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This paper describes the true geometry of the pentacoordinated SiO4F- units found in
several all-silica zeolite systems, as determined by ab initio density functional calculations.
The SiO4F- units in the two zeolites (sodalite and ferrierite) studied contain Si-F bonds of
1.71 and 1.76 Å in length, and all the Si-O bonds in the units are elongated with respect
to the Si-O bonds in the tetrahedral SiO4 unit typically found in a zeolite. All the bond
angles in the SiO4F- unit agree with those expected for a regular trigonal bipyramidal XY5
unit. The calculated structure is shown to reproduce accurately an averaged structural model
determined by standard crystallographic methods. The approach we have developed in this
work has general implications for the solution of complex local structure problems in solids.

Introduction

The introduction of fluoride anions in the syntheses
of zeolites has been known for more than 20 years, since
the patent report of Flanigen and Patton.1 The role of
the F- anions in the synthesis is believed to be as a
mineralizing agent to enhance the reactivity of silica.
The inclusion of the F- ions into syntheses of alumino-
and gallophosphates has also been used to form known
and novel microporous structure types, many of which
have the F- ion occluded as part of the framework
structure.2-5 Within the zeolite area specifically, the use
of the fluoride method of synthesis has led to the
formation of several pure silica (SiO2) zeolites6 of high
crystallinity and low defect concentration.7 The fluoride
ion is believed to direct the formation of the noncen-
trosymmetric zeolite IFR,8 which has strong nonlinear

optical effects, and the treatment, and possibly incor-
poration, of the fluoride ion into zeolites has also been
shown to produce enhanced acidity of the treated
material.9 In this paper we apply computational meth-
ods to examine the structures of F- containing mi-
croporous silica and show clearly the stability and
structure of a pentacoordinated Si species whose pres-
ence has previously been suggested on the basis of NMR
and X-ray diffraction studies, but whose complete
structure has not been fully determined.

Pure silica zeolites are generally prepared by heating
a gel, containing a SiO2 source, a structural directing
agent (SDA), a mineralizing agent, and a solvent, under
hydrothermal conditions. Typically, the SDA is a qua-
ternary ammonium compound, the mineralizing agent
is OH- or F- ions, and the solvent is water. The
resulting solid product contains the SDA within the void
volume of the neutral SiO2 framework. When the SDA
is a cationic species, its charge must be compensated
by negatively charged species, which are normally the
OH- or F- ions. The location of the SDA is often well-
established within the zeolite as they are large mol-
ecules, have a high crystallographic occupancy, are
frequently well-ordered, and can often only fit into
certain sites within the void space of the zeolite. This
is not the case when considering the charge-compensat-
ing anions, as they may occupy many different sites and
only at a low level of crystallographic occupancy. Much
effort has been spent on trying to identify the sites of
the charge-compensating anions, which is particularly
so for the F- ion. To date, computational,10 NMR,11-14
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and X-ray diffraction methods have all been used to
characterize the locations and local structure of the F-

ions in the as-synthesized all-silica zeolites. However,
the aforementioned problems of low concentration,
disorder, and their change in mobility as a function of
temperature makes full structural characterization of
the location and environment of the F- ions very
difficult. The results of these studies report three
general fluoride environments: (i) the F- ions reside in
close proximity to the positively charged SDA as an ion
pair in the main void volume of the zeolite;15 (ii) the F-

ions are separated far from the SDA and are located
centrally within small cages in the framework of the
material, but at rather large distances from the closest
Si atom;16 and (iii), as for point (ii), except that the F-

ions are coordinated to a Si atom to form a pentacoor-
dinated SiO4F- unit within the small cage.8,17 The two
latter cases may be related, in that on cooling the
material, the F- ions in environment ii becomes less
mobile and adopt the configuration described in case (iii)
as for MFI.13 However, at room temperature, examples
of both environments are known.13,18 The three fluoride
environments are shown schematically in Figure 1.

