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A computational study using classical Gibbs free energy minimization techniques of the
AIPO,-5 unit cell symmetry is presented. The Gibbs free energy calculations were performed
at temperatures up to 600 K. It was found that the orthorhombic Pcc2 and the hexagonal
P6 structures are energetically favored with respect to the P6cc structure at temperatures
up to 400 K. At T = 500 K, the hexagonal P6cc structure has a very slightly lower energy
than that obtained for the P6 and Pcc2 structures. However, the analysis of the vibrational
modes reveals the existence of imaginary eigenvalues, which indicates that the space group
P6cc does not describe correctly the unit cell of calcined AIPO4-5. Moreover, the incorporation
of iron defects in tetrahedral aluminum sites of the AIPO,-5 unit cell was studied by
minimization techniques. It seems probable that iron as Fe®* incorporates in the aluminum
tetrahedral sites. Subsequently, several configurations of two and three Fe®" ions in the
AIPO,-5 unit cell were studied. The analysis of the most stable configurations highlights
the influence of two factors in the stability of FAPO-5 structure: the interaction between
the Fe®t ions and the rigidity of the AIPO,4-5 unit cell in the c direction. The combination of
these factors leads to a low stability of the structures with all of the Fe®" ions in the same
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side of the unit cell and with the ions very close.

1. Introduction and Scope

The problem of the symmetry of the AIPO4-5 unit cell
has been the subject of a variety of studies since the
synthesis of this material in 1982%. The AIPO4-5 pos-
sesses a one-dimensional 12 membered channel, which
is surrounded by four and six rings (see Figure 1). The
12-membered channel permits the adsorption of large
molecules (e.g., hydrocarbons) and its use as catalysts.
Initially the as-synthesized structure was refined in a
hexagonal space group P6cc.?2 This space group gives
a good description of the channel structure, but one of
the oxygen sites has a rather large temperature factor
and the AI—O—P angles involving this oxygen are close
to 180°. Bennet et al.? attribute this fact to static
disorder of the oxygen which is structurally distributed
about three equivalent sites. Richardson et al.* in a
neutron diffraction study of the calcined sample report
that a higher hexagonal symmetry of P6/mcc was
required to obtain a satisfactory refinement, but this
model considers a random alternation of the Al and P

on the tetrahedral sites, which is contrary to what was
found in the experiment. The NMR experiment® sug-
gests a lower symmetry than that reported from initial
crystallographic study (P6cc).

Other structure determinations alluded the possible
alternatives to space group P6cc. Ohnishi et al.® have
reported a reversible phase transition from hexagonal
to orthorhombic symmetry in the presence of the
tropine. Mora et al.” using high-resolution X-ray and
neutron powder diffraction have found that between
room-temperature and 363 K the AIPO,4-5 structure is
best described with the orthorhombic space group Pcc2.
Recently, Klap et al.8 have determined from single-
crystal X-ray diffraction data that the crystal structure
of AIPO,4-5 is described as consisting of three types of
microdomains, each exhibiting P6 symmetry. The do-
mains are related by two sets of glide planes, and the
average structure has P6cc symmetry.

Many theoretical studies have suggested that the
symmetry of AIPO4-5 is lower than P6cc. 11 The
theoretical predictions of Henson et al.’® confirm the
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Figure 1. Tetrahedral aluminum sites in AIPO4-5: (a) in
asymmetric unit cell and (b) in symmetric unit cell. (c) An ideal
representation of the orthorhombic Pcc2 unit cell with unit
cell parameters a, b, and c. The plane ab is represented in
gray. Two black (or white) arrows indicate the deformation in
this plane when the substitution occurs in the same side of
unit cell. One black and white arrow indicate the deformation
when the substitution occurs on the opposite side.

presence of a lower symmetry. These authors have
demonstrated that a hexagonal unit cell with space
group P6 is energetically more favored and contains no
linear AI-O—P angles. Ruiz-Salvador et al.!! using
minimization methods showed the reduction of the
AIPO,4-5 symmetry from P6cc to P6. This reduction leads
to the relaxation of AI-O—P angles in agreement with
the results of Henson et al.1® Ruiz- Salvador et al.'! have
also determined that the orthorhombic space group Pcc2
has an energy similar to that calculated for the P6
structure. All of the calculations were made at 0 K.

Richardson et al.’?2 in their crystallographic studies
about the siliceous analogue of the AIPO,4-5 (SSZ-24),
found a high-low displacive transition near 370 K. In
this paper, the complete refinement of the room-tem-
perature data in the space group P6cc was possible.
However, the two sets of high-temperature data (370
and 464 K) yielded excellent refinements with the
hexagonal symmetry.

