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Abstract

We present a thorough computational study of transition metal-doped zeolite and aluminophosphate (AIPO) frameworks. The
structural and electronic chemistry of the dopants is examined with ab initio quantum mechanical calculations, and the results
correlated with the Bronsted and Lewis acid strength, and with the redox potential of the dopant ions in the framework. The
energetics of doping is provided, and is employed to analyze the mode of dopant incorporation, and its site ordering in
the microporous framework. In total, 23 dopant ions are examined in the isostructural framework of chabasite and AIPO-34. These
cover most of the isomorphous framework replacements known to occur experimentally, but also framework replacements that have
not yet been achieved. In this case, ab initio modeling techniques are employed in a predictive way. Finally, we present a
computational study of the alkene epoxidation on titanosilicates, that covers the whole catalytic cycle.

© 2003 Elsevier Inc. All rights reserved.

Keywords.: Zeolites; AIPOs; Transition metaldopant; Heterogenous catalysis; Catalytic activity; Acidity; Reaction modeling

1. Introduction

Under the common name of zeotypes, we identify a
family of crystalline oxides built up from corner-shared
TO4 tetrahedra (T=Si, Al, Ga, P), whose structure
contains internal cavities and channels of size compar-
able to that of small organic molecules [1]. The
microporous architecture allows molecules to selectively
diffuse through and react within the solid, and enables
an accurate control and design, at the atomic level, of
the processes that can occur within the solid [2]. The
similarity of these properties with the high molecular
recognition capability and catalytic activity of enzymes
[3] motivates the flourish of research activity on
zeotypes, with the dual goal of (a) synthesizing new
microporous architectures with enhanced size-shape
selectivity and (b) including a range of catalytically
active sites within the solid.

The first goal is pursued both with the synthesis of
novel microporous polymorphic structures, aided by the
use of structure-directing (template) molecules during
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the synthesis [1,4,5], but also by varying their chemical
composition. Indeed, the exceptional structural and
chemical diversity of microporous solids arises in part
from the growing range of chemical building blocks
from which these materials are constructed. The original
family of aluminosilicates and silica-based zeolites has
been greatly extended in recent decades, to include
aluminophosphates (AIPOs) and gallophosphates
(GaPOs) [6,7], as well as hybrid organic/inorganic
frameworks and microporous transition metal oxides
[8]. In this paper we focus on the solid-state chemistry of
zeolites and AIPOs, whose framework has composition
SiO, and AIPOy,, which are the microporous materials
that display the richest polymorphic behavior, and
hence are the most widely studied. The aluminopho-
sphate framework can be imagined as obtained from the
isostructural zeolite by replacing pairs of Si** ions with
strictly alternating AI** and P> ions in the tetrahedral
sites.

The catalytic activity of zeotypes is associated with
the presence of framework defects. In the stoichiometric
SiO, or AIPO,; form, the zeotypic framework is
chemically inert. If, however, a charge imbalance occurs
in the framework, for instance by replacing a Si** ion
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with A" in zeolites, or P°* by Si*" in AIPOs, the
framework is chemically activated. The overall negative
charge of the tetrahedral backbone is compensated
during the synthesis by extraframework cations, often
the same molecules acting as templates to direct the
synthesis towards the microporous structure. In this
case, the extraframework cations are replaced by
protons during calcination, yielding Brensted acid sites
in the solid [9,10].

The catalytic activity can be further modified by the
introduction in the framework of new heteroatoms,
including transition metal ions such as Ti, Fe, Co and
Mn, which open up new catalytic opportunities in the
field of selective and partial oxidation catalysis [2,11,12].
Despite their structural similarity to zeolites, AIPOs are
able to accommodate more types of framework het-
eroatoms and at higher concentrations [13]; the catalytic
behavior resulting from the inclusion of these dopant
ions, however, is still poorly understood. Further
characterization work of the doped frameworks is
needed, in order to understand the structural and
electronic properties associated with different dopant
ions in zeolites and AIPOs, and how the chemistry of the
dopants is influenced by their constrained environment
in the microporous framework. This knowledge is
crucial to gain control of the activity associated with
different types and concentrations of heteroatoms.
Rationalizing the chemistry of the transition metal
dopants in the zeolite and AIPO frameworks is therefore
a subject of considerable practical interest.

The unique structural features of microporous oxides
make these materials of interest also in fundamental
research. In dense heterogeneous catalysts, the active
sites are located on the external surfaces of the solid,
where they are of difficult characterization (especially in
situ and during operating conditions) because of their
low concentration and of the low surface-specificity of
most experimental techniques. In microporous oxides,
instead, reactants are in contact with the internal
surfaces of the solid, and the active sites are uniformly
distributed in the bulk, not only on the external surfaces,
where they can be accurately characterized by a wider
range of solid-state techniques [14].

If the inclusion of the dopant in the framework is
long-range ordered, its local environment can be
investigated by powerful diffraction methods. This is
rarely the case, except at very high concentrations (see,
e.g., [15,16]); low levels of doping usually result in a
disordered incorporation of the dopants in the zeotypic
framework. In this case, structural information on the
dopants can be derived by means of element-specific
spectroscopic techniques, such as X-ray absorption
spectroscopy (XAS), and in particular EXAFS [17].
However, EXAFS studies provide average values for the
selected element over the whole material; when more
than one coordination environment and/or oxidation

state are present, the experimental result is a weighted
average of all the local environmental structures in
which the dopant ions are hosted (see, e.g., [18-20]). For
a proper characterization of the catalyst, it would be
desirable to have means to investigate each local
environment independently.

Computer modeling techniques allow an easy control
of the structural and electronic parameters of the
system, such as the oxidation state of the active site
and the composition of the material. Modeling is
therefore an increasingly important characterization
tool to investigate the structural chemistry of complex
materials [21]. In zeolite science, modeling can provide
accurate information on the structure and chemistry of
the active sites, and in this paper we apply a combina-
tion of modeling methodologies to study crucial features
of the zeolite and AIPO chemistry, related both to the
framework stability, and to the activation of the
framework with transition metal dopant ions.

2. Computational methods

A wide range of computational techniques available
to solid-state scientists can contribute to understand
different aspects of the chemistry of pure and doped
zeotypic frameworks. Methods based on interatomic
potentials (IP) provide valuable information about the
structural stability of different framework architectures,
and on the structural strain caused by the inclusion of
dopant ions with different size and/or charge. The study
of electronic properties, such as the relative stability of
different electronic and spin states of transition metal
dopants, is accessible by the use of Quantum Mechan-
ical (QM) methods, where the treatment of the electro-
nic, not only structural, degrees of freedom is taken
explicitly into account.

Not only the Hamiltonian, but also the model of the
solid offers different choices when applied to the study
of zeotypes. The extended nature of crystalline materials
is best suited for techniques that employ periodic
boundary conditions; however, the local nature of the
chemistry in the framework of zeolites and AIPOs is
such that small molecular fragments cut out of the three-
dimensional solid are representative enough to include
the major contributions to the chemical reactivity of the
active sites. Molecular calculations, in which the crystal-
line environment of the active site is treated with a low
level of accuracy, are therefore also able to provide
valuable insight into the chemistry and reactivity of
zeotypes [22-24].

The wide range of problems associated with the
presence of transition metal ions in zeolites and AIPOs,
requires us to use a combination of different computa-
tional techniques. The calculations described in the
following sections have therefore been performed with
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different methods and codes, of which here we briefly
summarize the details.

2.1. Interatomic potential techniques

Accurate IP to describe the undoped framework of
zeolites and AIPOs are available in the literature [25,26];
they make use of formal ionic charges, of Buckingham
potentials to represent two body repulsion forces, and
include a core-shell description of the oxygen polariz-
ability. Structural constraints are included via three-
body terms centred on the tetrahedral ions. In our IP
calculations we employed the GULP program [27],
using periodic boundary conditions, and the parameter-
ization of Refs. [25] for zeolites and [26] for AIPOs.

To examine systematically with IP calculations the
replacement of a framework 7 site with dopant ions of
different size, we can modify the pre-exponential
parameter A of the 7-O Buckingham potential, in
which the interaction energy between a pair of ions i and
j in the structure is given by

Ej = Ayexp [—ry/py] + {—Cy/r§ + 0:iQ;/ry}. (1)

The i—j bond distance is related to the value of the
parameters 4 and p. Assuming a Huggins—Mayer
relationship, if r, is the equilibrium interatomic separa-
tion, then

A =explro/p]. (2)

When r, varies by an amount Ar due to a change in size
of the metal dopant, the pre-exponential factor A is
modified as follows:

A" = Aexp [Ar/p]. (3)

Vice versa, a change in 4 modifies the ionic radius of the
ion according to

Ar=plnAd'/A. (4)

By varying the pre-exponential factor of the Bucking-
ham potential, we can therefore modify, in a continuous
way, the size of the dopant ion included in the
framework.

