaged over occupied [SiO4/2F]- and unoccupied
[SiO4/2] cages, which yields Si-F distances larger than the
real ones. Values usually fall in the range 1.85-2.10 Å. For
example, Si-F distances of 1.87, 1.92, and 2.08 Å are
reported in STF,10 IFR,10 and MFI,7 respectively. For the
local structure of the pentacoordinated Si, two longer bond
distances are found for Si-F and its opposing Si-O bond,
whereas the other three Si-O bonds in the equatorial plane
of the trigonal bipyramid are somewhat shorter. In addition,
Oeq-Si-Oax angles near 90° are reported,10 and they have
also been found in ab initio calculations.12 In comparison,
Si-O bond distances in stishovite are between 1.76 and 1.81
Å.13 Static and/or dynamic disorder may also add to the
difficulty of identifying the exact F- location. Static disorder
appears when multiple stable F- minima positions are found
inside the cavity, and dynamic disorder appears when
hopping between minima positions is observed at a given
temperature. Using XRD, static disorder has been found to
exist in SSZ-239 and SSZ-35,10 whereas dynamic disorder
has been observed by19F NMR in ITQ-4.10

Fluoride ions may also reside in close proximity to the
positively charged structure-directing agent (SDA) as an ion
pair (this result is subject to some controversy) in the main
void volume of the zeolite,14 although the location in a small
cavity seems more probable.15 In all the other cases, F- ions
are reported to occupy small cages such as [415462] in NON,
[4354] in SSZ-23, [435261] in ITQ-4, and [415262] in ZSM-5,
SSZ-35, and SSZ-44.

Computer simulation has the potential to be a valuable
tool in the study of fluoride-containing systems. For instance,
it would be possible to characterize the locations of F- in
different zeolite cavities, via the Si-F distances for a single
configuration, and the dynamics within the cavities, through
the possibility of simulating the hopping of the anion between
sites of similar energy. Furthermore, it creates the possibility
of studying the effect of the chemical composition on Si-F
distances, stability, and dynamics, which may have a
predictive, as well as a complementary, value to experiments.
For example, the F- location in pure germania zeolites is,
to date, only available for structures with a D4R ([46]
cavity)16 as the cage in which the anion is situated. Hence,

it would be interesting to know the location and energetics
of F- in GeO2 cavities such as [415462], [4354], [435261], or
[415262], to name but a few alternative states. Similarly, it
would be of interest to simulate zeolites with different Si/
Ge contents, and to study the effect of introducing Al into
the framework composition, for example in Si/Al, Si, Al/
Ge, and Al/Ge zeolites. The fluoride synthesis route is
important, not only as a pathway for creating new materials
with no connectivity defects, but also as a valid route to
incorporate Al or Ti into zeolite frameworks.17 Pure silica
structures are interesting for their hydrophobic properties,
which have found application in selective adsorption, as well
as the synthesis of materials with anchored organosilicon
compounds with catalytic applications.18

To make all the above feasible, a reliable and consistent
force field is required for microporous solids containing Si,
Ge, and Al within the framework and F- as the counterion.
To derive such a comprehensive potential model is the aim
of this work.

2. Methodology

Our strategy here is to define a force field for the Si/Ge/
Al/O/F system based on the Born model of ionic solids. The
parameters of the potentials contained within the model are
to be determined through empirical fitting to a large body
of experimental data. It might be argued that this approach
is restricted by the very ambiguities in the experimental
information that we are trying to resolve. However, by
employing physically motivated functional forms, and con-
currently fitting to multiple structures and physical quantities,
it is possible to obtain a satisfactory mean fit. Indeed, this
process is capable of identifying inconsistent data within the
training set.

2.1 Potential Fitting. Empirical fitting consists of mini-
mizing the difference between observed and calculated
properties by means of a least squares procedure. Concurrent
fitting of multiple structures is found to enhance greatly the
reliability of the derived potentials and generally leads to
more physically reasonable potentials without the use of
constraints. A fit must ideally be derived from chemical data
as close as possible to the structures that will be subsequently
modeled. In our case, as-synthesized F- zeolites have the
inconvenience that they also contain, apart from the zeolite
framework and the fluoride anion, an organic SDA that
makes fitting difficult. This complication arises due to several
factors, such as the difficulty in locating by XRD the
coordinates of all the SDA atoms due to disorder. Further-
more, the presence of a large number of parameters, many
of them coming from the intramolecular SDA interaction,
adds to the complexity of the system and sometimes makes
fitting intractable. Ideally, a good system for fitting must
consist of a simple system with ordered and well-character-
ized atomic positions, with as few chemical components as
possible. For this reason, we have chosen not a zeolite
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structure, but hexa-(Si,Al,Ge)-fluoride salts for the fit of the
Si-F interaction. Within the scope of possible fluoride
compounds, a valid alternative would have also been to use
the corresponding binary tetrafluorides. However, the octa-
hedral coordination of the hexafluorides was preferred to that
found in the tetrahedral compounds because of its greater
similarity to the environment in F- zeolites, where fluoride
anions tend to change the tetrahedral coordination of the
framework cation to a 5-fold configuration.

The structures of Na2SiF6,19 Na2GeF6,20 and Na3AlF6
21

have been well characterized by XRD and provide the data
from which we can determine the Si-F, Ge-F, and Al-F
interactions, as well as the F-F interaction. After this, the
next step is to obtain reliable parameters for the O-F
interactions which are present in F- zeolites, but not in the
hexafluoro-compounds, and this can be obtained by a fit to
known F- zeolite structures. The procedure involves opti-
mizing a zeolite system (including F- and organic SDA+)
with a given set of O-F parameters, and then varying the
O-F parameters searching for those which best reproduce
the experimental structure. Because of the complexity of
these materials, an initial manual refinement was performed,
which means that the parameters were varied systematically
searching the optimum values. Subsequently, a refinement
of the O-F interaction was performed based on ab initio
data for fluoride in a low-symmetry environment.

In a previous study22 we derived a fit for Si/Ge zeolites,
and in the present work we extend this fit to include Al
substitution. For this purpose, we have chosen the well-
characterized Na-LTA structure23 with Si/Al ) 1, and strict
Si-Al alternation which, assuming that Lowenstein’s rule24

is obeyed, guarantees that the structure is ordered. An
approach is taken that is similar to that of our previous study
of Si/Ge zeolites22 for the Al fit, and the oxygen polarizability
is assumed to be the same as in silica structures, as explained
below.