The substitution of framework atoms in AIPOs leads
to materials with new properties (MeAPO). For ex-
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ample, aluminum can be replaced by metals to form
MeAPO,3 such as FAPO,3-15 CoAPO, etc., and phos-
phorus can be replaced by silicon to form the silico-
aluminophosphate family (SAPO).17

Several experimental and theoretical studies about
the distribution of different metals over the tetrahedral
sites have been performed.’¥22 The structure of a
MeAPO?! was determined by direct combination of
experimental refinement and simulation techniques.
Other microporous materials were also studied using
this methodology.2%22-23 |n particular, the incorporation
of iron in zeolite ZSM-5 was already studied by Lewis
et al.,2® obtaining results in good agreement with the
experiment.24

FAPO-5 can be synthesized using a variety of tem-
plates; typically, amines or quaternary ammonium
hydroxides and either Fe2* or Fe3™ may be used as the
source of iron.!® Calcination of FAPO-5 materials at 600
°C in air results in oxidation of Fe?" to Fe3". The degree
of incorporation of iron in the AIPO framework seems
to be strongly dependent on the method of synthesis and
still remains as an open question. Li et al.}4 found that
substantial amounts of iron enter the framework by
adding an Fe?* salt to the synthesis gel. Wequin et al.?®
also reported that large amounts of iron can be incor-
porated into the framework if enough iron source is
available and detected the presence of both Fe2 and
Fe3* in the framework. However, Cardile et al.'® found
that only a small quantity of iron enters the framework.
The results of Das et al.l® revealed an increased
substitution of iron (as Fe3* ion) in the AIPO,4-5 frame-
work with increased time of reaction. According to the
temperature-programmed desorption (TPD) of ammonia
experiments of these authors, the presence of the Fe?"
in the tetrahedral aluminum sites does not occur.

In this paper, a computational study of the symmetry
of the unit cell of AIPO,4-5 at variable temperatures and
the stability of this structure in the presence of iron
(Fe?™ and Fed®") are presented. We have calculated the
Gibbs free energies for different space groups of the unit
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cell (P6cc, P6, and Pcc2) and temperatures up to 600
K. Moreover, predictions for the structure and the
elastic constants of AIPO4-5 were discussed. Several
configurations with one, two, and three atoms of Fe3"
were studied.

2. Computational Methodology

Free energy minimization was performed using the
code GULP.28 This program has extensively been used
to calculate structural and physical properties of mi-
croporous materials.1011.20.2223 The Gibbs free energy
calculations were performed using the harmonic ap-
proximation. It assumes that vibrational motions in the
solids are described by independent quantized harmonic
oscillators whose frequencies vary with cell volume. At
sufficiently high temperatures, the potential energy
surfaces are critically anharmonic, and the application
of the harmonic approximation yields inexact results.
A good criterion for the election of the maximum
temperature where harmonic approximation could be
used is half of the melting temperature.? In zeolites,
the melting temperatures are generally “high” (T, ~
1200, 1300 K). To take this fact into account, we have
worked with temperatures up to 600 K.

The minimization can be achieved by varying the cell
volume and the position of the ions until the configu-
ration satisfies the equilibrium condition. The Gibbs free
energy function (G) is related to the Helmholtz free
energy (A) through the expression:

G=A+PV Q)

P= Pext - Pint 2

In eq 2, P is the total pressure. It has two components:
the external pressure applied and the internal pressure

due to the phonons. The internal pressure could be
calculated by:

Pint = 0A/0V 3

Assuming the harmonic approximation, the free energy
depending on the vibrational entropy by the equation:
A=U—-TS,, 4)

Here, U is the total energy of the unit cell and S.ip
denotes the vibrational entropy, which can be calculated

by:

Sy =RINZ,;, +RT[In Z,/0T] (5)

vib

where Z, is the vibrational partition function that can
be calculated by:

Zjin= Wy

k—points

[1 — exp(—hy/kT)]™* (6a)

all modes

Also, the zero point energy (ZPE) can be obtained from:

ZPE =

k—points

W+ S hyi2 (6b)

all modes

where Wy denotes the weight associate with each given
k- point in the Brillouin zone.

After the Gibbs free energy is minimized, the ther-
modynamics properties, the elastic constants, and the

Chem. Mater., Vol. 14, No. 6, 2002 2819

structure of the solid can be computed. For the energy
minimization of FAPO-5 and the calculation of the
defect energy, the shell-model potential was used. The
interactions between i and j atoms are represented by
a Buckingham potential plus a Coulombic potential:

Ei; = Ay exp(=rylp) — Cij/re + qiqj/rij2 (7)

The long-range interactions are calculated by the
Ewald summation,?’” whereas the short-range inter-
actions are calculated using a direct summation. The
short-range Buckingham potential is evaluated for a
cutoff of 12 A. The polarizability of the highly polariz-
able oxygen ions are modeled using a shell model,?®
which comprises rigid cores coupled to the shells by a
harmonic spring:

Ecorefshell = 1/2kij(rcore - r-shell)z

To make the representation of the covalent bonds
more realistic, a bond bending term is also included. The
joint use of these potentials in connection with formal
ionic charges has been successfully employed in the
study of microporous materials,2°-23 although we note
that standard molecular mechanic force fields have been
employed to model zeolites and related materials.?9:30

The potential parameters of Gale and Henson were
used to model the interactions associated with the
AIPO.3! For the Fe—O interaction, two sets of potential
parameters were employed: the potential parameters
reported by Sayle et al.32 and by Lewis and Catlow.33
All atomic coordinates and cell parameters were opti-
mized to zero forces using the second derivative New-
ton—Raphson method.3* Any optimized structures hav-
ing imaginary phonon frequencies (i.e., a saddle point
on the energy surface has been found rather than a
minimum) were further optimized using the RFO
method,® to remove the imaginary modes. A conver-
gence criterion of a gradient norm below 0.001 eV/A was
used for all of the calculations.