2.2. Periodic QM calculations

Periodic QM calculations have been performed employ-
ing the computer code CRYSTAL [28,29]. We employed
a local basis set of at least split-valence plus polarization
functions for each atom of the structure; the basis
functions are available from the online library of the
code [30], and are described in Ref. [31]. Each structure
examined in the following sections has been optimized
(using space group Pl to not impose symmetry con-
straints on the solution), employing the analytical
evaluation of forces [32,33], which is included in a pre-
released version made available to us by the authors.

In our calculations we first compared the performance
of different Hamiltonians, ranging from the Hartree-
Fock (HF) to local [34] or gradient-corrected [35] density
functionals (DF), to the HF-DF hybrid scheme (B3LYP)
proposed by Becke [36] to describe the equilibrium
structure of berlinite and of the simplest microporous
AIPO polymorphs. Since all the Hamiltonians provide
results in good overall agreement, subsequent calcula-
tions on the doped materials have been performed only
at the (unrestricted) HF level. Several transition metal
dopants successfully introduced in zeolite and AIPO
frameworks are open-shell ions with unpaired electrons,
for which an UHF study represents a valuable choice.
This Hamiltonian employs the exact expression of
exchange forces, which are known to be important for
a correct representation of the unpaired electrons [37].

2.3. Molecular QM calculations

Molecular QM calculations have been performed to
study the reaction mechanism leading to the epoxidation
of alkenes on titanosilicates. A molecular cluster model
of the Ti-centred active site has been employed,
consisting of a (H3;Si0-);Ti—~OH fragment which extends
two coordination spheres from the Ti dopant. In selected
cases, a larger cluster including the third coordination
sphere of Ti has also been used. The clusters were cut
from a siliceous silicalite (MFI) framework, with all
severed bonds saturated by hydrogens. The fragment
geometry (with Ti replacing the central Si) has been first
optimized keeping the outermost framework atoms
fixed. After this optimization step, in the study of
transformations taking place during the catalytic cycle,
also the outermost Si atoms have been fixed, to represent
the rigidity of the silica framework. This procedure may
over constrain the cluster [38], but is most certainly a
better approximation than allowing complete relaxation
of an unconstrained fragment.

DFT-GGA cluster calculations, employing the Becke
exchange [39] and the Perdew—Wang correlation [40]
functionals, have been performed with the codes
DGAUSS [41] and DMOL [42]. The former enables
the analytical evaluation of the second derivatives of the
energy with respect to the nuclear coordinates, which is
particularly valuable in the search of transition states
during the study of reactivity. DMOL, instead, has been
employed for all the geometry optimizations. In both
cases, we used a double ¢ plus polarization basis set, as
detailed in Ref. [43].

3. Results and discussion: chemistry of the undoped
zeolite and ALPO frameworks

A proper characterization of the tetrahedral backbone
in zeolites and AIPOs is a valuable starting point in
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order to understand the chemistry that follows the
framework incorporation of transition metal ions. We
shall therefore start our discussion in this section with
the results of calculations, both QM and IP, performed
on the undoped materials; studies of the doped frame-
works will follow in Sections 4-6.

3.1. Nature of the bonding

We studied with periodic QM calculations four
different zeolitic frameworks with a small unit cell (a
maximum of 36 atoms), namely o«-quartz, sodalite,
chabazite and ATN, and their isostructural AIPOs:
berlinite, AIPO-20, AIPO-34 and AIPO-39.

In Table 1 we report the geometry-optimized structure
of berlinite, the AIPO polymorph for which the most
accurate experimental structural studies are available
[44,45]. A consistent study on zeolites is available in
literature [46]. The excellent agreement between calcu-
lated and experimental values gives confidence in the
quality of our calculations. Only the DF calculations in
the local density approximation yield a noticeable
structural difference, with the usual underestimation
(~1-2%) of the lattice parameters, due to an over-
estimation of the non-bonded (van der Waals) interac-
tions. The latter modify appreciably the AI-O—P angles
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in the structure, and suggest that LDA calculations are
not adequate for the study of zeotypes.

The framework properties of microporous AIPOs are
often assumed to match closely those of the isostructural
SiO, polymorph; the long-range ordered alternance of
A" and P°" cations is in fact assumed to balance their
chemical difference. The results of our calculations show
instead that the bonding features of the framework Al,
Si and P atoms with the oxygens are different. In Table 2
we report the calculated atomic charges in quartz and
berlinite, defined via a Mulliken partition scheme; for
each Hamiltonian employed, the other polymorphs
examined show only minor differences, of less than
0.01 |e|, suggesting that the bonding features are a local
property of the solid, not affected by the crystalline
environment. Net charges and bond populations in-
dicate that the Si—O bond in zeolites and the P-O bond
in AIPOs are covalent, while the Al-O interaction in
AIPOs is ionic. The net charges of Si and P are less than
half their formal value of +4 and + 5, and the Si—O and
P-O bonds have an overlap population (of 0.31 and 0.27
electrons with the B3ALYP Hamiltonian) that is almost
twice the value of the AI-O bonds (0.17 electrons). To
support this finding, in the left column of Fig. 1 we show
two difference electron density maps, obtained by
subtracting the density of isolated formal ions from

Table 1
Comparison of the calculated and experimental crystal structure of berlinite

Expt. [44] Expt. [45] B3LYP HF LDA GGA
a (A) 4.9429 4.9423 4.9442 4.9430 4.8161 4.9444
c(A) 10.9476 10.9446 10.9463 10.9452 109115 10.9470
x (Al 0.4660 0.4664 0.4644 0.4659 0.4584 0.4631
x (P) 0.4675 0.4669 0.4636 0.4652 0.4537 0.4627
x (01) 0.4220 0.4163 0.4135 0.4186 04114 04114
» (0D 0.2960 0.2922 0.2965 0.2953 0.3107 0.2994
z (O1) 0.3964 0.3977 0.3950 0.3976 0.3917 0.3933
x (02) 0.4090 0.4156 0.4130 0.4166 0.4039 0.4106
»y(02) 0.2520 0.2576 0.2637 0.2592 0.2754 0.2663
z (02) 0.8868 0.8837 0.8811 0.8830 0.8769 0.8795
r(Al-O) 1.729 1.736 1.745 1.740 1.738 1.753
r(P-O) 1.525 1.521 1.539 1.518 1.537 1.549

Space group P3,21; the y and z fractional coordinates of the Al and P atoms are (0,1/3) and (0,5/6), respectively. The bottom rows refer to the average

T-0O bond distance, r, in A.

Table 2

Calculated net atomic charges (Q) and 7-O bond populations (Qy), in |e|, defined via a Mulliken partition scheme for berlinite and quartz, studied

with different ab initio QM Hamiltonians

Berlinite B3LYP HF LDA GGA Quartz B3LYP
0 (Al +1.95 +2.19 +1.80 +1.90 0(Si) +1.50
0 (P) +2.25 +2.85 +1.94 +2.11

0 (01) —1.04 ~1.26 ~0.93 ~1.00 0(01) ~0.75
0 (02) ~1.05 ~1.26 —0.94 ~1.01 0(02) —0.75
Ob(A1-0) 0.17 0.14 0.18 0.17

0y(P-0) 0.27 0.27 0.26 0.26 04(Si-0) 0.31
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Fig. 1. Difference electron density map (solid minus isolated formal
ions) (left plots), and Laplacian, L, of the electron density (right plots),
in a plane containing one Al-O-P (a) or Si-O-Si (b) unit in berlinite
and quartz. Continuous and dotted lines in the left plots correspond to
positive and negative densities; in the right plots, continuous lines
define the regions of negative L and covalent 7-O interaction, dashed
lines correspond to zones of positive L and ionic interaction. The
calculations have been performed with the B3LYP Hamiltonian.

the total electron density of the solid. The maps are
drawn in a plane containing one Al-O-P, or the
corresponding Si-O-Si unit, in quartz and berlinite.
Via these maps, we can compare the population of the
valence atomic orbitals on the tetrahedral (7") species
(T=Al, Si and P) with a perfectly ionic solution; the
more electrons are associated with the 7 ion, the more
its bonding with the oxygens is covalent. While the
difference density shows no feature on Al, which can be
described as ionic, an important fraction of the valence
electron density is associated with Si, and even more so
with P. The electronic redistribution shows clear
maxima in the Si—O and P-O directions, indicative of
their covalent bonding.

An alternative description of the bonding can be
achieved by means of the Quantum Theory of Atoms in
Molecules, proposed by Bader [47]. In regions of ionic
interaction, the (calculated) electron density p shows
minima along the bonds, and has a positive curvature;
the regions of covalent bonding, instead, correspond to
local maxima of p, where the curvature is negative. By
calculating and mapping the Laplacian of the calculated
electronic density (L = V2p), we can therefore detect the
regions of ionic and covalent interaction in the solid. In
the right column of Fig. 1 we report the Laplacian of the
calculated electronic density, from our B3LYP study. In
AIPOs there is an ample zone of negative L along the P—
O bond, which is described as covalent. The AI-O bond,
instead, has positive L, with only a minor distortion of
the electronic shell on the oxygen towards Al. The Si-O
bond in zeolites has intermediate behavior between the
Al-O and P-O bonds, but still causes a distortion of the
electron density around the oxygen. A small area of
negative L is present along the Si—O directions.