The only method by which the spatial arrangement
of all three F- ion environments has been characterized
is X-ray diffraction. As far as we are aware, only one
example of environment (i) is known, although there is
some dispute as to the validity of this structure;12,19

three examples of environment (ii) are known,16,19,20 and
four instances of environment (iii) have been re-
ported.8,17,18,21 The SiO4F- unit found in iii is of par-
ticular interest as it was thought for a long time that
5-coordinate Si in a zeolite did not exist. Only in two of
these studies, that on [Cocp2]-F-[Si-NON]17and F-[Si-
IFR],8 has the transformation of the SiO4 tetrahedral

unit toward a trigonal bipyramidal SiO4F- unit with
chemically sensible noncontact distances between the
O and F atoms been observed. In these studies the Si-F
bond length is 1.836 and 1.92 Å for [Cocp2]-F-[Si-
NON] and F-[Si-IFR], respectively, which is rather
long for a typical covalent or ionic Si-F bond length,
as seen in SiF4 or SiF6

2-, where bond lengths of 1.56
and 1.68 Å, respectively, are reported.22,23 The Si-F
bond lengths observed in other structures containing F-

ions in environment type (iii) are in the range 1.94-
1.99 Å. We consider that these values are somewhat
large and do not represent the real value of the Si-F
bond length. We assume that the overestimation of the
Si-F bond length arises from the low crystallographic
occupancy of the F- ion sites in these structures, where
the maximum so far is 50%,8,17 and the fact that only
an averaged structure is obtained from crystallographic
methods, making it difficult to obtain the true local
structure of the SiO4F- units.

In this work, we use ab initio electronic structure
techniques to model the incorporation of a fluoride
species into all-silica zeolites in order to calculate the
true local structure of the SiO4F- units. Computational
methods provide the only way to determine accurately
and unempirically the complete structure of this unit
in structures where its concentration is relatively low.
Initially, we investigate candidate structures in a simple
material, sodalite, whose unit cell is one of the smallest
of the zeolite family of materials and which has been
extensively used in recent work on the defect formation
in zeolites.24 Utilizing our results for the sodalite
system, we apply energy minimization to a system based
upon an experimentally determined structure of the all-
silica zeolite ferrierite that has been found to contain
the SiO4F- unit. The resulting minimized structure for
this ferrierite system is used to generate a single crystal
X-ray diffraction data set. The latter is used in a
crystallographic structure solution to obtain a structure
that is compared directly with the experimentally
determined ferrierite structure. Our work shows that
by combining ab initio methods with experimental
techniques, we acquire a powerful method for determin-
ing complex local structures in solids.

Methodology

Computational Details. An energy minimization tech-
nique based on an ab initio density functional theory (DFT)
approach, as implemented in the DSolid/Dmol3 computational
code,25 was employed to obtain the structural data pertaining
to the F- ion encapsulated in the all-silica sodalite and
ferrierite zeolite materials. The GGA PW91 exchange and
correlation density functionals26 were used along with a double
numerical atomic basis set complemented by single polariza-
tion functions (DNP) on a medium quality integration grid
(program default25) for the geometry optimization.
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Figure 1. A schematic representation of the three types of
F- ion environments found in siliceous zeolites: (i) as part of
an ion pair, (ii) in the center of a small cage far from any Si
atoms, and (iii) coordinated to a Si atom to form part of a
pentacoordinated SiO4F- unit.
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The final structures were verified for smallness of residual
forces, comparison of binding energies of different species, and
wave function analyses using an extended triple numerical
basis set with two polarization functions per center (TN2P)
on a fine grid. Periodic boundary condition calculations were
performed in a single Γ-point (k ) 0) of the Brillouin zone,
which has proved to be a good approximation in previous work
on zeolites due to the large size of their unit cells and the wide
one-electron band gaps observed (>6 eV at the current level
of theory, the experimental value of the optical gap being
greater than 9 eV).27

Structural Models. Incorporation of the F- ion into the
silica framework of sodalite was studied using a previously
optimized structure of the perfect lattice. The calculated value
of the lattice parameter a of the cubic all-silica sodalite (8.878
Å compared to 8.830 Å from a single-crystal X-ray diffraction
study of siliceous sodalite that contained ethylene glycol28) was
fixed in this study, while full geometry optimization with
respect to all internal coordinates was undertaken.