We used the Mott-Littleton methodology3® to treat the
incorporation of defects of iron in the framework. This
method explicitly relaxes an inner region (region I) with
around 500 atoms surrounding the defect to minimum
energy. The more distant region (region Il) of the crystal
is considered as a dielectric continuum. The defect
energy calculations were performed with a region I
radius of 8 A and region 11 radius of 20 A.

3. Description of the Calculations and Results

3.1. Study of the Temperature-Induced Changes
of the AIPO,-5 Structure. First we performed calcula-
tions in the structure with hexagonal space group P6/
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Figure 2. Dependence of the Gibbs free energy on tempera-

ture for different AIPO4-5 unit cell. The applied external
pressure was 0 GPa.

mcc* and considering a random distribution of the
aluminum on the tetrahedral sites of the AIPO4-5 unit
cell. The main objective was to determine if at O K this
space group could describe satisfactorily the alumino-
phosphate structure. The unit cell P6/mcc retains the
linear AI-O—P bond angles in the c direction and was
proposed as an alternative to the hexagonal space group
P6cc.# The random distribution of Al and P on tetra-
hedral sites has not been experimentally observed in
aluminophosphates and leads to the violation of the
Lowestein’s rule.3” The energy minimization results at
0 K show that the structure with space group P6/mcc
is unstable with respect to the P6cc, Pcc2, and P6 unit
cell. Therefore, in the following free energy calculations,
the P6/mcc unit cell was not considered.

To investigate the influence of the temperature on the
symmetry of the AIPO4-5 unit cell, we calculated the
Gibbs free energy for structures with different proposed
symmetries of AIPO,4-5. The calculations were performed
up to 600 K, and we used two starting structures: the
orthorhombic Pcc2 of Mora et al.” (without symmetry
unit cell constraint) and the hexagonal P6cc? (with and
without symmetry unit cell constraint).

In Figure 2, the dependence of the Gibbs free energy
on the temperature is shown. Some comments can be
made about this result:

(i) The minimization of the hexagonal P6cc structure
(without symmetry constraint) at temperatures up to
600 K leads to a structure with hexagonal space group
P6 as has been theoretically reported by Ruiz-Salvador
et al.l! at 0 K. The Hessian matrix (second derivative
matrix of the potential function) of the final structure
has all eigenvalues positive, and therefore, all of the
vibrational frequencies are real. It means that the
structure has converged to a true minimum. The
structure with the hexagonal space group P6 has no
linear angles AlI-O—P according to the experiment.”:8
Also, theoretical predictions of Henson et al.l® have
proposed the space group P6 for the description of
AIPO4-5 unit cell, and more recently, Klap et al.® have
experimentally determined that the crystal structure of
this aluminophosphate is described as consisting of
three types of microdomains, each exhibiting P6 sym-
metry.

(i) At temperatures up to 400 K, the orthorhombic
Pcc2 and the hexagonal P6 structures have very similar

(37) Lowestein, W. Am. Miner. 1954, 39, 92.
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Figure 3. Calculated AI-O—P bond angles at variable

temperature for the different AIPO4-5 unit cell. The AI-O—P

bond angles are increased ~1.2° per 100 K.

Table 1. Calculated Unit Cell Parameters for the
Orthorhombic Pcc2 Cell and the Hexagonal P6 Unit Cell
at 400 K&

unit cell a/A b/A A we B yl° VIA3

expt? (Pcc2) 13.794 23.900 8.4168 90 90 90 2775
caled (Pcc2) 13.799 23.980 8.4779 90.01 89.97 90.03 2805
expt® (P6) 13.718 13.718 8.4526 90 90 120 1378
caled (P6)  13.811 13.819 8.4701 90.12 89.97 119.82 1402

a Comparison with the experimental Pcc2 unit cell of Mora et
al.” and the experimental P6 unit cell of Klap et al.®

energies and are energetically favored with respect to
the hexagonal P6cc structure. At 500 K, the P6cc
structure has a slightly lower energy than the P6 and
Pcc2 structures. However, the analysis of the eigen-
values in the P6cc structure reveals the existence of
imaginary frequencies, which means that the calculated
energy corresponds to a saddle-point on the energy
potential surface. This result confirms that space group
P6cc does not describe correctly the unit cell of the
calcined AIPO4-5 according to previous experiments.’12

The calculated AlI—0O and P—O bond distances and the
Al—0O—P bond angles at variable temperature for the
three different structures are shown in Figure 3. The
Al—0O—P bond angles are increased with the tempera-
ture (~1.2° per 100 K). The Pcc2 and P6 structures
present AlI-O—P angles between 155 and 160° according
to the experiments.>’~8 The increase of the AI-O—P
bond angles is the cause of the expansion of the unit
cell. The Al-0O and P—O bond distances are practically
temperature independent.