All the above arguments give unambiguous informa-
tion on the nature of the bonding: AIPO frameworks

comprise discrete A" and PO3~ ionic units, rather
than the continuous semicovalent network present in
zeolites. This result confirms the indication arising from
earlier experimental studies [44], and agrees with the
more hydrophilic nature of AIPOs compared to zeolites,
also known from experiment. AIPO-34, for instance, is
reversibly hydrated [48], while the isostructural chaba-
site (as all defect-free zeolites) is hydrophobic. The
molecular-ionic nature of AIPOs has important con-
sequences for our understanding of the defect chemistry,
as we shall see in Section 4; ionic substitutional dopants
are expected to replace more readily Al in AIPOs than
Si in zeolites.

3.2. Structural stability of the undoped frameworks

In order to identify which factors are important to
define the structural stability of zeolites and AIPOs, and
enable their rich polymorphic behavior, we have
performed a systematic investigation with IP techniques
of a set of their known polymorphic structures (listed
in Table 3). Given the relatively high number of
polymorphs available, these data can be employed to
perform a useful statistical analysis of their structural
features. In the following of the discussion we shall
investigate the dependence of the calculated lattice
energy on framework density, coordination sequences,
average bond distances and angles, and distortion of the
TO, tetrahedra in the structure. All data refer to
structures in their calculated equilibrium geometry. It
is important to notice that many known AIPO
polymorphs share the same structure of known zeolites;
others, however, have unique framework types, and they
can have very large ring structures, such as the 18-ring
channel in VPI-5, that are not common in zeolites. We
expect therefore a similar, but not identical dependence
of the calculated energy on the structural parameters
listed above for AIPOs and zeolites.

A comparison of the experimental enthalpies
(AHrans20s k) [49-53] and calculated relative lattice
energies (AEj) for a selection of zeolites and AIPOs
relative to quartz and berlinite, reported in Table 4,
shows that the calculations reproduce well the experi-
mental trend. We find that AIPOs are more stable
relative to berlinite than zeolites are relative to quartz, in
agreement with experiment, although QM calculations
on a subset of structures reverse this result [54].

To rationalize the factors that control the poly-
morphic stability of zeolites and AIPOs, in Figs. 2-4 we
plot the dependence of their calculated internal energy
on several structural parameters. Fig. 2a shows the
lattice energies as a function of the framework density,
calculated as the number of T-sites per 1000 A% in the
materials. The good correlation of these two observables
for both zeolites and AIPOs shows that the framework
density is an important parameter to characterize the
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Table 3
List of the microporous framework types investigated

Zeolites

AFG(3), ASV(2), BEA(9), BIK(2), BOG(6), BRE(4), CAS(3), CFI(5), CON(7), DAC(4), DDR(7), DOH(4), DON(5),

EAB(2), EMT(4), EPI(3), ESV(6), EUO(10), FER(4), FRA(6), GME(1), GON(4), GOO(5), HEU(5), IFR(4), ISV(5),
ITE®4), JBW(2), KFI(1), LIO(4), LOV(3), LTN(4), MAZ(2), MEI(4), MEL(7), MEP(3), MFI(12), MFS(8), MON(1),
MOR(4), MSO(3), MTF(6), MTN(3), MTT(7), MTW(7), MWW(8), NAT(2), NES(7), NON(5), OFF(2), 0SO(2),
PAU(8), RSN(5), RTE(3), RTH(4), RUT(5), SFE(7), SFF(8), SGT(4),STF(5), STI(4), STT(16), TER(8), TON(4),

TSC(2), VET(5), VNI(7), VSV(3), YUG(2)

Both zeolites and AIPOs

ABW(1), AET(5), AFI(1), AFX(2), ANA(1), AST(2), BPH(3), CAN(1), CGS(4), CHA(1), DFT(1), EDI(2), ERI(2),

FAU(1), GIS(1), LAU(3), LEV(2), LOS(2), LTA(1), LTL(2), MER(1), PHI(2), RHO(1), SOD(1), THO(3)

AIPOs ACO(1), AEI(3), AEL(3), AEN(3), AFN(4), AFO(4), AFR(4), AFS(3), AFT(3), AFY(2), AHT(2), APC(2), APD(2),
ATN(1), ATO(1), ATS(3), ATT(2), ATV(2), AWO(3), AWW(2), CGF(5), CZP(3), DFO(6), OSI(3), SAO(4), SAS(2),
SAT(2), SAV(3), SBE(4), SBS(4), SBT(4), VFI(2), WEI(2), ZON(4)

Top row: materials studied only as zeolites; bottom row: frameworks studied only as AIPOs; middle row: frameworks studied as both zeolite and
AIPO. The numbers in parenthesis indicate the number of crystallographically different 7-sites in each framework type.

Table 4

Experimental enthalpies of transition, AHans208k, and calculated
lattice energies, AEj,, of AIPOs and zeolites, relative to berlinite and
quartz, in kJ per mole of 70, units

AI-Ilrans,298 K Aleans,298 K AElalt AElalt
AIPO ZEO AIPO ZEO

a-cristobalite 3.05% 2.48° 1.5 3.2
AEL 6.19° 4.0 11.0
AET 5.77% 7.3 14.4
AFI 7.01% 7.20° 5.3 11.7
AST 10.864 11.4 18.1
BEA 9.29¢ 14.4
CFI 8.82¢ 13.0
CHA 11.43¢ 8.6 16.3
FAU 13.60° 13.2 19.9
FER 6.60° 11.8
IFR 10.04¢ 15.0
ISV 14.37¢ 16.4
ITE 10.08¢ 14.1
LTA 7.78% 11.7 19.3
MEI 13.90°
MEL 8.19¢ 10.8
MFI 6.784 10.0
MTW 8.70° 8.1
MWW 10.424 14.7
STT 9.19¢ 14.7
VFI 8.37° 10.9 21.1
Experimental data are from.

aRef. [49].

P Ref. [50].

°Ref. [51].

dRef. [52].

°Ref. [53].

polymorphs. In particular, frameworks of high density
are more stable than those with big voids and channel
structures, due to the higher Madelung field that
increases the Coulombic contribution to the bonding.
The same effect was found to hold also in different
polymorphic structures of transition metal oxides, such
as MoOs; and WO; [55]. In the set of zeotypes

50 1
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£ 20
w
g
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quartz
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20 25 30 35 40 45 50 55
(b) Coordination Sequence - 4" shell

Fig. 2. Dependence of the calculated lattice energy in zeolite and AIPO
structures on (a) the framework density (FD) and (b) the coordination
sequence of T sites in the framework.

investigated, the framework density ranges between 13
and 20 T-sites per 1000 A3 for the microporous frame-
works, while it is 26.2 for berlinite and 27.7 for quartz.
The OFF, NAT and CZP frameworks, which do not
obey the stability-density relationship observed for the
other polymorphs, are also known experimentally to be
less stable: OFF and NAT are known only as zeolites
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Fig. 3. Dependence of the calculated lattice energy in zeolite and AIPO structures on the equilibrium bond distances (R) and 7-O-T angles («)
as indicated.

but not as AIPOs [56], while the CZP structure is known
experimentally only for a zinc phosphate material [56].
Fig. 2b shows plots of the relative lattice energies as a

function of the coordination sequence of the 4th shell,
i.e. the number of unique 4th neighbor 7 sites of a given
cation in the structure. The coordination sequence
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Fig. 4. Dependence of the calculated lattice energy in zeolite and AIPO
structures on the structural distortion Ax (OTO) in the framework
T sites.

plotted in the figure is the average value among all the
crystallographic different 7-sites in the structure. These
plots resemble those of Fig. 2a, as the coordination
sequence can be seen as a measure of the framework
density: each T atom is connected to four neighbors,
which themselves have four neighbors, and so on.
The maximum number of T sites in the kth shell [56]
is Ny =4 x 3¥=1. the 4th shell can have no more than
108 T-atoms. Lower numbers indicate the presence of
cross linkages (rings) within the framework, which are

usually channel walls or openings into voids. Hence, a
low number in the coordination sequence is associated
with the presence of channels and voids in the structure,
which make it thermodynamically less stable, as seen in
Fig. 2b. Among the microporous frameworks we find
coordination sequence values between 25 and 41, while
the coordination sequence for berlinite/quartz is 52.
Both are substantially lower than the maximum value of
108, suggesting that a minimum number of cross
linkages between T sites is required to stabilize the
structure, but that too many cross-linkages introduce a
structural strain, probably due to the formation of small
ring structures, that destabilizes the polymorph. This
structural constraint poses an upper limit to the frame-
work density achievable in stable zeotypic networks.