To compensate for the charge of the SiO4F- unit, we used a
proton that forms a bridging hydroxyl group upon adsorption
on the silica framework. The interaction between F- and H+

ions strongly distorts the local framework structure, which
leads to a number of metastable defect complexes depending
on the proximity of the two species.24 Of these defect com-
plexes, only one plausible candidate structure that exhibits a
characteristic pentacoordinated Si site with minimal distortion
was found for which the separation of the F- and H+ based
species was at its greatest. The interaction between the F--
and H+-based species evidently decreases as the separation
distance increases. The total energy of the selected model
containing the SiO4F- unit is not the lowest of the plausible
candidate structures, but it is the only one that contains this
unit, for which there is ample experimental XRD and NMR
evidence. This system acts mainly as an initial trial to test
experimental systems such as the one described below.

Before we discuss the real system that was modeled, we
describe the general approach adopted to obtain the true
structure of the SiO4F- unit in a real system by combining
the ab initio computational methods with experimental dif-
fraction techniques. Our approach is summarized in Figure
2. The key steps are as follows: first in step I, we generate an
idealized candidate structure based on the geometry resulting
from an experimental crystallographic structure solution (A)
and perform a periodic ab initio optimization on this structure
without any symmetry constraints to yield an optimized true
structure with P1 symmetry (B). Second, in step II, we apply
the symmetry operators of the space group of the experimen-
tally determined structure (A) to each of the atoms in the
optimized structure (B) to produce a set of symmetry-related
structures from which a set of diffraction intensities is
calculated. In this work, we try to model real disorder, in which
an experimental diffraction pattern is representative of many
slightly different unit cells, by superimposing many slightly
different structures into one unit cell. Each of these superim-
posed structures provides a 1/N contribution to the calculated
diffraction pattern, where N is the number of structures
superimposed into one unit cell. The resulting diffraction
intensities are then used to solve and refine a calculated
averaged structure (C), which is our prediction, and is subject
for comparison with the experimentally derived structure (A).
If the two structures are in close agreement, as is the case in
our study, the local structure produced in the optimized
structure (B) should be considered to be correct. Alternatively,
one can determine a calculated average structure directly from
the set of symmetry-related structures, from which the set of
diffraction intensities was calculated, which is acceptable, but
not as rigorous.

To assess the accuracy of the local structure of the SiO4F-

unit produced in the sodalite system, the same computational
procedure was applied to a system based, as closely as possible,
on an experimentally determined structure. For this case we
took the recently published structure of siliceous ferrierite
containing a [Cu(pyridine)2]2+ complex.18 The formula of the
compound is Cu0.964F1.2(Si36O72)·4C5H5N (A), in which there is
one F- ion site that is bound to only one of the five crystallo-
graphically distinct Si atom sites in the framework. The local
structural environment is shown in Figure 2(A), and the
associated bond lengths and angles within the SiO4F- unit are
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Figure 2. Steps for determination of the local structure SiO4F- unit in the zeolite ferrierite produced by a combination of
computational and crystallographic methods. The actual structures of the SiO4F- unit for (A) Cu0.964F1.2(Si36O72)‚4C5H5N18 (space
group Pmnn), (B) KF(Si36O72)‚4C5H5N (space group P1), and (C) F1.02(2)(Si36O72) (space group Pmnn) are shown.
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given in Table 1. To simplify our modeling system, we replaced
the Cu2+ cations in the real structure by K+ cations and
changed the occupancy of the K+ and F- ion sites so that there
was an exact ratio of 1:1 in the structure. The modified formula
was now KF(Si36O72)·4C5H5N. The structure was optimized
assuming P1 symmetry, and the unit cell parameters were
fixed at the values for structure A. The optimized model of
KF(Si36O72)‚4C5H5N in P1 symmetry is designated B.