In Table 1, the unit cell parameters for the P6 and
Pcc2 structure at 400 K and the experimentally reported
by Mora et al.”’and Klap et al.® are shown. The energy
difference between both structures is extremely small
(AE = 0.006 eV < kT = 0.04 eV). The simulated and
experimental parameters for the orthorhombic Pcc2
structure are very close. Only a small overestimation
of the unit cell volume is observed (~1%).

The vibrational spectrum at 400 K derived from
above-described potentials and the IR experimental
spectrum® of AIPO45 are shown in Figure 4. The
fundamental frequencies present a reasonable agree-
ment with the experiment. We have not found a
remarkable difference between the spectrum at 400 K
and at lower temperatures supporting the election of
the orthorhombic space group Pcc2 at temperatures up
to 400 K.

Predictions for the independent elastic constants for
the orthorhombic Pcc2 unit cell are shown in Table 2.



Study of Aluminophosphate Microporous Material

Chem. Mater., Vol. 14, No. 6, 2002 2821

Intensity /Relative Units

WV
VYN

200 400 600

800 1000 1200

‘Wavenumber fcm-!

Figure 4. Simulated vibrational spectrum at 400 K and the IR experimental spectrum of AIPO,-5.° The simulated spectrum at
this temperature does not present the essential difference with the spectrum at 0 K. Because of simulation produce the number
of phonon modes per each frequency we have used relative units in the y axis. Dotted line represents the numerical calculation
performed by GULP program and continuum lines represent: Top: smoothed vibrational spectrum obtained from the numerical

calculation. Bottom: IR experimental spectrum of AIPO,-5°

Table 2. Predictions for the Elastic Constants in the
Orthorhombic Pcc2 Structure at 400 K2

value/ value/
Cjj 10*dyn/cm? Cij 101 dyn/cm?
Ci11 7.53 Ces 2.13
C22 7.76 Ci2 3.28
Cs3 7.41 Cis 0.47
Cua 2.48 Cos 0.50
Css 2.46

a Calculations were performed using GULP code.?®

The calculation was performed at T = 400 K. An
orthorhombic cell has nine independent elastic con-
stants (in general the elastic constants matrix has 6 x
6 elements C;j). The experimental elastic constants of
the AIPO,-5 structure are not available. So, its predic-
tions would be very important for a future experimental
work and for the understanding of their mechanical
properties.

3.2. Iron Defects in Aluminum Tetrahedral Sites
of the AIPO4-5 Unit Cell. 3.2.1. Incorporation of the
Fe2t and Fe3* lons in the AIPO4-5 Unit Cell. The
incorporation of the one Fe3* or Fe?" ions in the
tetrahedral aluminum sites was studied by energy
minimization and defect techniques. The starting point
was the orthorhombic unit cell of Mora et al.” The
potential parameters of Sayle et al.32 were employed.
All of the calculations were performed at 0 K, and no
symmetry constraints to the AIPO4-5 unit cell were
imposed.

The substitution of aluminum by the Fe?" ion intro-
duces a net negative charge in the framework, which
can be compensated by protons or extraframework
Fe2t3* cations. The first mechanism can be described
according to the following equation:

[AIPO,] + Fe?" + HY — [Fe?", H'1 + AT (8)

However, the introduction of protons in the structure
supposes a certain acid behavior of the FAPO-5 struc-
ture, and this has not been experimentally observed.1®
On the other hand, the presence of extraframework Fe?"
or Fe3' ions produces a significant distortion of the
structure, which is energetic and geometrically unfavor-
able.

Table 3 shows the calculated substitutional defect
energy of an isolated Fe?™ and Fe3* in the six indepen-
dent aluminum sites of the AIPO4-5 unit cell. The
appreciable difference obtained for the Fe?" case in
comparison with the Fe3* case (~21 eV) would suggest
that the incorporation of Fe?" in tetrahedral sites is very
expensive for the AIPO4-5 framework. Another factor
to be taken into account is the contribution of the
relaxation of the framework. In this respect, we also
present in Table 3 the optimized maximum and mini-
mum Fe—O bond distances for both cases (Fe?" and
Fe3t). The Fe2*—0 is incremented about 0.5—0.6 A with
respect to the experimental Al-O distances in the
AIPO4-5 structure. The strong variation in bond dis-
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Table 3. Calculated Defect Energy and Calculated Fe—0O
Bond Distance for the Substitution of One Fe?" and One
Fe3* in the Six Nonequivalent Aluminum Sites of the
Orthorhombic Pcc2 Unit Cell?

substitution by Fe2+

def. Fe—O def.
site energy/eV distance/A  energy/eV E/evP

substitution by Fe3*+

Fe—O/A

T1 25.48 2.289—2.346 4.07 —267.5653 2.034—2.058
Tz 25.29 2.245-2.309 4.03 —267.5690 2.030—2.070
T3 25.44 2.238—2.364 3.96 —267.5638 2.026—2.060
Ta 25.38 2.301—2.358 3.97 —267.5653 2.033—2.059
Ts 25.38 2.271-2.314 4.04 —267.5690 2.032—2.071
Te 25.47 2.250—2.369 4.07 —267.5638 2.027—2.061

a The potential parameters of Sayle et al.32 were used. P Total
energy per AlO,4 unit of AIPO,4-5.

tances and angles means that the AIPO4-5 framework
does not easily accept the incorporation of the Fe?" ion
in the aluminum tetrahedral sites, in agreement with
the experiments.!8 1° In contrast, the Fe3" ion is accom-
modated very well by the AIPO4-5 structure. Consider-
ing this result, we will work on what follows using only
the Fe®" case.