In the present work, the relaxed fitting scheme25 is
employed for the final refinement of the potential parameters,
as implemented within the program GULP.26,27 Here the
structure of every phase is minimized at each point of the
least-squares procedure and the displacements from the
experimentally observed structure form the basis of the
residuals, instead of just using the forces acting on the
structure at the experimental geometry. Similarly, the
curvature related properties are evaluated at the optimized
structure since this is more reliable and formally correct.

When considering the hexafluoro-compounds the potential
model is the Born model and consists of the Coulomb
interaction, evaluated via an Ewald summation, and a short-
range pair potential described by a Buckingham function with
cutoff distance of 12 Å. The shell model was used to simulate

the dipolar polarizability of the fluorine ions. The functional
forms are as follows:

The Buckingham potential has been employed successfully
in modeling the repulsive (exponential term) and the attrac-
tive dispersive (r-6 term) forces, so as to treat the interatomic
interactions in a physically reasonable way, both for short
and medium range distances. A cutoff radius of 12 Å is
applied to the nonelectrostatic two-body interactions. The
core-shell term has been shown to be essential in order to
reproduce the properties of many solids, and we have
included this description for the fluoride anion whose
polarizability has to be reproduced accurately in our model.
The core-shell term consists of a harmonic spring, which
describes the increasing interaction between the negative
charge cloud and the positive core of the fluoride anion as
their mutual separation increases. Note that the electrostatic
interaction between a core and shell of the same particle is
specifically excluded, such that the spring is the only force
acting between them.

When fitting the O-F interaction to a zeolite structure,
the potential model described in our previous study22 for the
silica zeolite (SiO2 framework+ F- + SDA+) was chosen,
and apart from the terms previously described, a three-body
interaction between O-Si-O terms is included to account
for the sp3 hybridation character of the partially covalent
Si-O bonds (eq 3), where the equilibrium angle isθ0 )
109.47°.

For the organic SDA component, we have used the same
approach as in previous publications,28-31 which is to utilize
the force field of Oie et al32 for the intramolecular SDA
interactions and the Kiselev force field33 for the intermo-
lecular SDA-zeolite interactions. More details are given
below.

In modeling oxide materials, the shell model for the
oxygen atoms has proven essential in order to fit dielectric
constants, phonons, and other characteristic properties, and
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so similar fluoride anions are best treated in the same way.
This is because the polarization may also act to mimic
covalency effects that would lead to lower effective ionic
charges than the formal ones that are chosen in the present
study and many previous ones.34-37

Obviously, the present fit is entirely compatible with the
previous Si/Ge force field22 and the new fit does not intro-
duce any modification for the modeling of Si/Ge zeolites.
The advantage of the new fit is the extension to zeolites
containing fluoride anions, as well as any combination of
Si/Al/Ge atoms within the zeolite framework. Of course, any
organic SDA occluded in the zeolite micropore can also be
treated. A consequence of the compatibility is that the oxygen
atom parameters have been retained and no new types of
oxygens appear when introducing Al into the framework.
In our model, as well as in previous studies,35 oxygens in
Al-O bonds are equivalent to oxygens in Si-O bonds and
this is due to the negligible change in the oxygen polariz-
ability in aluminosilicates with respect to silicates.

2.2 Energy Minimization. Once the parametrization was
completed, energy minimizations were performed to examine
the ability of the force field to reproduce the structure and
vibrations associated to F- of octadecasil,38 and the structures
of SSZ-35 and SSZ-44,39 which were not included in the
original fit. Apart from the zeolite force field already
described, the terms including the template molecule and its
interaction with the zeolite are also necessary when the
experimental XRD structure has been solved for noncalcined
materials. The total potential energy function is given as
follows:

The termEzeolite has already been described in eqs 1-5 and
the other remaining terms are as follows:

Three-body and Coulombic terms are described in eqs 3 and
5, and the other terms are as follows:

The Lennard-Jones potential is used instead of the previ-
ously described Buckingham potential for the repulsive and
dispersive forces. Here the difference between the two
functional forms is ther-12 term employed for the repulsive
part instead of an exponential. The benefit of employing the
Lennard-Jones potential is that it contains only a single
parameter, which simplifies the derivation of parameters for
systems where there is a paucity of accurate data against
which to fit, as is the case for the interaction of SDA
molecules. For the bonded interactions within a SDA
molecule, the use of harmonic functional forms for local
interactions is appropriate since only small distortions about
the equilibrium geometry occur. Finally, the torsional term
is accounted for by a classical description based on a periodic
cosine function with three parameters taking into account
the equilibrium dihedral (φ0), the periodicity (n), and the
energy barrier between conformations (k).

As previously mentioned, the force field parameters are
taken from the works of Kiselev et al33 and Oie et al32 for
the template-zeolite and template-template interactions,
respectively. The templates used in the synthesis of octade-
casil, ASU-9, SSZ-35, and SSZ-44 areN,N,N-trimethyl-terc-
butylammonium, DABCO, DMABO, and DECDMP, re-
spectively. All of these template molecules are in their
protonated forms. DABCO is 1,4-diazabicyclo [2.2.2] octane,
DMABO is N,N-dimethyl-6-azonium-1,3,3-trimethylbicyclo
[3.2.1] octane, and DECDMP isN,N-diethyl-2,6-dimethylpi-
peridine. To treat in a realistic way the electrostatics of the
interaction between the template and the zeolite, and between
template molecules, full optimizations of the charged tem-
plates have been carried out at the Hartree-Fock level with
the 6-31G** basis set, using the program NWChem,40 and
the corresponding Mulliken charges extracted as listed in
Table 1.