Crystallographic Refinement. The model B discussed
above forms the basis for the crystallographic verification to
prove that this model can be used to reproduce the experi-
mentally determined structure of the SiO4F- unit in A.

From the final optimized structure (B) the K+ ion and
pyridine molecules were removed and the resultant framework
structure, with F- ion still included, was used to produce a
single-crystal data set in space group P1. Prior to generation
of the single-crystal data set, the symmetry operators of space
group Pmnn were applied to F(Si36O72) (109 atoms) to yield
eight structures of F(Si36O72) (872 atoms) that were included
in the unit cell. To create the same total electron density in
the unit cell, each of the 872 atoms was given an occupancy of
one-eighth. We would like to reiterate that this procedure was
adopted to model real disorder in the system, in which an
experimental diffraction pattern is representative of many
slightly different unit cells, by superimposing many slightly
different structures into one unit cell. The single-crystal data
set was produced using the diffraction module of the Catalysis
software in the Cerius2 suite of programs.29 Polarization,
Lorentz, and anomalous dispersion corrections were applied
in producing the diffraction intensities, and all the atoms were
assumed to have an isotropic temperature factor of 0.022 Å2.
The diffraction intensities produced were then used to solve
the structure in the space group of the original structure (A),
that of Pmnn. The structure was solved by direct methods
using the program SHELXS-8630 from which all the Si and O
atoms were located. The F atom was found from difference
Fourier syntheses. The final cycle of least-squares refinement
included the atomic positions and anisotropic temperature
factors for all atoms and the occupancy of the F atom. The
final residuals R(F) and Rw(F) were 2.24% and 1.93%,

respectively. The bond lengths and angles within the SiO4F-

unit for the minimized structure in space group P1 (B) and
the structure of F1.02(2)(Si36O72) solved in space group Pmnn
(C) are given in Table 1. All data reduction, full matrix-least-
squares refinement, and subsidiary calculations were per-
formed using the CRYSTALS suite of programs.31

Results and Discussion

Sodalite. The structure of the HF(Si12O24) sodalite
is shown in Figure 3, where it is seen that the SiO4F-

unit adopts a regular trigonal bipyramidal structure,
for which the bond lengths and angles are given in Table
1. We obtain an Si-F bond length of 1.71 Å, which is
considerably shorter than any reported from crystal-
lographic data, but it is closer to those reported for
4-coordinated Si in SiF4 (1.56 Å) and 6-coordinated Si
in SiF6

2- (1.68 Å) molecular units.22,23 The larger value
we report for the Si-F bond length is understandable
as the repulsive interaction of the F- anion with O2-

anions in the SiO4F- unit is stronger than with another
F- ion, as found in SiF4 and SiF6

2-. Moreover, the
typical Si-O bond distance for a 4-coordinated Si atom
in a zeolite is 1.60 Å. Hence, by adding to a tetrahedral
Si site an F- ion one would expect an increase in the
average Si-O,F bond distance. We can also point to an
upper-bound estimate, as it is known for the 6-coordi-
nated Si site in stishovite that the Si-O bond distances
are 1.76 and 1.81 Å.32 Thus the Si-F bond length we
report lies perfectly in the expected range. Another
important feature we observe in the SiO4F- unit in
sodalite is the significant elongation of the Si-O bonds,
with particular effect on the Si-O bond (1.76 Å) trans
to the Si-F bond. This observation is in accord with the
experimentally recovered data,8,17 but we also note that
the other three Si-O bonds are also elongated, as one
would expect for an overcoordinated Si species, which
is not easily shown by the experimental crystallographic
studies.8,17