For the calculation of the dissolution energy of the
Fe,O3 in the AIPO4-5 structure, we have constructed the
following Born—Haber cycle. The experimental source
considered for the Fe3" ions was the Fe,O3, according
to the experiment.1®

Thus

[AIPO,] + Fe,0; — [2Fe] 5 o + AlLO; 9

Here [2Fe]aial represents the substitution of two Fe3*™
ions in aluminum tetrahedral sites of the AIPO4-5 unit
cell.

The dissolution energy is then

AEre = Eppe T Ejq(ALO3) — E p(Fe,05) (10)

The first term on the right-hand side is the defect energy
of two noninteracting Fe3*, and the energies of the eq 9
are referred to the following processes:

Fe,0, — 2Fe®" + 30~
—E,.(Fe,05) = +65.79 eV/(mol of Fe,0)

[AIPO,] + 2Fe®" — [2Fe], o + 2A1"
Eore = +7.93 6V

2AIP" +30°" — AlLO,
Eatt(Al,05) = —80.32 eV/(mol of AlLO;)

The dissolution energy calculated by eq 9 is negative
(—3.30 eV per Fe3t ion) indicating that a considerable
amount of Fe,O3 is dissolved in the aluminum tetra-
hedral sites.

To confirm the incorporation of the Fe3", the simula-
tion of the FAPO-5 was performed using another set of
potential parameters (Lewis—Catlow33). The results
with both parameter sets are qualitatively similar, but
some differences in bond distances and angles were
obtained. The analysis of the total energies of the
different structures reveals that the sites T, and Ts are
the most probable for the incorporation of Fe3* (the
tetrahedral aluminum sites in the asymmetric and
symmetric AIPO,4-5 unit cell are shown in Figure 1 parts
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Table 4. Calculated Unit Cell Parameters for the Most
Stable Sites (T, and Ts) with one Fe3" in Tetrahedral
Aluminum Sites of AIPO4-5 Unit Cell

potential alA bIA oA o B oy VIAS

Sayle et al.®22 13.795 24.024 8.431 90.01 90.10 89.62 2794.1
Lewis—Catlow33 2 13.755 23.970 8.431 90.05 90.10 90.07 2779.8

2 The energies for the sites T, and Ts are equal up to the 7th
significant.
a and b, respectively). In both cases, the angles and the
bond lengths are markedly affected by the incorporation
of the metal, as it has been previously reported.22-24. 39

The unit cell parameters and unit cell volume ob-
tained for the configurations with the Fe3" in the sites
T, and Ts are shown in Table 4. The unit cell parameters
obtained using both parameter sets are very similar.
However, in the structure minimized with the Sayle’s
parameters the angle y is equal to 89.62 degrees (90.07
degrees for the Lewis- Catlow’s potential parameters).

3.2.2. Distribution of Two and Three Fe3" lons in the
Aluminum Tetrahedral Sites of the AIPOs-5 Unit Cell.
The presence of more than one Fe3* in the unit cell adds
a term of interaction energy between the defects to the
total energy of the FAPO-5. The interaction energy
between defects depends on the distance between both.
If the defects are very far, the energy of interaction
between both is practically zero, AE ~ 0, and the energy
of the two defects will be:

Eore = 2B pe—ia (11)

where Ejre-isi is the defect energy of the one Fed*t
isolated ion and Egr. is the defect energy of two Fe3*
ions.

If the Fe3T ions are very close, the interaction between
both is very strong. Then, the energy of interaction is

AE e = Epre — 2E e i (12)

In Figure 5, the histogram of the energies of the 78
nonequivalent configurations of two Fe3* ions, Figure
5a, and the 256 nonequivalent configurations of three
Fe3* ions, Figure 5b, in the AIPO4-5 unit cell are shown.
The Sayle's potential parameters were used. The dis-
tribution of the energies corresponds to the Gaussian
function. The energy and unit cell parameters of the five
most and least stable configurations of two and three
Fe®* ions in the aluminum tetrahedral sites are shown
in Tables 5 and 6, respectively. The five most stable
configurations of two Fe3" have, at least, one Fe3" in
the sites T, or Ts (the most stable sites for one Fe3* ion).
After the occupation of these preferable sites (T, or Ts),
another ion is localized on the opposite sides of the
AIPO4-5 unit cell.

On the other hand, the most stable structures with
two and three Fe3" ions (T1—T2 and T;—Ts—To)
present unit cell parameters that do not correspond to
the initial orthorhombic unit cell of pure AIPO,4-5. In
particular, the angle y varies between 90.79 and 91.23°.