In Fig. 3 we plot the calculated energy as a function of
the average bond distances, R(T—0) and R(T...T),
and o(7-O-T) angles. AIPOs have Al-O bond lengths
between 1.70 and 1.76 A and P-O bond lengths between
1.51 and 1.54 A; R(Si—0) in zeolites varies between 1.58
and 1.62A. The range covered is relatively small,
considering the wide range of polymorphs investigated:
0.05A for R(A-0), 0.04 A for R(Si-O) and 0.03 A for
R(P-0), respectively. The distances between adjacent
T-sites in AIPOs, R(Al...P), are between 3.0 and 3.2 A;
this range is achieved by a variation of the AI-O-P
angle, that covers values from 134° to 169°. The distance
between two neighbor T sites in zeolites, R(Si...Si), is
distributed around 3.08A; the Si-O-Si angle varies
between 140° and 160°, comparable to the value in
AIPOs. We have further calculated the difference
between the most obtuse and the most acute tetrahedral
angles, A(O-T-0), which indicates the distortion and
structural strain within a 70,4 unit of the solid. Results
are plotted in Fig. 4. We find that differences between
the tetrahedral angles in a 7O4 unit increase in the order
of Al<Si<P. No clear trend is noticeable in the relative
energy as a function of A(O-Al-0), while we find a more
pronounced correlation as a function of A(O-P-0). Si
has an intermediate behavior. This result is consistent
with the type of bonding found in our QM calculations:
the ionic AI*" species introduces little angular strain
in the AlQO,4 tetrahedra, compared with the covalent
PO;~ unit, where angular constraints are much more
important.

There is no clear dependence between stability and
short-range structural parameters; the local structural
constraints do not therefore define the framework
stability. We interpret this result as indicative that the
local geometry of the T sites can easily adapt to the
three-dimensional connectivity of the structure; the 7-O
bonds can be partially stretched, and the 7-O-T angles
easily bent without a high energetic toll. This feature is
crucial to enable the wide polymorphic variety observed
in zeolites and AIPOs. The features related to the
framework connectivity, i.c. the degree of cross linkages
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and the size of rings within the structure, are more
important factors to explain the stability of the
polymorphic structures.

With the increasing power of current computational
techniques, mathematical expressions have been defined
to enumerate and generate all the possible zeolitic
frameworks compatible with the tetrahedral 7O, build-
ing blocks [57-59]. With a proper understanding of the
framework chemistry and stability, IP techniques such
as those employed here can be used to evaluate the
stability of these structures and the feasibility of their
synthesis [60,61], thus opening up new opportunities in
the search of new microporous materials with improved
molecular recognition properties for application in
heterogeneous catalysis.

4. Framework replacements

After studying the undoped tetrahedral backbone of
zeolites and AIPOs, we shall examine the chemistry that
follows the introduction in the framework of different
dopant ions. Several points are of interest; we start in
Section 4.1 with a study of the structural details of
isomorphous replacements in the framework, followed
by a characterization of the chemical features of
different dopant ions, and by the calculated energetics
of the doping. Other structural features, such as the
long-range ordering of framework dopants and the
effect of extraframework ions are described in Sections
4.4 and 4.5.

4.1. Structural parameters of dopant ions
in zeolites and AIPOs

We have investigated, using periodic ab initio QM
calculations, the inclusion of several 3+ dopant ions in
chabasite, and of 2+ and 3+ dopant ions in its
isostructural AIPO-34. The choice of this framework
architecture is due to the relevance of doped chabasite
and AIPO-34 to heterogencous catalysis, coupled with
the limited unit cell size (composed of 36 atoms in the
undoped materials), which makes this study feasible on
a routine scale with accurate QM calculations. Low
valence dopant ions have been charge-compensated by
protonating one of the framework oxygens that are
nearest neighbor to the dopant. In the description of
the doped systems we use the following symbols: M is
the dopant ion; O, (n=1-—4) its nearest neighbor
oxygens, in order of increasing distance from M. For
low valence dopant ions charge-compensated by a
Broensted acid proton, Oy is the protonated framework
oxygen. T is a generic T site of the framework, which
can include also the site hosting the dopant ion. Here
and in the following sections, the doped chabasite and
AIPO-34 frameworks are described with periodic

boundary conditions, with one dopant ion in each unit
cell of the host. Even at this high concentration,
compared to the level of doping achievable experimen-
tally, the dopant ions are separated by more than 10A
from each other, and represent therefore non-interacting
defect centers. The structure of each doped framework
has been optimized.

The structural parameters that describe the local
environment of the M dopants in chabasite and AIPO-
34, as obtained from our QM structural optimization,
and from experimental data where available, are
summarized in Table 5. These include the four M-O
bond distances, R(M-0,), between the dopant and its
four nearest neighbor oxygens; the average M—O bond
distance, {R); and the M-O-T angles around the
oxygens nearest neighbors of M. We also report the
value of the T7-O-T angle averaged over all the oxygen
ions of the structure. With the exception of the small
Be?t and B*" ions, all the other M—O bonds examined
are considerably longer than the Si—-O or AI-O of the
host framework. The inclusion of the dopants in the
framework will therefore induce a structural strain.
The local tetrahedral environment of the low valence
dopants is very distorted. The structural distortion is
dictated by the non-chemical equivalence of the four
nearest-neighbor oxygens of the M ion, caused by the
presence of the acid proton bonded to one oxygen. For
each dopant, the M—Opy distance to the protonated
oxygen is at least 0.15 A longer than the three M—O;_3
to the non-protonated oxygens. This result is consistent
with previous computational studies of the AI’*/Si**
defect in zeolites that, given its importance in hetero-
geneous catalysis, has been characterized with a variety
of computational techniques, including isolated [74] and
embedded [75,76] QM clusters, supercell techniques
[77,78] and forcefield methods [79]. Jahn-Teller type
distortions for open-shell dopant ions, if present, play
only a minor role compared to the relaxation around the
acid OH group.

The situation is different for the isovalent dopants,
whose four nearest neighbor oxygens are chemically
equivalent. The four M—O bond lengths of Ga*" and
Fe’* ions in AIPO-34 shows differences of less than
0.02A, while for Cr, Co and especially Mn, the
coordination is distorted by Jahn—Teller effects. While
closed-shell low wvalence dopants are located in a
distorted environment, closed-shell isovalent ions occu-
py a more regular crystalline position. The only
exception to this rule is B*" in AIPO-34, which is too
small to retain the undistorted tetrahedral coordination
of the Al sites. When comparing the M-O bond
distances calculated in our work with the experimental
values, we notice that the error is not uniform: the
calculated M—-O distance for the 2+ dopant ions in
AIPOs is generally overestimated. Furthermore, the
error for ions that are stable in only one oxidation state,
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Table 5

Equilibrium M-O,, bond lengths (R, in A) and T-O-T"' angles (in degrees) for the M dopant ions investigated in chabasite and AIPO-34

Dopant  Bond distances T-O-T' bond angles Energy
R (M-O;) R(M-0,) R(M-03) RM-Op) <R>  Rep M-Oy-Si  M-O-Si T-O-Si  Si-O-Si

Trivalent dopant ions in chabasite

B 1.36 1.36 1.38 2.48 1.64 1.37[62] 143.34 154.70 149.24 148.83

Al 1.68 1.69 1.69 1.90 1.74 127.98 147.59 148.48 148.57

Ga 1.75 1.76 1.77 1.99 1.82 1.83[63] 126.16 142.25 147.58 148.11

Fe 1.82 1.83 1.84 2.07 1.89 1.89 [64]  123.63 141.89 147.25 147.78

Co 1.78 1.78 1.83 2.05 1.86 125.81 144.36 147.72 148.08

Mn 1.81 1.81 1.83 2.18 1.91 127.48 143.94 146.83 147.12

Si 1.61 1.61 1.61 1.62 1.61 1.60 [65] 148.97 148.97 148.97
R(M-O;) R(M-0;) R(M-03) R(M-0Oy, {(R>  Rexpt M-O-P T-O-P  AI-O-P AEm

Trivalent dopant ions in AIPO-34

B 1.46 1.48 1.53 1.55 1.50 1.47 [66] 151.34 150.13 149.89

Ga 1.80 1.81 1.81 1.82 1.81 1.82 [67] 144.90 148.99 149.81 0.377

Cr 1.88 1.88 1.89 1.91 1.89 144.95 147.99 148.60 2.258

Mn 1.86 1.87 1.91 1.91 1.88 1.85 [20] 138.74 147.54 149.30 0.844

Fe 1.86 1.87 1.87 1.88 1.87 1.86 [18] 144.58 148.72 149.55 1.034

Co 1.83 1.84 1.85 1.86 1.84 1.89 [68] 141.44 147.53 148.75 0.980

Al 1.72 1.72 1.73 1.73 1.73 1.73 [45] 148.59 148.59 148.59 —
R(M-O0)) R(M-03) R(M-03) R(M-Oy {RY  Rexpt M-Oy-P M-O-P T-O-P Al-O-P  AEy