We note that the charge separation between H+ and
F- species in the sodalite framework is fairly small (H+-
F-distance of 4.52 Å). The strong character of the
Coulomb interaction between the two ions leads to an
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Table 1. Bond Lengths, Nonbonding Distances (Å), and
Bond Angles (deg) for the SiO4F- Unit in

Cu0.964F1.2(Si36O72)·4C5H5N (A) (Space Group Pmnn),
KF(Si36O72)‚4C5H5N (B) (Space Group P1), F1.02(2)(Si36O72)
(C) (Space Group Pmnn), and HF(Si12O24) (Space Group

P1) (D)

A B C Da

Si(5)-F(1) (Å) 1.99(2) 1.761 1.990(6) 1.710
Si(5)-O(4) 1.606(3) 1.674 1.629(1) 1.684
Si(5)-O(6) 1.587(4) 1.681 1.608(1) 1.681
Si(5)-O(7) 1.597(3) 1.724 1.620(1) 1.757
Si(5)-O(10) 1.597(3) 1.677 1.622(1) 1.707
F(1)···O(4) 2.17(2) 2.409 2.353(6) 2.393
F(1)···O(6) 1.92(2) 2.380 1.720(6) 2.419
F(1)···O(10) 2.33(2) 2.392 2.311(6) 2.377
O(4)-Si(5)-O(6) (°) 111.2(2) 116.16 108.29(6) 121.57
O(4)-Si(5)-O(7) 105.3(2) 91.12 105.38(6) 90.93
O(4)-Si(5)-O(10) 112.2(2) 123.50 112.60(6) 118.36
O(6)-Si(5)-O(7) 109.7(2) 92.02 112.06(6) 91.82
O(6)-Si(5)-O(10) 110.6(2) 120.05 110.65(6) 120.06
O(7)-Si(5)-O(10) 107.6(2) 92.23 107.79(6) 88.26
O(4)-Si(5)-F(1) 73.3(5) 89.01 80.5(2) 89.69
O(6)-Si(5)-F(1) 64.0(6) 87.45 55.9(2) 91.03
O(7)-Si(5)-F(1) 171.6(6) 179.45 168.0(2) 176.22
O(10)-Si(5)-F(1) 80.4(5) 88.13 78.8(2) 88.17

a The numbers of the atoms for structure D are used to be
consistent with those of A, B, and C but do not correlate to any
crystallographic atom assignments given for structural work on
sodalite.

Figure 3. The structure of HF(Si12O24) viewed along the [001]
direction.
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appreciable distortion of the flexible framework of the
zeolite (Si-O bond lengths in the range 1.57-1.79 Å
for the SiO4 units, as opposed to 1.60 Å for a normal
tetrahedral Si), even though the local structure of the
SiO4F- unit, as seen in the data in Table 1, is largely
unaffected.

Ferrierite. The full structural model of the KF-
(Si36O72)·4C5H5N ferrierite (B) is shown in Figure 4. This
model retains all the important structural features
reported in ref 18, including the location of the ex-
traframework cation and pyridine molecules. The ge-
ometry of the latter is in agreement with reported
structures.22 The structure of the intact ferrierite frame-
work is reasonable. The Si-O bond length and tetra-
hedral O-Si-O bond angle ranges in the SiO4 tetra-
hedra of B are 1.57-1.66 Å and 101.7-122.3° compared
to 1.587-1.603 Å and 106.7-111.5° for A. The slight
overestimation of the Si-O bond lengths by ca. 0.03 Å
in our calculations is typically obtained using the
current level of theory.33 Otherwise, this model is of high
enough precision to base our crystallographic work.