4. Critical Discussion

4.1. Symmetry Properties of the AIPO4-5 Unit
Cell. The stability of the structure with orthorhombic

(38) Sastre, G.; Lewis, D. W.; Catlow, C. R. A. J. Phys. Chem. 1996,
100, 6722.

(39) Blasco, T.; Concepcion, P.; Lopez Nieto, J. M.; Pérez-Pariente,
J. J. Catal. 1995, 152, 1.
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Figure 5. (a) Histogram of the energies of the 78 nonequiva-
lent configurations of two Fe3* in aluminum tetrahedral sites
of the AIPO4-5 unit cell. Continuum line: Gaussian fit. (b)
Histogram of the energies of the 256 nonequivalent configura-
tions of three Fe®' in aluminum tetrahedral sites of the
AIPO4-5 unit cell. Continuum line: Gaussian fit.

Table 5. Energy and Unit Cell Parameters for the Five
Most and Least Stable Configurations with Two Fe3" in
the Tetrahedral Aluminum Sites of AIPO4-5 Unit Cell?

NP conf Eleve alA b/A c/A of°  pI° yl°

1 1 20 —267.0838 13.825 24.160 8.4761 89.82 90.20 91.23
2 5 16 —267.0829 13.816 24.178 8.4811 90.22 90.18 88.90
3 1 8 —267.0817 13.820 24.180 8.4888 89.79 90.18 91.05
4 13 20 —267.0817 13.821 24.179 8.4886 89.79 90.18 91.06
5 1 19 —267.0811 13.818 24.190 8.4607 89.91 89.96 91.06
74 5 10 —267.0659 13.904 23.898 8.4910 90.02 90.09 89.70
75 17 22 —267.0659 13.895 23.930 8.4779 90.03 90.05 89.70
76 13 22 —267.0652 13.882 24.012 8.4935 89.78 90.16 90.51
77 1 10 —267.0645 13.864 24.058 8.4926 89.74 90.05 90.62
78 9 22 —267.0606 13.966 23.884 8.4847 89.98 90.02 89.53

a parameters potential of Sayle et al.32 were used. P Rank by
Energy. ¢ Total energy per AlO4 unit of AIPO4-5.

space group Pcc2 with respect to the structure with
hexagonal space group P6cc is consistent with the
experimental results of Richardson et al.* at low tem-
perature and with the crystallographic study of Mora
et al.” at room temperature. Probably, the P6cc sym-
metry in AIPO4-5 is possible only as an “average
structure” resulting from the combination of the micro-
domains with less symmetry, according to the experi-
ments of Klap et al.8

The extremely small Gibbs free energy difference
between the P6 and Pcc2 structures could suggest a
reversible phase transition of the AIPO4-5 unit cell with
the temperature. According to our calculations and the
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experimental results of Richardson et al.,’2 the most
probable transition is from an orthorhombic Pcc2 to a
hexagonal symmetry at “high” temperature (~ 400, 500
K). However, the experimental results of Richardson et
al.’?2 were obtained in the all-silica form of the AIPO4-5
(SSz-24), and the differences between the Si—O—Si and
the AlI-O—P unit may yield a slightly different behavior
with the temperature between both structures, SSZ-24
and AIPO4-5. For example, the transition from a to the
p phase in the quartz (SiO,) and their aluminophos-
phate analogue, berlinite (AIPO,), takes place at a
slightly different temperature (T = 857 K in AIPO4 and
T = 846 K in Si0,).%0

Other space groups have been considered for describ-
ing the AIPO4-5 unit cell; in particular, the orthorhombic
Ccc2 has been extensively treated.>~7 The election of this
space group is supported by two results: It was observed
in the AIPO,4-5 with tropine organic molecule,® and also,
the NMR experiments® indicate the existence of three
crystallographic independent sites in the AIPO4-5 unit
cell (as in the space group Ccc2). However, the crystal-
lographic study of Mora et al.” in the calcined sample
reveals the presence of peaks in the diffraction pattern
that do not correspond to the C-centered groups. The
energy minimization in the space group Ccc2 at 0 K was
performed, and the final energy obtained is higher than
in the space group Pcc2 (Ecez = —268.0532 eV > Epeer
= —268.0536 eV).

4.2. Iron Defects in the AIPO4-5 Structure. The
preference of the AIPO,-5 framework by the Fe3* ion is
in agreement with a lot experimental results.:1° Moss-
bauer spectroscopy, electron paramagnetic resonance
(EPR), and temperature-programmed desorption (TPD)
of ammonia. On the basis of our simulations, the
incorporation of Fe?" is unfavorable from an energetic
and geometric point of view. However, the reduction of
Fe3* to Fe?* under reaction conditions may be possible
as has been previously observed in AIPO4 with the AEL
topology.*!