3. Results and Discussion

3.1 Force Field Derivation for Na2SiF6, Na2GeF6, and
Na3AlF6. Na2SiF6,19 Na2GeF6

20, and Na3AlF6 (cryolite)21 are
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Table 1. Atomic Charges for the Templates Used in the Synthesis of
Octadecasil, ASU-9, SSZ-35, and SSZ-44, Which Are

N,N,N-Trimethyl-tert-butylammonium (TMTBA), DABCO,
DMABO, and DECDMP, Respectively, in Their Protonated Formsa

atom TMTBA+ DABCO-H+ DMABO+ DECDMP+

N4 -0.3840 -0.3071 -0.4000 -0.3160
N3 -0.5180
C1 -0.2725 -0.3340 -0.3783
C2 -0.0765 -0.1700 -0.1858
C3 0.1210 -0.0300 0.0395
H 0.1610 0.1757 0.1600 0.1533

a DABCO is 1,4-diazabicyclo [2.2.2] octane, DMABO isN,N-dimethyl-
6-azonium-1,3,3-trimethylbicyclo [3.2.1] octane, and DECDMP isN,N-
diethyl-2,6-cis-dimethylpiperidine. N4 and N3 are quaternary and tertiary
nitrogen; C1, C2, and C3 are primary, secondary, and tertiary carbon atoms,
respectively.
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the compounds chosen to parametrize the Si-F, Ge-F, and
Al-F interactions, and they all contain TF6 octahedra (T)
Si, Ge, Al). Synthetic cryolite is a complex fluoride with
the perovskite structure where Al atoms occupy octahedral
sites and Na atoms occupy both octahedral (1/3) and 12
coordinate sites (2/3). The cell parameters and selected
interatomic distances are shown in Table 2.

For the three fluoro compounds a concurrent fit was
performed. Apart from the T-F (T ) Si, Ge, Al), Na-F,
and F-F interactions, the fluoride polarizability was also
parametrized through the core-shell charge split and force
constant based on these three systems. The final parameters
obtained are listed in Table 3. The quality of a fit can be
measured by the sum of the squares of the differences
between the experimental and calculated values for the
observables, and here a value of 15.5 was obtained, based
on the default weightings, which is low enough to be
considered a good quality fit. Furthermore, the comparison
between the original and optimized structures (Table 2)
shows excellent agreement for a transferable force field. Here

we are primarily interested in the T-F distances since these
will be the most significant structural quantities for the better
understanding of the role of fluoride in the synthesis of
zeolites. All optimized bond lengths are overestimated, with
the errors being 0.03 Å for Si-F in Na2SiF6, less than 0.03
Å for Ge-F in Na2GeF6, and less than 0.02 Å for Al-F
distances in Na3AlF6, which represents satisfactory overall
agreement. In addition to the errors in the parametrization
of the hexafluoro compounds themselves, we have to take
into account that a second source of error will arise from
the transfer of this force field to the slightly different fluoride
environment of the zeolite. Finally, a third source of error
will be the quality of the ulterior O-F fit, although we will
explain later how this part will tend to compensate the
previous two deficiencies.

A further issue related to the transferring of the fit from
the hexafluoro compounds to the fluoride-containing zeolites
is the fact that there may be a change in F- polarizability
between the two environments. This is quite difficult to
estimate, and it is widely known that anions are much more
sensitive to changes in polarizability than cations in different
crystals.41 From an intuitive point of view, fluoride anions
should be more covalent in hexafluoro compounds than in
zeolites because in the latter they are less bonded to the
framework atoms. The reason for this is the effect of the
zeolite framework oxygens, which produce both electrostatic
and short-range repulsive effects thus making, in principle,
the T-F bond in zeolites larger than the T-F bond in the
corresponding hexafluoride compound. Thus, it is expected
that Si-F bonds in zeolites will not be shorter than 1.68 Å
(which is the shortest value in Na2SiF6 as seen from Table
2). On the other hand, experimental Si-F distances in
zeolites are very much environment dependent, and while
in some cases Si-F distances shorter than 1.80 Å do exist,
this indicates the existence of a true covalent Si-F bond. In
other cases Si-F distances as large as 2.6 Å appear, in
particular when F- is located inside a D4R cage, and this
points to a clearly more marked ionic character. This
undoubtedly indicates that slightly different polarizabilities
should be employed for F- in both extreme cases in zeolites,
and therefore a source of inaccuracy may come from the
fact that our model assigns a fixed polarizability to the
fluoride anion. However, one of the benefits of the shell
model approach is that the polarizability is intrinsically
coupled to the local environment. Consequently, the model
may indeed already capture the major part of the variation.
Furthermore, any deficiency will be partly compensated
during the derivation of the O-F potential based on the true
zeolitic fluoride environment.

Although, as discussed above, the polarizability of anions
is certainly sensitive to changes in the crystalline environ-
ment, in the present case the changes are not so crucial as
to have a marked influence on the chemical behavior of the
fluoride anion, and so the polarizability of fluoride obtained
from the hexafluoride fit (Table 3) is perfectly valid for F-

zeolites. A relative comparison between our values for the
oxygen and fluorine anion polarizabilities is quite similar to

(41) Fowler, P. W.; Madden, P. A.Phys. ReV. B 1984, 29, 1035.

Table 2. Selected Structural Parameters of Na2SiF6, Na2GeF6, and
Na3AlF6 Taken from References 19, 20, and 21, Respectivelya

initial optimized number

Na2SiF6 (space groupP321, No. 150)
a 8.8590 8.8859
b 8.8590 8.8859
c 5.0380 5.0577
Na1-F 2.2972 2.2693 2

2.3567 2.3481 2
2.4526 2.5082 2

Na2-F 2.1851 2.1556 2
2.3076 2.3289 2
2.3125 2.3485 2

Si1-F 1.6741 1.7048 6
Si2-F 1.6822 1.7077 3

1.6951 1.7089 3

Na2GeF6 (space groupP321, No. 150)
a 9.0576 9.0501
b 9.0576 9.0501
c 5.1071 5.0946
Na1-F 2.2231 2.1668 2

2.3377 2.3392 2
2.3708 2.3709 2

Na2-F 2.2807 2.2746 2
2.3238 2.3599 2
2.4247 2.5208 2

Ge1-F 1.7830 1.7717 6
Ge2-F 1.7841 1.7757 3

1.8040 1.7767 3

Na3AlF6 (space groupP21/n, No. 14)
a 5.4058 5.4166
b 5.5926 5.5408
c 7.7699 7.7764
â 90.195 90.200
Na1-F 2.2174 2.1882 2