The local structure of the SiO4F- unit is shown in
Figure 2B, and the corresponding bond lengths and
angles are given in Table 1. Again the SiO4F- unit
adopts a regular trigonal bipyramidal structure, as
found in sodalite. The main structural features noted
above are also observed for the SiO4F- unit in ferrierite,
particularly the Si-F bond length of 1.76 Å and the
significant elongation of the Si-O bonds, especially for
the Si-O bond trans to the Si-F bond. It is interesting
to note the switch in the values of the Si-F and Si-
Otrans bond lengths in sodalite (1.71 and 1.76 Å, respec-
tively) and ferrierite (1.76 and 1.72 Å, respectively),
which is assumed to be attributable to the different
environments of the SiO4F- unit in the two materials
and is related to factors such as the surrounding Si-
O-Si bond angles, whose values are framework de-
pendent and vary between 145° and 180°. The equato-
rial Si-O bonds in the SiO4F- unit in ferrierite are
slightly smaller and more regular than in the sodalite,
which is in line with the more symmetrical, “intact”
character of the calculated ferrierite framework. This

results from a weakened Coulomb interaction between
F- and the counterion (K+-F-distance of 7.79 Å) sup-
ported by the void-filling pyridine molecules.

The values of the geometric parameters given in Table
1 and the structure of the averaged SiO4F- unit
displayed in Figure 2C show that use of the computa-
tionally produced model B of the local structure of the
SiO4F- unit in the P1 structure of KF(Si36O72)·4C5H5N
when refined as F1.02(2)(Si36O72) (C) in space group Pmnn
produces a local structure that is in excellent agreement
with the experimentally determined structure of the
SiO4F- unit in Cu0.964F1.2(Si36O72)·4C5H5N (A) in space
group Pmnn. The agreement is particularly good for the
Si-F bond distances, where values of 1.990(6) and 1.99-
(2) Å from the refined C and A structures were obtained,
respectively. This agreement highlights the fact that the
Si-F bond length determined by crystallographic meth-
ods is only an average that is longer than the true Si-F
distance, which reflects the merging of coherent scat-
tering from seven SiO4 tetrahedra and one SiO4F-

trigonal bipyramid per unit cell in this system, which
is taken into account in our computational approach.

The position of the F- ion in structure C has moved
closer to O(6) than in structure A. However, such
discrepancies are expected as the starting model KF-
(Si36O72)·4C5H5N (B) was not identical to Cu0.964F1.2-
(Si36O72)·4C5H5N (A) in composition and we are impos-
ing a higher symmetry on the truly P1 structure of B.
This fact is also evident in the larger range of the Si-O
bond lengths and O-Si-O bond angles in the SiO4 units
of C (1.608-1.633 Å and 105.06-114.20°, respectively)
compared to those in A (1.587-1.603 Å and 106.7-
111.5°, respectively) and the fact that the equivalent
temperature factors of the atoms in C lie in the range
0.023-0.035 Å2, even though they were fixed in the
starting P1 model at 0.022 Å2.

Our analysis therefore shows that the predicted
geometry for the SiO4F- species is fully consistent with
the crystallographic data. We also note that the slight
discrepancies in the final geometric parameters of C
when compared to A arise from the assumptions of the
formula of B, the current level of theory of these
calculations, and the use of X-ray intensities generated
from one structure to represent experimental intensities
that are produced in a real system from many slightly
differing structures.

Conclusions
This work shows the power of computational methods,

in combination with experimental techniques, to deter-
mine accurately the structure of units occluded in a solid
that, at present, cannot be determined fully from
experiment.

The trigonal bipyramidal structure of the SiO4F-

units we have obtained in sodalite and ferrierite possess
similar features. Our calculations show that the experi-
mentally reported structure of the SiO4F- unit in
ferrierite is not accurate but results from the low
occurrence of such units in the material and the fact
that only an averaged structure is obtained from
crystallographic methods. Our calculations also indicate
that the all-silica framework stabilizes negatively charged
species by incorporation of the species as part of the
framework, as opposed to being an extraframework
anion.
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Figure 4. The structure of KF(Si36O72)‚4C5H5N (B) viewed
along the [001] direction. The hydrogen atoms of the pyridine
molecules have been omitted for clarity.
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