The deviation of the y parameter from the initial
value, 90°, in the most stable structures with one, two,
and three Fe3" ions in aluminum tetrahedral sites could
be associated with a change of the AIPO4-5 symmetry
because of the incorporation of iron. The phase transi-
tion of the AIPO's structures in the presence of different
metals (Zn, Mg, Mn, Co, Cr, Cu, and Cd) has been
reported recently.*2 According to these authors, the
influence of metal on the symmetry and thermal stabil-
ity of the products is critical. They also reported that
the amount of the introduced metal plays a more
important role in the structures than its chemical
identity. Other authors have also reported the possible
phase transition of the AIPO’s structure by the incor-
poration of metals.22:3°

4.2.1. Geometrical Changes in the AIPO45 by the
Incorporation of Iron Defects. The simulated T—O bond
distances and T—O—P bond angles for the FAPO-5 are
presented in Table 7. The Sayle’s potential parameters
predict greater distortions in the AIPO4-5 framework.

(40) Schober, H.; Doner, B. Phys. Condens. Matter 1994, 6, 5351.

(41) Arias, D.; Campos, |.; Escalante, D.; Goldwasser, J.; Lopez, C.
M.; Machado, F. J.; Méndez, B.; Moronta, D.; Pinto, M.; Sazo, V.;
Ramirez de Agudelo, M. M. J. Mol. Catal. 1997, 122, 175.

(42) Finger, G.; Kornatowsky, J.; Jancke, K.; Matschat, R.; Baur,
W. H. Microporous Mesoporous Mater. 1999, 33, 127.
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Table 6. Energy and Unit Cell Parameters for the Five Most and Least Stable Configurations with Three Fe3' in the
Tetrahedral Aluminum Sites of AIPO4-5 Unit Cell?

NP conf EleVve alA b/A c/A al® pl° yl°
1 1 5 20 —266.5976 13.840 24.357 8.5015 89.83 90.27 90.79
2 1 2 19 —266.5968 13.823 24.426 8.5010 89.99 89.95 91.85
3 1 8 18 —266.5957 13.830 24.320 8.5069 89.78 89.88 90.59
4 1 5 19 —266.5956 13.814 24.432 8.5072 89.82 90.09 90.70
5 1 5 16 —266.5955 13.857 24.388 8.5126 90.16 90.32 89.37
251 1 5 13 —266.5749 13.854 24.258 8.5321 89.93 90.00 90.55
252 1 2 13 —266.5750 13.833 24.275 8.5247 89.96 90.05 91.45
253 1 2 9 —266.5755 13.893 24.154 8.5255 89.85 89.88 90.70
254 1 5 18 —266.5758 13.843 24.270 8.5315 89.90 89.97 89.60
255 1 22 24 —266.5758 14.073 23.942 8.5088 89.72 90.11 90.43

a parameters potential of Sayle et al.32 were used. ? Rank by Energy. ¢ Total energy per AlO4 unit of AIPO,4-5.

Table 7. Fe—O Bond Distances and Fe—O—P and O—Fe—0O Angles for the Substitution of One Fe3* in the Orthorhombic

Unit Cell of Mora et al.”

site Fe—O/A2 Fe—O/AP Fe—O—Pp/°a Fe—O—P/°b O—Fe—0/°2 O—Fe—0/°®

T 2.034—2.058 1.803—1.816 137.6—166.9 146.46—158.42 96.54—118.06 106.69—112.05
T2 2.030—2.070 1.805—1.824 144.8—-168.4 145.83—-156.60 101.95-114.69 104.95—-114.38
Ts 2.026—2.060 1.804—1.820 145.7-166.1 146.21-158.47 98.33—114.60 105.12—-113.51
Ta 2.033—2.059 1.803—1.816 138.0—166.9 146.40—158.50 96.45—117.87 106.80—112.08
Ts 2.032—-2.071 1.805—1.824 145.0—169.1 145.83—-156.60 101.93—-114.65 104.96—114.37
Te 2.027-2.061 1.804—-1.820 143.7—-164.7 146.16—158.47 98.36—114.26 105.08—113.53

a Sayle et al.32 potential parameters were used. P Lewis-Catlow33 potential parameters were used.

Concerning the Fe3™—0O bond distances, it is observed
that Fe3* increases the Al—0O bond distances by about
0.3 A, which is larger than that encountered by other
authors, for example, in Fe—ZSM-5.2324 The overesti-
mation of the Fe3™ bond distances may be due to the
underestimation of the short-range parameter of the
Fe3+*—O potential by the extrapolation of the potential
from an octahedral to a tetrahedral environment. How-
ever, in another EXAF study of the ZSM-5, Fe3™—0O
bond distances of around 2.1 A have been reported.3
Also, the T-O—P and O—T—-0O angles are greatly
modified as a consequence of the incorporation of Fe3*
ion.

The Lewis—Catlow’s potential parameters produce
Fe—O bond distances about ~1.8 A, in contrast with
those obtained by Sayle’s potential parameters (~2 A).
The Fe—0 bond distances are 0.1 A larger than those
experimentally reported for Al-0 in AIPO,4-57 and have
a good agreement with the experimental results in the
Fe—ZSM-5.24 An analysis of the T-O—P bond angles
reveals an increase of about ~2 or 3° in relation to Al—
O—P in AIPO4-5.7 This increase is smaller than the one
obtained with Sayle’s potential parameters. Concerning
the O—T-O bond angles, the influence of the incorpora-
tion of the Fe3* in aluminum sites is not remarkable.
According to these results, we conclude that the Lewis-
Catlow’s potential parameters predict more accurately
the structural properties of the FAPO-5.