Divalent dopant ions in AIPO-34

Be 1.53 1.54 1.56 2.31 1.74 141.25 143.01 147.88 148.85

Mg 1.85 1.87 1.91 2.08 1.93 1.94 [69] 13241 138.69 147.17 148.86 3.067

Ca 2.17 2.19 2.24 2.41 2.25 126.05 127.84 142.61 144.96 4.351

Cr 1.99 2.03 2.04 2.36 2.11 127.50 124.89 143.92 147.72 3.576

Mn 2.01 2.02 2.04 2.26 2.08 2.02 [70]  127.81 130.91 145.06 147.89 3.660

Fe 1.97 1.98 1.99 2.19 2.01 128.97 131.93 145.77 148.54 3.508

Co 1.94 1.94 1.95 2.14 1.99 1.94 [68] 129.34 133.79 146.06 148.51 3.393

Ni 1.89 1.89 1.90 2.19 1.97 1.94 [71] 126.44 135.56 146.41 148.58 3.948

Zn 1.90 1.90 1.91 2.19 1.97 1.96 [72]  131.30 132.47 145.73 148.38 3.038

1.98 [73]
Sr 2.36 2.42 2.45 2.55 2.44 116.20 118.14 140.49 144.96 4.996

(R is the average M—O bond distance from our calculations, Rexp from experiment (on metal-doped frameworks when available, or from closely
related materials). The columns relative to the angles refer to: M—Oyx—T angle on the protonated oxygen nearest neighbor to the dopant; M—O-T
average angle on the four oxygens nearest neighbor to the dopant; 7-O-Si and 7-O-P average angle over all the oxygens in the structure; 7-O-T
average angle over all the oxygens in the structure that are not nearest neighbor to the dopant. For the doped AIPO materials, AE is the calculated
insertion energy of the dopant in the framework (Egs. (7) and (8) in the text).

such as Mg?", Ni** and Zn>", is within the experi-
mental error of 10.021& associated with the EXAFS
technique employed. Fe, Mn and Co ions, that are
known experimentally to exist in both 2+ and 3+
oxidation states in the AIPO framework, instead, show a
much larger difference from the experimental results, up
to 0.06 A for Mn>".

Experimental measurements concerning the reduced
form of MeAIPO catalysts are often performed on the
as-synthesized material; calcination to remove the
organic template can in fact oxidize, at least partially,
the dopants. The overestimation of the calculated,
compared to the experimental, bond distance of Mn>"
and Co””" ions, suggests that also in the as-synthesized
MeAIPO structure some of the dopant ions are present
in 3+ oxidation state, and a mixture of M>* and M>*

is present in framework. Since the XAS data are
element-specific, but cannot differentiate its oxidation
state [17], the experimental results average the properties
of all the dopants in the solid. A fraction of M ions in
3+ oxidation state causes a decrease of the M—O bond
distances observed experimentally. Results of calcula-
tions similar to those reported here can effectively help
us in determining the average oxidation state of the
transition metal dopants in the catalysts, such as the
MnAIPO materials discussed in Ref. [20].

Let us now consider the changes that occur in the
M-O-T and T-O-T framework angles in the doped
frameworks, from which we can obtain information on
the structural distortion around the dopant, comple-
mentary to the M—O bond distances examined above.
The deviation of the calculated 7-O-T angles between
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Fig. 5. Representation of the structural relaxation around a dopant in ALPO-34, and its effects on the M-O-T angles.

the doped and the undoped structure, in fact, provides a
fast way to estimate the range of the structural
distortion around the dopant. A representation of the
relaxation is provided in Fig. 5; let us first imagine that,
upon inclusion in the framework of the dopant, only its
nearest neighbor oxygens are allowed to relax, while the
next-nearest neighbor 7 ions and the rest of the
structure are kept fixed (Fig. 5b). The larger the size of
the dopant, the more its nearest neighbor oxygens will
relax away from it. This relaxation movement causes a
decrease of the M—O-T angles compared to the original
T-O-T, proportional to the extent of structural relaxa-
tion. We have seen in the previous discussion that the
M-Oy bond of low valence dopants to the protonated
oxygen is longer than the other M—O bonds. Therefore
we expect the M—Oy—T angle centred on the bridging
hydroxyl group to be particularly small. Of course the
real situation is more complex, and the structural
relaxation extends beyond the nearest neighbors of the
dopant. A radial relaxation of the next-nearest neighbor
T ions, which is expected to follow the relaxation of the
nearest neighbor oxygens, will cause the M—O-T angle
to increase. As the relaxation extends to further shells of
ions in the structure, also the 7-O-T angles centred on
oxygens further away from M will vary. However, since
the crystalline matrix exerts a steric constraint on the
metal dopant, the extent of structural relaxation decays
when moving away from the dopant. The change in the
bond angles between undoped and doped materials
provides a numerical way to estimate the range of this
structural relaxation: monitoring the change in the
calculated bond angles for subsequent shells of neigh-
bors, will enable us to estimate the region of the solid
that is structurally affected by the dopant. Furthermore,
it has been shown that the >'P NMR chemical shift,
i.e. a measurable observable, correlates with the average
T-O-T' bond angle [80]. Understanding the correlation
between the properties of the metal dopant, such as
charge and ionic radius, with the local and long-ranged
structural relaxation in a simple polymorph (chabasite
and AIPO-34), and in an idealized situation of non-
interacting defect centers, can provide a valuable reference
against which to compare and rationalize the experi-
mental information obtained for real MeAIPO catalysts.

The calculated values of the 7-O-T angles for
subsequent shells of neighbors of the metal dopants
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Fig. 6. Average value of the calculated M—O-P bond angle for
divalent dopant ions in AIPO-34, as a function of the ionic radius of
the dopant [84], R (in A).

are reported in Table 5. Indeed, we find that the angular
distortion from the undoped material is particularly
pronounced around the protonated oxygen (column
M-Oyu—T), whose angle with the framework ions
changes as much as 30° for the large Sr>* dopant. The
difference from the undoped framework is important for
all the four nearest-neighbor oxygens of the dopant
(column M-O-T); this local distortion causes a decrease
of the 7-O-T angle averaged over the whole structure.
When we limit our attention to the oxygens not nearest
neighbor of the dopant, however, we notice only minor
changes (of less than 1°) from the undoped chabasite
and AIPO-34 framework structures. This result suggests
that the structural distortion caused by the dopant is
“local”, and affects its nearest neighbor ions, but does
not propagate to the undoped regions of the framework.
The only exceptions to the above result are Ca and Sr
in AIPO-34, i.e. the largest dopant ions examined (see
the M—O bond distances in Table 5). The value of the
Al-O-P bond angles away from the Ca and Sr dopants
are lower than the original value of the AI-O-P angle in
the undoped AIPO-34, which indicates that the structur-
al strain caused by the biggest dopant ions is long-
ranged, and propagates towards the undoped region of
the host framework. In Fig. 6 we plot the calculated
value of the 7-O—-P angle for 2+ ions in AIPO-34, as a
function of the ionic radius of the dopant. These two
observables show good linear correlation, clearly
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indicating that the structural distortion correlates with
the steric hindrance of the large dopant ions when they
are isomorphously introduced in the framework.

4.2. Chemical features of dopant ions in zeolites
and AIPOs

To achieve a chemical characterization of the dopant
ions, we have performed a population analysis of their
bonding with the nearest oxygens, similar to that
employed in Section 3.1 for the undoped frameworks.
This result enables us to investigate the nature of the
bonding of the metal dopants to the framework. Results
are reported in Table 6, while electron density plots are
shown in Figs. 7 and 8. All the open-shell transition
metal ions investigated in our work are stable in the spin
state with the highest multiplicity compatible with their
count of d electrons. This high spin state would be
expected, owing to the low crystal field splitting caused
by the tetrahedral coordination of the transition metal

Table 6
Mulliken population analysis of the electronic distribution around
the M dopant ions investigated in chabasite and AIPO-34

Dopant  Q(M)  0(01_3)  QOn)  QOi_s)  OG(M-O)
Trivalent dopant ions in chabasite

B 1.21 -0.92 —0.87 —0.91 0.26
Al 2.11 —1.15 —0.96 —1.10 0.13
Ga 2.28 —1.20 —0.98 —1.15 0.11
Fe 2.15 —1.15 -0.95 —1.10 0.11
Co 2.11 —1.15 —0.95 —1.10 0.11
Mn 2.01 —1.11 —0.91 —1.06 0.09
Si 2.06 —1.03 0.29
Trivalent dopant ions in AIPO-34

B 1.57 —1.13 0.22
Ga 2.33 —1.26 0.11
Cr 2.15 —1.24 0.08
Mn 2.17 —1.24 0.09
Fe 2.23 —1.26 0.10
Co 2.20 —1.26 0.10
Al 2.19 —1.26 0.14
Divalent dopant ions in AIPO-34

Be 1.75 —1.33 —0.99 —1.24 0.03
Mg 1.67 —1.26 —1.03 —1.20 0.05
Ca 1.78 —1.25 —1.01 —1.19 0.00
Cr 1.60 -1.22 —0.98 —1.17 0.04
Mn 1.54 —1.21 —0.99 —1.16 0.05
Fe 1.62 —1.24 —1.01 —1.18 0.06
Co 1.61 —1.24 —1.01 —1.18 0.07
Ni 1.85 -1.32 —1.03 —1.24 —0.01
Zn 1.42 —1.20 —0.98 —1.15 0.09
Sr 1.84 —1.25 —1.01 —1.19 —0.02

The symbol Q refers to the net ionic charges on the metal dopant and
oxygens; Q(O,_3) is the average net charge of the three unprotonated
oxygens that are nearest neighbor to M; Q (Oy) is the charge of
the protonated oxygen, Oy, denotes the average M—O bond population,
in le|.