2.2568 2.2727 2
2.2649 2.2752 2

Na2-F 2.2812 2.2521 1
2.3245 2.2678 1
2.3461 2.3030 1
2.3609 2.3454 1
2.5679 2.5666 1
2.6435 2.6847 1
2.6881 2.6915 1

Al-F 1.8053 1.8137 2
1.8110 1.8211 2
1.8210 1.8221 2

a The optimized values are obtained with our new force field (parameters
in Table 3). All distances are in Å and angles are in degrees.
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that obtained from ab initio quantum chemical methods that
take into account correlation effects by means of the coupled
cluster scheme.42 In this quantum mechanical study a ratio
of R(O)/R(F) ) 1.80 (whereR is the polarizability) was
obtained (taken from CaO, MgO and NaF, KF), whereas in
our model a value ofR(O)/R(F) ) 1.49 is found. Although
this reasonable agreement does not mean that our approach
is as accurate as an ab initio method, we certainly believe
that the F- polarizability obtained from the fit in Table 3 is
transferable to the fluoride environment in zeolites.

3.2 Force Field Derivation of the O-F Short-Range
Interaction. As already stated, the O-F interaction is not
present in the hexafluoride compounds used in the previous
parametrization and therefore the data for the fitting of this
term have to be taken from somewhere else. The obvious
choice is to derive this term from F- zeolite structures, and,
for this to be possible, at least one structure is needed in
which the coordinates of all atoms are known with the highest
possible accuracy. The presence of F- means that the
positively charged organic SDA is also present in the
structure, and with the many variables that this introduces
into the system this makes empirical derivation of the
oxygen-fluorine interaction rather complex.

To obtain an initial starting point for the O-F interaction,
a series of optimizations of the system with different sets of

O-F parameters were performed. The main difference
between this approach and the previously chosen relaxed
fitting used above is that the process is performed manually
and the assessment of quality of fit can be made through
the comparison of bond lengths and overall correctness of
the fluoride position, rather than through a quantitative
assessment of the fractional coordinates. The initial O-F
parameters were obtained by systematic variation of the
BuckinghamA term between 800 and 2000 eV, and between
0.19 and 0.30 for theF term, which are extreme values that
yield behavior in both cases that is too attractive and too
repulsive, respectively. After comparison against the experi-
mental data, a set of values was selected for refinement.

In this work, we have taken the structures of [F-DMABO]-
SSZ-3543 and [F-DABCO]-ASU-9,16 where in both cases
the zeolite structure, fluoride location, and SDA location have
been reported. It should be noted that although the first
material (SSZ-35) is a pure silica structure and the second
one (ASU-9) is a pure germania structure, the O-F short-
range parameters are the same regardless of whether the
oxygen type comes from silica or germania materials.
Therefore, the different oxygen types in SSZ-35 and ASU-9
do not present any problem when enforcing a common
potential during the parametrization.

(42) Doll, K.; Stoll, H. Phys. ReV. B 1997, 56, 10121.
(43) Fyfe, C. A.; Brouwer, D. H.; Lewis, A. R.; Villaescusa, L. A.; Morris,

R. E. J. Am. Chem. Soc.2002, 124, 7770.

Table 3. Interatomic Potential Parameters for Si/Ge/Al Zeolites Containing Fluoride Anions
Atomic Charges (a.u.)

atom core shell reference

Si 4.0 22
Ge 4.0 22
Al 3.0 this work
Na 1.0 this work
F 0.56 -1.56 this work
O in Ge-O-Ge 1.733957 -3.733957 22
O in Si-O-Si, Si-O-Al, Al -O-Al 0.870733 -2.870733 22
O in Ge-O-Si, Ge-O-Al 1.330431 -3.330431 22

Buckingham

i j Aij(eV) Fij(Å) Cij(eVÅ6) reference

O shell O shell 22764.0 0.149000 10.937044 22
Si core O shell 1315.2478 0.317759 10.141118 22
Ge core O shell 1497.3996 0.325646 16.808599 22
Si core F shell 976.82887 0.282000 0.000000 this work
Ge core F shell 681.47288 0.320000 0.000000 this work
Al core F shell 801.43030 0.292730 0.000000 this work
F shell F shell 540.39761 0.262490 0.000000 this work
Al core O shell 1185.0000 0.317759 10.141118 this work
Na core O shell 2110.3552 0.284064 0.000000 this work
O shell F shell 1675.0000 0.268000 0.000000 this work

Three-Body

i j k kijk(eV rad-2) θ0(deg) reference

O shell Si core O shell 1.2614 109.47 22
O shell Al core O shell 1.2614 109.47 this work

Springa

i j k ij
cs(eVÅ-2) reference

O(Ge-O-Ge) core O(Ge-O-Ge) shell 180.31577 22
O(Si-O-Si) core O(Si-O-Si) shell 75.96980 22
O(Ge-O-Si) core O(Ge-O-Si) shell 128.14279 22
O(Al-O-Si) core O(Al-O-Si) shell 75.96980 this work
O(Al-O-Al) core O(Al-O-Al) shell 75.96980 this work
F core F shell 33.452757 this work

a Atomic polarizabilities can be calculated from the equationR ) y2/k, wherey is the shell charge andk is the spring constant.
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Another point to highlight is the fact that the fluoride ion
occupies different environments in the SSZ-35 ([415262]
cages) and ASU-9 ([46] cages, also called D4R) materials,
and that this is an advantage for the fit, in the sense that it
reflects the multiplicity of environments that fluoride anions
can occupy in zeolites. Hence, the fact that the O-F
Buckingham term is adjusted to reproduce both structures
as closely as possible, improves the transferability of the fit
and makes it more suitable for application to all zeolite
structures. In the first of the structures, SSZ-35, there is a
real Si-F bond with a distance of about 1.74 Å,43 whereas
in the second, ASU-9, although a large Ge-F distance about
2.7 Å has been reported,16 corresponding to fluoride anions
in the middle of the D4R, some reservations about this
assignment have appeared recently. It is suggested that
fluoride may not be located at the center of the D4R but
rather in an off-centered position.44,45