As a consequence of the incorporation of the Fe3*, the
cell parameters will also vary. This variation is strongly
dependent on the substituted site. The cell volume
increases (~1—4% depending on the potential param-
eters used) as has been experimentally reported in other
MeAPQOs.2?42 This increase has been related to the
presence of the new metal in the unit cell.®® Besides,
variation in the T—O—P angles due to the incorporation
of the Fe®" ion in the framework results in a modifica-
tion of the channel size. The maximum and minimum

(43) Pataron, J.; Tuilier, M. H.; Durr, J.; Kessler, H. Zeolites 1992,
12, 70.

effective diameter of the channel varies between 0.3 and
0.8 A depending on the substituted site. These changes
would be very important for the future application of
the FAPO-5 in catalytic reactions.

4.2.2. Influence of the Interaction between Defect
Centers and the Geometrical Factors in the Stability of
the FAPO-5. The energy difference (~0.02 eV) between
the most and the least stable configurations with one
and two Fe3" ions per unit cell (Tables 5 and 6) is on
the order of the synthesis temperature. Thus, we would
expect to find experimentally a distribution over the
sites according either to the Boltzmann distribution of
the measurement temperature (equilibrium) or the
synthesis temperature. Moreover, we found that the
stability of the FAPO-5 structure critically depends on
the interactions between defects. In this respect, the
dependence of the total energy on the distance between
defects is shown in Figure 6. The most stable sites are
those that have quasi-“noninteracting”, defects and the
least stable sites are the ones that have “interacting”
defects. As a consequence of this fact, the structures
with Fe—O—P—O—Fe units are unfavorable for the
framework. Nevertheless, the analysis of the stability
is, in general, more complex because of the presence of
other geometrical factors in the AIPO,4-5 unit cell.

The behavior of all of the two and three defect
configurations shows the critical effect of the unit cell
constraint in the c direction in the Fe®* incorporation
(the unit cell presents more AlI—O—P angles in this
direction, so it is more “rigid” in this direction). There-
fore, when the substitution occurs in the same side of
the unit cell, the deformation in the plane ab of it is
very strong, and the structure results unstable. In
contrast, when the substitution occurs in different sides,
the deformations are more appropriately accommodated
in each plane of the unit cell and the structure results
stable (see Figure 1c). In this sense, the 15 most stable
structures of two Fe®" ions correspond to configurations
with one Fe3* ion in one of the sides of the AIPO4-5 unit
cell and another defect in the opposite side. In contrast,
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Figure 6. Dependence of the total energy on the distance
between defects (close square) and on the c unit cell parameter
(open triangle) for the five least and most stable configurations
with two Fe®" in aluminum tetrahedral sites of the AIPO4-5
unit cell. The mean values of the c parameter for the five most
and least stable configurations are 8.4790 and 8.4879 A
respectively.

the 15 least stable configurations have the two Fe3* ions
in the same side of the AIPO,4-5 unit cell. Finally, Figure
6 shows the correlation between the total energy per
unit cell and the c parameter for the five least and most
stable sites of two Fe3" ions. As a general tendency, the
five least stable configurations produce a greater in-
crease of the ¢ parameter with respect to the five most
stable sites, which indicates that its crystallographic
direction is essential in the AIPO,4-5 stability. The
difference between the mean values of the ¢ parameter
for the five most (8.4790 A) and least (8.4879 A) stable
configurations of two Fe3*ions in aluminum tetrahedral
sites is 0.008 A. For the configurations with three Fe3+
ions, this difference is ~0.02 A. These differences can
be measured in modern laboratory powder X-ray dif-
fractometers.

Chem. Mater., Vol. 14, No. 6, 2002 2825

Table 8. Estimation of the Interaction Energy between
Defects of Fe3* for Two Different Configurations

rank by energy def. energy/eV

5 1 19 —0.09
78 9 22 0.589

Table 8 shows the interaction energy between Fe3"™
ions for two different configurations. The interaction
energy decreases as the distance between ions increases.
The configuration Tg—Ty,, the least stable of all con-
figurations, corresponds to the case of two defects
neighboring (the distance between both is 4.16 A) and
in the same side of the unit cell. In contrast, the
configuration T;—Tig, a very stable configuration, cor-
responds to the case of two defects in opposite sides of
the unit cell and no neighboring (the distance between
both is 13.11 A). This example highlights the critical
importance of the two factors of the structural stability
of FAPO-5: the interaction between iron defects and the
rigidity of the unit cell in the c direction.

Taking into account the previous results, the forma-
tion of a “planar” configuration of Fe3* ions in AIPO4-5
has a low probability. The analysis of the different
configurations with three Fe3* ions confirms this state-
ment (see the five most and least stable configurations
in Table 6). Of the 25 least stable configurations 80%
correspond to a “planar” distribution of the Fe3" in the
AIPO4-5 unit cell. The remaining 20%, corresponding
to two and one Fe3" ions in opposite sides, have the Fe3"
ions in neighboring positions. In these cases, the inter-
action between both neighboring defects leads to un-
stable structures.

configuration
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