Fig. 7. Difference electron density maps (solid minus isolated formal
ions) for 2+ dopant ions in AIPO-34, plotted in a plane containing one
(a) Ca—Op—P, (b) Sr-Oy—P, (¢) Mn-O,—P, or (d) Ni-O,—P unit.
Continuous and dashed lines correspond to positive and negative
densities, plotted between —0.1 and 0.1au (le| bohr—>) at linear steps
of 0.01 au. The thicker line is the total electron density level of 0.01 au
and indicates the framework size.

Fig. 8. Difference electron density maps (solid minus isolated formal
ions) for 3+ dopant ions in AIPO-34, plotted in a plane containing
one B-O-P (a), Ga—O-P (b) or Fe-O-P (c) unit. Symbols and units
as in Fig. 7.

ions. The partially covalent character of the P-O and
Si—O bonds, discussed in Section 3, decreases the net
charge of the oxygens, and makes the crystal field they
create insufficient to stabilize low spin states on the
transition metals. A higher crystal field splitting is
required to stabilize a pairing of the d electrons. All the
HF calculations reported in the following discussion are
therefore based on transition metal ions in high spin
configuration.

The calculated net charge of all the dopants studied
are similar to their formal values, while the bonds
between dopant and neighboring oxygens have low
overlap population Q(M—O0). These features suggest
that the bonding of the dopants to the host framework is
jonic in nature, as was the case for the host A" in
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AIPOs (see Section 3.1). Only B** has a different
behavior, with a low net ionic charge and a high overlap
population, suggesting that B> bonds covalently to the
neighboring oxygens. This result is not surprising as B> "
is a small ion and is more electronegative than A’ * and
the other dopants. To support this finding, in Figs. 7 and
8 we show the electron density maps (obtained as the
difference between the electron density in the solid and
the superposition of isolated formal ions) for the M—O
bond in a selection of metal-doped AIPO-34 frame-
works. The maps are drawn in a plane containing the
dopant, one nearest oxygen (Oy for the 2+ dopants),
and the next nearest P ion bonded to the oxygen of the
figure. In the electron density plots we see only minor
features around the metal dopants; again B** behaves
differently, and causes a significant electronic redistribu-
tion. Experimental TGA data on doped AIPO materials
show that the hydrophilicity of the framework increases
when dopant ions are incorporated [18,81], a result that
is consistent with the ionic nature of the M—O bonding
found in our calculations.

4.3. Substitutional energy of dopant ions
in microporous AIPOs

The feasibility of the isomorphous substitution of
different dopants, and the structural stability of the
doped materials, depend crucially on the thermody-
namic stability of the dopant ions in the framework. To
understand this topic, we have calculated the energetics
of low valence and isovalent ions in the Al framework
site of AIPO-34. We have chosen the AIPO-34 frame-
work for this part of our study, as AIPOs show a greater
flexibility than zeolites towards chemical substitutions.

The synthesis of MeAIPOs is usually performed in an
aqueous medium, by hydrothermal methods [1]; we shall
therefore consider the following reactions for the
inclusion of the 2+ and 3+ dopants in the AIPO
framework:

ALPO-34 + [M"(H,0)*"

A MTHAIPO-34 + [AI(H,0)5(OH))>*, (5)

ALPO-34 + [M"(H,0)*"

2B AT AIPO-34 + [AI(H,0) ", ©

which correspond to a replacement energy of di- and tri-
valent dopants defined as follows:
AEy = E[AI(H,0),(OH)]*" + E(M'"THAIPO-34)

— E(ALPO-34) — E[M"(H,0),]*", (7)

AEm = E[AI(H,0)*" + E(M"AIPO-34)
— E(ALPO-34) — E(M" (H,04)]*". (8)

We have taken as suitable states for the +2 and +3
metal ions outside the framework their hexa-aqua
complexes [M(H,0),]"". Of course, this representation
of the hydrated ions is an approximation, as only the
first solvation sphere is included; nonetheless, it
represents a suitably simple computational model of
the solvated ions. The [Al(H,O0)s (OH)*" complex in
reaction (1) is required to charge-balance the inclusion
of a 2+ dopant. Since the [Al(H,0)s (OH)]* " species is
unstable, we consider as reliable only the trends in the
calculated replacement energy AEy, and not its absolute
value. The values of AE and AEj indicate the relative
energetic stability of the different M dopants examined
in the AIPO framework during the synthesis.

We have performed a geometry optimization of both
the molecular and solid systems with a consistent set of
computational parameters. The calculated values of
AE; and AEp; for the dopant ions investigated are
summarized in the last column of Table 5 (the small
Be’" and B’" ions are excluded, as the [M(H,0),]""
complex employed in Egs. (7) and (8) is unsuitable to
represent these hydrated ions). The calculated values of
AEy and AEy are reported in Fig. 9 as a function of the
average M—O bond distance in the equilibrium struc-
ture. The latter value is of course closely related to the
ionic radius of the dopant. For the 2+ ions, the longer
M-Oy distance with the protonated oxygen is excluded
from the average. The ionic size of the dopants has a
clear influence on their stability in the framework, and
the replacement energy increases linearly as a function
of the M—O bond distance. Ni'"" and Cr™™" do not follow
the linear trend in the calculated value of AE as a
function of their ionic size. This result is to be attributed
to the instability of transition metal ions with electronic
configuration d® (Cr'™) and d® (Ni") in tetrahedral
coordination. The crystal field stabilization energy of
octahedral and tetrahedral Cr'™" and Ni'" ions has been
estimated for oxides with the spinel structure [82]. The
resulting values are 1.226eV for octahedral Ni',
0.372¢V for tetrahedral Ni'', 2.33eV for octahedral
Cr'" and 0.69 eV for tetrahedral Cr'"', with a difference
of 0.854eV for Ni'' and of 1.64eV for Cr'™'. These
values, when subtracted from the values of AEj and
AEy calculated here, would bring the replacement
energy of Ni'' and Cr'" ions in-line with the behavior
shown by the other 2+ and 3+ dopants. We expect
therefore the substitution of Cr'" and Ni' ions in the
tetrahedral sites of AIPOs to be of difficult accomplish-
ment, as confirmed by experimental evidence, which
shows that the amount of Ni that can be incorporated
in AIPOs is relatively low compared to other divalent
metal ions [13].

The linear trend in the values of AEy and AEy; as a
function of the ionic radius of the dopant has a clear
structural explanation. As discussed in Section 4.1, the
M-0 bond distances are longer than those of the AI-O
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Fig. 9. Calculated replacement energies AEy; and AEy; (in eV) as a
function of the average M—O bond distance R(M-0), in A, for divalent
and trivalent dopant ions in AIPO-34.

bonds they replace. The AIPO structure compromises
locally the steric strain introduced by the larger dopant
ion by bending the (flexible) M—O-P angles centered on
its nearest neighbor oxygens. The calculated value of the
M-0O-P angle in the equilibrium structure (see Fig. 6)
shows a linear relationship when plotted as a function of
the size of the dopant ion. Given the linear relationship
of both M—O-P angle and replacement energy as a
function of the ionic size of the dopant, we attribute the
trend shown in Fig. 9 for the energetics of the frame-
work doping, to the structural distortion around the
dopant, which destabilizes the doped structure.

4.4. Site ordering of dopant ions in microporous
AlIPOs—size effects

Most zeolite and AIPO frameworks have a complex
structure, with several non-symmetry equivalent 7 sites.
Not only the possibility of including dopant ions in the
framework is of interest, but also the type of incorpora-
tion. This can occur in either ordered or disordered
fashion. The former case, in which the dopant shows a
marked preference for a specific T site of the structure,

should be preferred for applications in catalysis; all
active centers would in fact be located in the same
crystalline environment, thus enhancing the selectivity
of the catalyst. A disordered replacement in different 7'
sites would locate the dopants in different environments,
a feature that can contribute to decreasing the selectiv-
ity. We would therefore like to understand the factors
that promote site ordering.

If the inclusion of the dopant is at least partially
thermodynamically controlled, the degree of ordering of
the dopant can be examined in a computational study by
calculating the relative replacement energy of the dopant
ion in the different 7 sites of the framework under
investigation. A range of replacement energies compar-
able to the thermal energy will result in disordered
distribution across 7 sites, while a range of replacement
energies greater than the thermal energy indicates a
strong preference of the dopant towards an ordered
incorporation in the framework.