Given the ambiguities concerning the crystallographic
location of fluoride in close contact with oxygen, such as
when sited within the D4R unit in the GeO2 structure ASU-
9, an ab initio calculation has been used to determine the
final parameters for the potential, which can then be tested
on the structure of SSZ-35. To do this, the following
procedure was adopted. First, the structure of ASU-9
consisting of a purely germania framework was optimized
while including the presence of the template and the fluoride
ions, based on the force field parameters, including an initial
estimate of the O-F interaction. Subsequently the framework
was held fixed and all extraframework ions, except for the
fluoride ion in the D4R, were removed. This creates a system
where the framework is positioned close to the as synthesized
form, but without the complexity of the template being
actually present. The position of the fluoride ion alone was
then optimized, in the presence of a charge-neutralizing
background, using periodic density functional theory. For
this purpose, we have employed the SIESTA methodology,46

in which the atoms are described using a combination of
pseudopotentials and a DZP basis set, where the spatial extent
of the orbitals is confined to a radius, such that the energy
increases by 0.01 Ry. The calculations were performed using
the GGA functional of Perdew et al.47 with sampling of the
Brillouin zone restricted to theΓ-point, and a real space mesh
with an energy cutoff of 250 Ry was used as an auxiliary
basis set in the determination of the Hartree and exchange-
correlation potentials. The fluoride ion was minimized until
all forces acting on it were less than 0.001 eV/Å.

The above ab initio calculation yielded an off-center
position for the fluoride ion within the D4R unit of the
ASU-9 structure. A Ge-F covalent bond with a distance of
2.16 Å was obtained from the force field optimization, which
compares very well with the Ge-F distance of 2.18 Å
observed in the ab initio structure, both results indicating
the presence of a pentacoordinated Ge. Because of this lower

symmetry, there is sufficient information to refine the O-F
Buckingham potential such that the equivalent force field
calculation yields the same minimum. The final parameters
for the O-F interaction determined from this procedure are
given in Table 3. The structural features of the ASU-9
structure, as optimized with this force field are shown in
Table 4, and the full structural characterization from the force
field as well as the ab initio calculations are given as
Supporting Information.

On the basis of this force field, a first test was performed
on the structure of SSZ-35, which is well characterized
experimentally, and the agreement between the force field
optimized and the experimental structure is quite remarkable.
Selected structural features of the optimized [F-DMABO]-
SSZ-35 structure are given in Table 5, where it can be seen
that values close to those experimentally determined are
obtained. For the Si-F covalent bonds, the calculated values
(1.756-1.790 Å) are within 0.05 Å of the experimental value
(1.745 Å). For the SiF-O distances (where SiF is the silicon
bonded to the fluoride ion) also a remarkable agreement,
within 0.04 Å, is obtained; except in the Si4F-O5F distance
in which a larger discrepancy (within 0.08 Å) is found.
Regarding the SiF-O-Si angles, a very remarkable agree-
ment, less than 5°, is observed. Finally, the O-SiF-O angles
are less accurately reproduced (two of them disagree in nearly
10°, although most of them are within 5°) but still the trends

(44) Villaescusa, L. A.; Lightfoot, P.; Morris, R. E.Chem. Commun.2002,
2220.

(45) Wang, Y.; Song, J.; Gies, H.Solid State Sci.2003, 5, 1421.
(46) Soler, J. M.; Artacho, E.; Gale, J. D.; Garcı´a, A.; Junquera, J.; Ordejo´n,

P.; Sánchez-Portal, D.J. Phys. Condens. Mater.2002, 14, 2745.
(47) Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett. 1996, 77,

3865.

Table 4. Selected Structural Parameters of ASU-9 (AST) Optimized
with the Force Field in Table 3a,b

T-F-labels T-F number

Ge1 F 2.159 1
Ge1 F 2.160 1

T-O-labels T-O number

Ge1 O1 1.716 14
Ge1 O2 1.722 12
Ge1 O3 1.724 24
Ge1 O2F 1.712 2
Ge1 O3F 1.722 4
Ge1F O1F 1.779 2
Ge1F O2F 1.740 2
Ge1F O3F 1.740 4
Ge2 O1 1.726 14
Ge2 O1F 1.685 2

T-O-T-labels T-O-T number

Ge1 O1 Ge2 135.11 14
Ge1 O2 Ge1 139.08 6
Ge1 O3 Ge1 137.86 12
Ge1F O1F Ge2 133.09 2
Ge1F O2F Ge1 128.87 2
Ge1F O3F Ge1 127.17 4

O-T-O-labels O-T-O number

O1F Ge1F O2F 96.88 2
O1F Ge1F O3F 96.58 4
O2F Ge1F O3F 116.45 4
O3F Ge1F O3F 121.74 2

a Two molecules of SDA are present in the Ge20O40 unit cell and two
fluoride anions, located in [46] cages (D4R). The coordinates of the
optimized cell, with the SDA and fluoride anions, are in the Supporting
Information (Table S1a). Germanium and oxygen atoms are labeled as in
ref 16. All distances are in Å and angles are in degrees.b ASU-9, two
fluorides, two DABCO cations: see Table S1a in Supporting Information
for the unit cell coordinates. Cell parameters:a ) 9.3082 Å,b ) 9.0779
Å, c ) 14.3443 Å,R ) 91.21°, â ) 90.37°, γ ) 88.83°.
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are quite consistent and they are within what is expected in
a trigonal bipyramid geometry as it corresponds to the
pentacoordinated SiF atom. The full, optimized, structural
details are provided as Supporting Information. We further
note that because of the general nature of the short-range
O-F interaction, regardless of the oxygen framework type,
this term is of general use for oxygen and fluorine in zeolites
and zeotypes.

3.3 Force Field Derivation for Zeolites with Si/Ge/Al
Framework Composition. The present force field is an
extension of our previous Si/Ge force field,22 and the
parameters relating to the simulation of Si/Ge zeolites have
remained unchanged. To be able to model materials contain-
ing any amount and ordering of Si/Ge/Al as framework
atoms, as well as F- and any organic SDA, this only now
requires the inclusion of the Al-O short-range term to the
force field derived so far. To perform the fit, we have chosen
a zeolite structure with Si/Al) 1,23 since we believe this
allows for a better description of the contribution of Al to
the framework structure. The LTA structure by Pluth and
Smith23 is well characterized by XRD, and the fact that Si/
Al ) 1, in combination with Lowenstein’s rule,24 ensures a

strict ordering of Si-Al with no Si-O-Si or Al-O-Al
bonds present. Although the Buckingham Al-O term
contains three parameters,A, F, andC (see eq 2), the latter
two may be fixed to the same values as for Si-O and we
can obtain the fit by only changing the value of theA
parameter. Inclusion of theF parameter in the fit yields little
benefit since there is no curvature information available to
deconvolute the contribution of the two repulsive parameters.
Furthermore, the three-body term for O-Al-O angles has
been kept fixed to the same value as for O-Si-O since both
atoms (Si and Al) are expected to behave similarly regarding
the tetrahedral stiffness. During the fit, which was performed
within the Fm3hc (No. 226) space group, not only the
crystallographic cell parameters and the atomic coordinates,
but also the bond distances and angles, were monitored to
minimize the differences between the original structure and
the optimized one obtained after the fit. With regard to the
sodium cation distribution, three sodium sites are present,
Na1, Na2, and Na3, and their relative occupation was chosen
to be as similar as possible to the experimentally reported
values.23 However, the two conditions [Na]) [Al] (elec-
troneutrality) and [Si]) [Al] (Si/Al ) 1), are not completely
followed in the XRD refinement. As a result, the cation
position occupancies chosen were 0.972, 0.242, and 0.110
(compared to the experimentally reported values of 0.972,
0.242, and 0.066) for Na1, Na2, and Na3, respectively. The
experiments correspond to the refined cell Na91.78Si96-
Al96O384,23 whereas our asymmetric unit with cubic symmetry
corresponds to the cell Na96Si96Al 96O384. The final value of
1185 for theA parameter (see Table 3) was chosen, and the
final test of the accuracy of the fit was performed through
an optimization of the full unit cell Na96Si96Al96O384, without
symmetry constraints. Here the numbers of sodium cations
with respect to the total number of sites were Na1) 60/64,
Na2) 24/96, and Na3) 12/96. This gives a total occupancy
very close to experiment, and the cations were also located
according to the criteria that the cations are as far away as
possible from each other while being as close as possible to
the Al framework atoms. The final optimized LTA structural
parameters, bond distances, and angles are given in Table
6, where a comparison with the experimental LTA structure
is provided. Calculated and experimental T-O (T ) Si,Al)
and Si-Al distances compare within 0.02 Å, Si1-O2-Al1,
Si1-O3-Al1, and Si1-O1-Al1 angles are within 5°, 3°, and
8°, respectively, and O-T-O angles are within 2° except
in the case of O2-Al1-O3 and O1-Al1-O3, whose errors
are about 6°. Overall, it can be seen that the agreement is
very good and thus that the force field is definitely satisfac-
tory. The optimized full cell coordinates of the LTA are given
as Supporting Information.

3.4 Force Field Testing with the SSZ-44 Structure.SSZ-
44 (SFF in ref 48, see Figure 1) is a structure related to SSZ-
35 (STF in ref 48) and both possess an unusual one-
dimensional straight channel system with a pore diameter
that alternates between a 10MR and a contorted 18MR. The
cage structures differ, as do the channel systems, but both

(48) Baerlocher, Ch.; Meier, W. M.; Olson, D. H.Atlas of Zeolite Structure
Types, 5th reVised ed.; Elsevier: Amsterdam, The Netherlands, 2001
(http://www.iza-structure.org).

Table 5. Selected Structural Parameters of SSZ-35 (STF) Optimized
with the Force Field Given in Table 3, Including Experimental

Values from Reference 43a,b

dist-1 dist-2 exp

T-F-labels T-F number

Si4F F 1.765 1.779 1.745 1
Si4F F 1.756 1.790 1.745 1

T-O-labels T-O number

Si4F O5F 1.686 1.699 1.761 2
Si4F O6F 1.709 1.680 1.665 2
Si4F O7F 1.665 1.665 1.633 2
Si4F O8F 1.675 1.669 1.651 2

T-O-T-labels T-O-T number

Si4F O5F Si2 135.28 132.96 135.20 2
Si4F O6F Si1 129.83 130.73 130.09 2
Si4F O7F Si7 146.26 141.95 147.65 2
Si4F O8F Si5 140.26 139.62 143.97 2

O-T-O-labels O-T-O number

O5F Si4F O6F 85.083 87.78 90.15 2
O5F Si4F O7F 89.154 89.38 93.04 2
O5F Si4F O8F 90.402 88.07 90.75 2
O6F Si4F O7F 123.930 122.04 111.98 2
O6F Si4F O8F 123.460 122.27 119.34 2
O7F Si4F O8F 113.308 115.36 124.89 2

a Two molecules of SDA are present in the Si32O64 unit cell and two
fluoride anions, located in [415262] cages. Four such cages exist and only
two are occupied by fluoride. Depending on the fluoride occupancy, a
different SDA distribution is followed as indicated in the Supporting
Information (Table S2a and S2b). Silicon and oxygen atoms are labeled as
in ref 43, except for the fact that an “F” has been added, for the sake of
clarity, to the atoms belonging to the pentacoordinated Si,[SiO4/2F]- unit.
All distances are in Å and angles are in degrees.b SSZ-35, two fluorides,
two DMABO cations. Distribution-1, distribution-2, and experimental values
are indicated under columns dist-1, dist-2, and exp, respectively. The cell
parameters area ) 7.3876 Å,b ) 17.8817 Å,c ) 13.9589 Å,R ) 90.10°,
â ) 99.63°, γ ) 91.57° (distribution-1, with unit cell coordinates in Table
S2a);a ) 7.3949 Å,b ) 17.8298 Å,c ) 13.9351 Å,R ) 89.73°, â )
99.22°, γ ) 88.07° (distribution-2, with unit cell coordinates in Table S2b);
a ) 7.4573 Å,b ) 18.0966 Å,c ) 14.0233 Å,R ) 90.00°, â ) 99.25°, γ
) 90.00° (experimental).
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materials have in common a layerlike unit which, through
the formation of different linkages between the layers,
produce different microporous systems.39 Although the effect
of the different organic SDAs used in the synthesis may be
responsible for the change in the stacking in the final
structure, this effect is not entirely understood. A better
understanding of the systems might make it feasible to
control the stacking percentage of the two end members in
the final material obtained. Although SSZ-44 was originally
synthesized in hydroxide media withN,N-diethyl-2,6-cis-
dimethylpiperidinium, only the calcined structure has been
solved by synchrotron powder XRD.39 Recently, SSZ-44 was
obtained in fluoride media by using the same SDA and,
although the crystals obtained are not of sufficient quality
to solve the structure by single-crystal XRD methods, a very
accurate19F NMR study has been performed to characterize
the local structure of the [SiO4/2F]- units.49 The reason we
have chosen the unsolved [F-DECDMP]-SSZ-44 structure