As we have seen in Sections 4.1-4.3, the ionic radius
of the dopant controls its structural features and the
energetics of the inclusion in the framework. Further-
more, the cation size has a major effect upon the site
distribution in spinels [83], where octahedral and
tetrahedral sites are available. All the framework sites
in zeotypes are tetrahedrally coordinated and are
differentiated only by the number of second or further
shells of neighbors of the dopant. In such a case, the
chemical interaction between dopant and nearest
neighbor oxygen ions is largely equivalent in different
polymorphic structures, as shown by the results of
Section 3; the ease of inclusion of the dopant is related
to the topology of the host framework, and the ease with
which it can adapt to the incorporation of ions of
variable size.

To investigate this topic, we have studied with IP
techniques the structure and energy of trivalent sub-
stitutional ions of different size, which replace a frame-
work Al in two different AIPO polymorphs, namely
AlIPO-41 (AFO) and DAF-1 (DFO), shown in Fig. 10.
These two frameworks have a variety of topologically
different T sites, incorporated into rings ranging in size
from 4 to 12 tetrahedra, thus enabling us to examine the
combined effect of dopant size and framework topology
onto the dopant ordering.

As described in Section 2, we modified the effective
size of the dopant ions by varying the pre-exponential
factor of their Buckingham potential. In our work we
assumed the ionic radius of the framework AI’" to be
Rai =051A [84], and examined a range of ionic radii
for the dopant ions M of 0.35A <Ry <0.90 A, which
covers most of the 3+ ions in the periodic table.

For each dopant size R, we located one substitutional
dopant in each unit cell of the host framework,
composed of 10 formula units in AFO, and 132 formula
units in DFO; we examined the dopant incorporation
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Fig. 10. Framework topology of AFO (left) and DFO (right) AIPO structures, with the topologically non-equivalent 7 sites labeled according to
the Atlas of zeolite framework types [56].
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Fig. 11. Relative replacement energy AE, (eV/dopant), and volume per formula unit V), (A3) for the doped AFO (left) and DFO (right) frameworks,
as a function of the dopant radius R (A).

in each topologically unique T site, 7, (4 in AFO and structure to minimum energy, using Pl symmetry. In
6 in DFO). In the following discussion, sites are labeled Fig. 11 we report the relative energies of the doped
as in the Atlas of zeolite framework types [56] (labels frameworks and the equilibrium volume per formula
are also reported in Fig. 10). For each combination of unit, against the ionic radius R of the metal dopant. The

dopant size and T site, we have fully relaxed the relative lattice energies (AE,) are calculated, for each
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value of R, by taking the energy of the stable site 7; for
the smallest ions (71 both in AFO and DFO) as
reference, i.e. AE,(R) = E,(R)—E(R).

We see in Fig. 11 that the relative lattice energies
AE,(R) are small for values of R similar to R
(AE,(Ra1) = 0 by necessity, as this is the undoped AIPO
framework). The more R deviates from Ry, the larger
the energy dispersion of the AE, values. This result
indicates that a site-ordered inclusion in the framework
is energetically favored for dopant ions whose size is
most different from that of the host A'" ion they
replace. Ions of similar size to Al would instead favor a
disordered inclusion into the AIPO framework. To
rationalize this behavior we examine how the local
environment of the dopant ion changes with the ionic
size R. In the AFO framework, ions smaller than Al are
stable in site T'1, whereas dopant ions bigger than Al
are energetically stable in site 72. The biggest change in
the lattice energy and volume as a function of the ionic
radius is seen for site 72, whereas for 7'l (and T3) we
see a small change in the energy and cell volume as the
ionic size of the metal dopant varies. We observe a
similar behavior for the DFO framework, in which site
T6 shows the biggest change in both energy and cell
volume as the ionic size of the metal dopant increases;
sites 76 and T3 are energetically stable for ions that are
bigger than Al. The smallest change of the energy and
cell volume is seen for site 71, which is stable for
dopants that are smaller than Al.

This behavior can be rationalized by partitioning the
framework T sites into two structural types:

(1) Caged T sites, which include T'1 and T3 in AFO;
T1,T4 and TS5 in DFO. The framework forms a
rigid structure around the site, with strong structural
constraints. The framework structure around the
‘caged’ T sites is not free to relax upon doping; in
particular its next-nearest neighbor P sites cannot
readily relax outwards following the dopant incor-
poration. The main relaxation movement around
large dopants is therefore a bending of the Me—O-P
angles around its nearest-neighbor oxygens, which
decrease on increasing R. Since the relaxation is local
around the dopant, it causes only minor changes in
the cell volume as a function of R, and the
replacement of large ions is energetically unstable.

(2) Free T sites: This is the case of 72 in AFO and 76 in
DFO, which are part of a large ring system, and
hence are located in a more flexible framework
region. The framework topology allows larger
portions of the structure to relax around the dopant,
which is reflected in the larger increase of the cell
volume of the doped framework as a function of R.
Since there are fewer structural constraints, replace-
ment of large dopant ions is energetically favorable
in the ‘free’ T sites.

160 : : : —

M-O-P angle
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Fig. 12. Variation of the M—O-P bond angle (averaged over the four
oxygens that are nearest neighbor to the dopant M) as a function of
the dopant radius R (A), for sites 7’1 (caged) and T2 (free) in AFO.

The different structural behavior is clearly illustrated
in Fig. 12, where we report the equilibrium value of the
M-O-P angle (averaged over the four oxygens that are
nearest neighbor to the dopant) for sites 72 (free) and
T'1 (caged) in AFO. The value of the M—O-P angle is
smaller in the latter case, indicative of a more strained
structure around the dopant (see the discussion in
Section 4.1). The structural freedom of the T sites is not
unlimited: even if the substitution occurs in the more
flexible T sites, on increasing the size of the metal
dopant the structure becomes more and more rigid, until
it swaps to a caged T site behavior. This feature is
illustrated by the progressive decrease of the M—O-P
angle around site 72 in Fig. 12, which collapses for the
largest dopant ions examined.

This result indicates that the size of metal dopants has
a major influence upon their site ordering. Bigger metal
dopants, although of more difficult inclusion in the
framework, prefer to substitute ‘free’ Al sites, located in
unconstrained regions of the framework, whereas small
metal dopants are energetically stable when replacing Al
sites situated in smaller cages. This site preference
increases on increasing the size difference between host
ion and dopant, and is explained via the topological
features of the host framework.

4.5. Influence of the counterion on the local environment
and electronic structure of the active sites

Zeotype frameworks can be modified in post-synthetic
treatments; for instance, the extraframework ions
charge-balancing the presence of low valence dopants
can be modified by ion-exchange operations, and the
acid protons replaced by larger inorganic cations, such
as Na’, K" or polyvalent ions. The crystalline
environment of the active sites is modified during this
operation, introducing an additional way to influence
the structural and electronic properties of the dopant
ions, and hence also the catalytic activity. Understanding
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Table 7

Equilibrium bond distance(s) R, in A, between the counterions examined and the framework oxygens, in order of increasing bond distance

Ton H Li Na K

Dopant AP Fe** AP AP* Fe** AP Fe**

R; 0.949" 0.948" 1.921" 1.838" 2.286" 2.304" 2.769" 2.746"
Ry 2.061" 1.896" 2.549 2.345* 3.064 3.096"
R 2.380 2.662 2.702 3.158" 3.189
Ry 3.171 3.198
Rs 3.299 3.255
R 3.361 3.297
Ry 3.509 3.427

Numbers marked with the symbol * refer to the oxygens that are nearest neighbor to the dopant ion.

Table 8
Equilibrium bond distances R,, in A, between the dopant and its four framework oxygen neighbors, in order of increasing bond distance

R] Rg R3 R4 <R>
AR
H 1.6787 1.6902 1.6974 1.8994* 1.7414
Li 1.6972 1.6988 1.7310" 1.7907* 1.7290
Na 1.6975 1.7066 1.7278 1.7672" 1.7248
K 1.6993 1.7182 1.7230 1.7486" 1.7223
AIPO 1.7195 1.7229 1.7287 1.7334 1.7261
Fe3™*
H 1.8222 1.8282 1.8358 2.0660" 1.8880
Li 1.8270 1.8364 1.9024* 1.9367" 1.8756
Na 1.8314 1.8497 1.8744* 1.9161" 1.8679
K 1.8446 1.8651 1.8666 1.9011" 1.8693
FAPO 1.8649 1.8654 1.8678 1.8808 1.8697

{ R indicates the average of the four bond distances R;_4. Numbers marked with the symbol * refer to the oxygens closely associated with the

counterion.