(49) Darton, R. J.; Brouwer, D. H.; Fyfe, C. A.; Villaescusa, L. A.; Morris,
R. E. Chem. Mater.2004, 16, 600.

Table 6. Selected Structural Parameters of Na-A (LTA) Optimized
with the Force Field in Table 3a,b

exp calc

T-O-labels T-O number

Si1 O2 1.586 1.609 96
Al1 O2 1.717 1.718 96
Si1 O3 1.604 1.619 192
Al1 O3 1.741 1.734 192
Si1 O1 1.595 1.620 96
Al1 O1 1.723 1.739 96

T-T-labels T-T number

Si1 Al1 3.198 3.213 384

T-O-T-labels T-O-T number

Si1 O2 Al1 164.72 170.35 96
Si1 O3 Al1 144.81 147.94 192
Si1 O1 Al1 142.25 134.66 96

O-T-O-labels O-T-O number

O1 Si1 O2 108.63 108.69 96
O1 Si1 O3 111.35 110.87 192
O2 Si1 O3 107.14 107.17 192
O3 Si1 O3 111.11 111.71 96
O2 Al1 O1 107.97 107.62 96
O2 Al1 O3 105.94 111.78 192
O1 Al1 O3 112.38 106.05 192
O3 Al1 O3 111.86 112.77 96

T-label O-T-O number

Si1 109.45 109.41 576
Al1 109.41 109.34 576

a Na-A, labeled as in ref 23. The unit cell is Na96Si96Al96O192 and an
ordered Si-Al distribution is followed. Three cation sites (Na1, Na2, Na3)
are present with number of sites 64, 96, and 96, respectively, and the
occupations in the unit cell are 60, 24, and 12, respectively, following the
experimental XRD structure in ref 23. The coordinates of the optimized
cell are given in the Supporting Information (Table S3). Sodium, silicon,
aluminum, and oxygen atoms are labeled as in ref 23. All distances are in
Å and angles are in degrees.b Calculated and experimental values are
indicated under columns exp and calc, respectively. The cell parameters
area ) 24.5550 Å,b ) 24.5550 Å,c ) 24.5550 Å (experimental, where
the space group isFm3hc, No. 226);a ) 24.6379 Å,b ) 24.6684 Å,c )
24.6963 Å,R ) 90.03°, â ) 89.97°, γ ) 90.04° (calculated, with unit cell
coordinates in Table S3).

Table 7. Selected Structural Parameters of SSZ-44 (SFF) Optimized
with the Force Field in Table 3a

Distribution-1b

T-F-labels T-F number

Si3 F 1.772 1
Si3 F 1.775 1

T-O-labels T-O number

Si3F O6F 1.677 2
Si3F O8F 1.727 2
Si3F O9F 1.690 2
Si3F O10F 1.652 2

T-O-T-labels T-O-T number

Si3F O6F Si2 137.62 2
Si3F O8F Si3 136.72 2
Si3F O9F Si4 129.15 2
Si3F O10F Si5 149.60 2

O-T-O-labels O-T-O number

O6F Si3F O8F 89.62 2
O6F Si3F O9F 121.67 2
O6F Si3F O10F 117.33 2
O8F Si3F O9F 88.84 2
O8F Si3F O10F 85.81 2
O9F Si3F O10F 120.67 2

Distribution-2

T-F-labels T-F number

Si4F F 1.773 1
Si5F F 1.777 1

T-O-labels T-O number

Si4F O2F 1.673 1
Si4F O9F 1.727 1
Si4F O11F 1.656 1
Si4F O12F 1.698 1
Si5F O7F 1.662 1
Si5F O10F 1.676 1
Si5F O13F 1.668 1
Si5F O14F 1.730 1

T-O-T-labels T-O-T number

Si4F O2F Si1 146.44 1
Si4F O9F Si3 127.05 1
Si4F O11F Si8 140.96 1
Si4F O12F Si8 138.33 1
Si5F O7F Si2 133.67 1
Si5F O10F Si3 136.05 1
Si5F O13F Si7 126.88 1
Si5F O14F Si5 129.59 1

O-T-O-labels O-T-O number

O2F Si4F O9F 124.93 1
O2F Si4F O11F 118.47 1
O2F Si4F O12F 89.72 1
O9F Si4F O11F 116.56 1
O9F Si4F O12F 88.09 1
O11F Si4F O12F 90.04 1
O7F Si5F O10F 116.28 1
O7F Si5F O13F 117.10 1
O7F Si5F O14F 88.67 1
O10F Si5F O13F 123.54 1
O10F Si5F O14F 84.043 1
O13F Si5F O14F 89.610 1

a Two molecules of SDA are present in the Si32O64 unit cell and two
fluoride anions, located in [415262] cages. Four such cages exist and only
two are F-occupied. Different fluoride locations in the cages have been
tested and the coordinates of all atoms are given as Supporting Information
(Table S4a and S4b). Silicon and oxygen atoms are labeled as in ref 39,
except for the fact that an “F” has been added, for the sake of clarity, to
the atoms belonging to the pentacoordinated Si, [SiO4/2F]- unit. All distances
are in Å and angles are in degrees.b SSZ-44, two fluorides, two DECDMP
cations, distribution-1 (see Table S4a in Supporting Information for the
unit cell coordinates). Cell parameters:a ) 11.4438 Å,b ) 21.6580 Å,c
) 7.4192 Å,R ) 90.21°, â ) 94.97°, γ ) 90.70°. c SSZ-44, two fluorides,
two DECDMP cations, distribution-2 (see Table S4b in Supporting
Information for the unit cell coordinates). Cell parameters:a ) 11.3818
Å, b ) 21.8887 Å,c ) 7.4014 Å,R ) 89.70°, â ) 94.97°, γ ) 89.62°.

738 Chem. Mater., Vol. 17, No. 4, 2005 Sastre and Gale



to test our force field is because there are very few structures
where the local structure of the [SiO4/2F]- units is actually
well characterized enough to compare against without
averaging over [SiO4/2] units in the fluoride unoccupied
cages. One such structure that has been solved is SSZ-35,43

which has been used for testing the present force field, and
we believe that, to date, it is the only one solved (without
averaging over occupied and unoccupied cages) with F- in
non-D4R cages.

The study of SFF indicates a Si-F distance of 1.79 Å.49

Our optimization has been performed by taking the coordi-
nates of the calcined SSZ-44 structure,39 then introducing
both the organic SDA39,49and the fluoride anions, as per the
original reference.49 The resulting fully minimized structure
is shown in Figure 1 and in Table 7. From this we have
obtained a favorable location for F- in the [415262] cages of
SFF and two low energy distributions of sites have been
characterized (Table 7). In the first distribution, the two
fluoride anions present in the unit cell are both attached to
Si3 with optimized covalent distances of 1.772 and 1.775
Å, respectively, whereas in the second distribution they are
attached to Si4 and Si5 at distances of 1.773 and 1.777 Å.
The first distribution is more stable by 21.6 kJ/mol per unit
cell, but both of them are close enough in stability so as to
have the potential to be experimentally observable. Of course,

other distributions are also possible, and not only the two
reported here. An interesting point here is the fact that the
vertex symbols (see Supporting Information), which have
been calculated with the zeoTsites software,50 for the different
tetrahedral positions in SSZ-44 are the same for Si3, Si4,
and Si5. Thus, there may be a link between the topological
nature of the framework site and its ability to coordinate
fluoride in a stable fashion. The fact that these positions are
linked to a 4MR helps to confirm the hypothesis that F-

tends to associate with Si in 4MR.17 The analysis of the
geometry indicates that a pentacoordinated Si appears due
to the formation of the Si-F bond, and the results in Table
7, as well as the cavity aspect (Figure 2), demonstrate that
a trigonal bipyramid geometry is exhibited.

3.5 Force Field Testing with F- Vibrations in Octade-
casil Zeolite.The present force field has been parametrized
mainly against structural data. However, it can also be used
not only to reproduce structural features of zeotypes, but also
dynamical features such as vibrational properties. A recent
infrared study of octadecasil synthesized in fluoride media
has been carried out.51 Vibrational spectroscopy can give
useful information when localized modes are present, and,
in particular, we are here interested in modes associated with
fluoride anions, which, from an experimental viewpoint, can
be traced by comparing the infrared spectra of the as-
synthesized (with fluoride) and the calcined (without fluoride)
octadecasil structures. Although some assignments remain
controversial, it has been established51 that F- occluded in
the D4Rs of octadecasil leads to the presence of three
harmonic modes near 122 cm-1. Our calculations start with
the octadecasil unit cell (Si20O40) in which two molecules
of the experimentally used SDA (N,N,N-trimethyl-tert-
butylammonium) have been optimized within the mi-
croporous space of the zeolite, with two fluoride anions
located inside the D4Rs (the final atomic coordinates and
cell parameters are given as Supporting Information). The
vibrational normal modes, as well as the atomic projected
density of states, have been calculated for this optimized

(50) Sastre, G.; Gale, J. D.Microporous Mesoporous Mater.2001, 43, 27.
(51) Villaescusa, L.; Marquez, F. M.; Zicovich-Wilson, C. M.; Camblor,

M. A. J. Phys. Chem. B2002, 106, 2796.

Figure 1. Unit cell of SSZ-44 (SFF) structure with two molecules of DECDMP+ and two F- anions located each in a [415262] cavity. Four cavities are
present in the unit cell, which corresponds to a 50% F- occupancy. Silicon atoms are labeled as in ref 39. This F- occupation corresponds to the unit cell
described in Table S4b of Supporting Information, and the Si-F distances are Si5-F ) 1.777 Å, Si4-F ) 1.773 Å.

Figure 2. Double [415262] cavity in SSZ-44 with the F- attached to Si5.
This does correspond to the unit cell of Figure 1. Silicon atoms are labeled
as in ref 39. This F- occupation corresponds to the unit cell described in
Table S4b of Supporting Information, and the Si-F distance is Si5-F )
1.777 Å. It can be seen that the pentacoordinated Si exhibits a trigonal
bipyramid geometry. The corresponding bond distances and angles are listed
in Table 7 (distribution-2).
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system. The dominant contribution of F- to the density of
states is found in three vibrational modes at 120.4, 122.5,
and 123.9 cm-1 which is in excellent agreement with the
122 cm-1 value above assigned from quantum chemical
calculations of the F- motion inside the D4R of the
octadecasil structure.

4. Conclusions

A new force field has been derived that is able to model
the location and behavior of F- in Si/Ge/Al zeolites. The
potential model can also be used when F- is not present in
the system, and therefore it is the first force field available
that allows the simulation of Si/Ge/Al zeolites. The location
and energetics of F- in zeolites is of interest in determining
the role played by fluoride ions in the synthesis and
stabilization of zeolite structuressa purpose for which the
newly parametrized force field is designed. The lack of
experimental data for this type of system makes computer
simulation of particular interest when used as a predictive
tool to identify the location of F- in zeolites. Furthermore,
the effect of chemical composition encompassing the full
range of possible Si/Al/Ge distributions can be studied with
the present force field. The resulting parameters have been
successfully tested for the SSZ-44 structure. A pentacoor-
dinated Si in a SiO4/2F environment with a trigonal bipyramid

geometry is predicted to occur based on full energy
minimization of the system, including the template, which
resembles configurations already found in other zeolitic
materials. The Si-F distances are found to lie within the
range of 1.77-1.78 Å in the simulation, which is in excellent
agreement with the experimental range of 1.72-1.79 Å as
found by19F NMR.
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