how the chemistry of the dopants is influenced by the
counterion is another step towards controlling the
catalytic activity and selectivity of these heterogencous
catalysts. To this aim, we have investigated with QM
methods how different counterions affect the structure
and chemistry of AI>* and Fe*" ions in the framework
of chabasite and AIPO-34. In the zeolite framework, the
AP and Fe*" ions have been charge-balanced in our
calculations by protonating one of the framework
oxygens nearest neighbors of the dopant, or by adding
one Li, Na or K extraframework ion. It is also of
interest to compare the local structure of the 3+ metal
ions in zeolites with that in AIPOs, where the 3+ ions
are isovalent (the host ion itself in the case of Al), and
hence do not require charge compensation. The Lewis
acidity of an ion with charge Q and radius R scales as
Q/R? [85]; in this view, the non-counterion situation of
AIPOs can be considered as equivalent to a counterion
of charge + 1 and of infinite size. The charge-balancing
ions examined here span therefore the complete range of
ionic sizes, from the smallest counter cation (H), to
extraframework ions of increasing size (Li, Na, K), to
the non-counterion situation in AIPO-34. Examining the

local structural environment of AI>* and Fe*" ions in
chabasite and AIPO-34 enables us to investigate how
much the presence and type of counterion can influence
the structural and electronic properties of the dopant.
The calculated equilibrium structure, for each combi-
nation of dopant and counterion is reported in Tables 7
and 8. The equilibrium structure for the Fe* ™ dopant in
chabasite with Li, Na and K counterions is also shown
in Fig. 13. Let us first consider how the size of the
counterion affects its interaction with the framework
oxygens. In Table 7 we list the calculated equilibrium
bond distances between the counterions and the frame-
work oxygens, in order of increasing distance; the values
marked with a symbol (*) refer to the oxygen atoms
nearest neighbors of the dopant. H has an obvious
association with only 1 oxygen, the one to which it is
covalently bonded to form the OH Bronsted acid site.
The other extraframework ions have an ionic type of
interaction with the framework oxygens, and are
effectively “solvated” by the zeolitic framework. They
show a marked association with two or more framework
oxygens, depending on the relative size of the counterion
compared to the interstices available in the microporous
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Fig. 13. Equilibrium structure of (a) Li™, (b) Na™ and (c) K™ counterions next to a Fe*" substitutional dopant in chabasite. (d) Equilibrium
position of the K™ ion, highlighting its location near the center of one eight-membered ring of tetrahedra of the chabasite structure.

zeotypic structure; in the same zeolite type, it increases
on increasing the ionic size of the extraframework ion.
The small Li" ions are located in a bridging position
between two oxygens, both nearest neighbors of the Al
or Fe dopant, with similar but not equal Li-O bond
distances. The larger Na " ions, when located next to an
Al dopant, increase their coordination number to the
framework oxygens to 3, of which only one is nearest
neighbor of the Al dopant. The shortest Na—O bond
length, of 2.286 A, is achieved with the latter oxygen,
while the other two are ~0.3A longer. The local
structure of Na™ calculated here, is similar to that of
the ion labeled as Na$5 in site III' in the experimental
work on the NaX zeolite [86]. When Na™ is next to an
Fe*" dopant, which is larger than A" (compare the
Al-O and Fe—O bond distances in Table 8), the spacing
between the oxygens nearest neighbors to Fe increases
and appears to be of optimal size to host the
extraframework Na™. The Na® ion in Fe-doped
chabasite, therefore, has two short and one long bond
distances with the framework oxygens. The even larger
K™ ions, finally, are located close to the center of eight-
membered rings, where they can interact with up to
eight framework oxygens. This increase in coordination
number of K™ is achieved partially by weakening its
association with the framework oxygens that are nearest
neighbor to the dopant (for both Al and Fe ions), with
which K" retains only one short bond. The location of
extraframework Li, Na and K ions has been investigated
computationally in other zeolitic framework types
[87-92], all of which have different pore openings than

the chabasite polymorph examined here. It is therefore
difficult to compare, other than qualitatively, the local
environment of the extraframework ions calculated here
with previously published results. The trend relative to
the increase of coordination number of the extraframe-
work ion with its ionic size, found here in chabasite, is
common to the offretite [8§7] and faujasite (X) [92]
zeolitic structures, suggesting a general validity.

From a computational point of view, it is of interest
to examine the counterion location calculated with
different models of the active site. QM studies
performed with models of the solid based on periodic
boundary conditions [87,88,90], such as the one
employed here, yield equilibrium structures in which
the bond distances between extraframework ion and
framework oxygens are different from each other; the
same result is obtained experimentally [86]. Models of
the active site based on isolated cluster techniques,
instead, favor a structure in which the local environment
of the extraframework ion is more symmetric, with
distances from the framework oxygens more similar (or
equal) to each other (see for instance [89]). We consider
that the latter result highlights a limitation of cluster
model studies; if not accurately chosen, the molecular
fragment employed to represent the zeolitic framework
is under-constrained, and it can adapt too easily to the
extraframework ion, thus yielding an equilibrium
structure in which the distance of each framework
oxygen from the extraframework cation is individually
optimized (and thus equal). This is not the case in the
true (extended) solid, where the equilibrium location of
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Electronic distribution, measured via a Mulliken population analysis, of the AI>* and Fe** dopant ions in chabasite and AIPO-34 as a function of

the counterion

Dopant/counterion Oum Obi Ow2 Ob3 Ob4 Ory (o4 Ori Q'
A13+

H 2.113 0.178 0.171 0.173 0.076" 2.035 0.183 2.006 0.360
Li 2.119 0.165 0.161 0.153* 0.118* 1.971 0.311 2.001 0.377
Na 2.118 0.164 0.155 0.152 0.127* 1.977 0.333 1.997 0.379
K 2.114 0.162 0.148 0.153 0.137* 2.030 0.350 1.997 0.380
AIPO 2.191 0.139 0.139 0.139 0.136

Fe3+

H 2.146 0.135 0.123 0.127 0.050* 2.029 0.197 2.017 0.366
Li 2.131 0.132 0.125 0.096" 0.091* 1.986 0.318 2.011 0.371
Na 2.131 0.125 0.119 0.101* 0.097* 1.987 0.341 2.007 0.380
K 2.134 0.124 0.107 0.114 0.100" 1.978 0.356 2.011 0.384
FAPO 2.230 0.100 0.100 0.099 0.099

The symbols used are illustrated in Fig. 15a, and refer to: net charge of the dopant (Q,/); bond population of the dopant with the four oxygen
neighbors Qpy; bond population of the oxygens O, and O4 (those with the shortest and longest M-O distance) with their neighbor Si ion of the host
framework in chabasite (Q'vn), and net charge (Qr,) of these two Si ions. Charges are measured in |e|. The values marked with a * refer to the oxygens

in close association with the counterion. The corresponding values of Q7 and Q'y, in undoped chabasite are 2.03 and 0.29|e|.

the extraframework ion is due to a compromise between
the highest coordination number and the strength of its
interaction with each framework oxygen. Periodic
models reproduce correctly this behavior.

Our calculations suggest that the type and location
of the extraframework ion can modify the structural
(Table 8) and electronic (Table 9) properties of the
framework oxygens and of the dopant ions (M). By
analyzing the data of Table 8, we find that those O ion(s)
that are in closer contact with the counterion (marked
with a symbol (*) inTables 8 and 9) have M—O bonds
that are sizeably longer than those of the oxygens not
closely associated to the counterion. The influence of the
counterion on the framework oxygens scales inversely
with the size of the counterion. The AI-Oy bond length
of the dopant Al with the protonated oxygen in
chabasite is 0.208 A longer than (the average of) the
other three Al-O distances. The difference (Ad) in the
Al-O bond distance of the Al dopant with the oxygen(s)
associated and not with the counterion decreases to
0.082, 0.057 and 0.035A for the Li, Na and K
counterions, respectively. The same values are of
0.237, 0.088, 0.079 and 0.042 A for the Fe dopant,
charge balanced with H, Li, Na and K ions, respectively.
The structural anisotropy around the dopant with the
K™ counterion is similar to the non-counterion situa-
tion seen in AIPO-34, where the difference between the
longest M—O bond and the average of the other three is
0.010 A for Al and 0.021 A for Fe*". If we take the
parameter Ad as being representative of the effect of the
extraframework ion on the structure of the dopant
(active site) in the framework, and plot Ad as a function
of the ionic size R (see Fig. 14), the correlation between
the ion type and the structural distortion it introduces in
the framework is evident: the smaller the size of the

0.25
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Fig. 14. Effect of different counterions on the structure of the dopant
in chabasite and AIPO-34. Ad is the structural anisotropy in the
coordination environment of the dopant, defined in the text; R the
ionic size of the counterion [84], in A. Filled and empty symbols refer
to the AI** and Fe** dopant ions, respectively.

extraframework ion, the larger its effect on the frame-
work structure. This result is in qualitative agreement
with the Lewis acid strength of the extraframework ion,
OR™? proposed in Ref. [85]. For the experimental
characterization of catalysts, it is of interest to notice
that the association of the counterion with one or more
of the framework oxygens alters substantially the
individual M-O bond distances in the framework, and
hence also the local symmetry of the dopant M, but not
the value of the M—O distance averaged over the four
M-0O bonds of its tetrahedral environment. Moreover,
for both AI’" and Fe*" ions, the average M-O bond
distance in AIPO-34 is the same as in chabasite, and is
therefore dictated by the ionic radius of the dopant, and
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Fig. 15. (a) Explanation of the symbols used in Table 9; (b) electronic distribution, measured via a Mulliken population analysis, of the framework
ions in pure and doped chabasite and AIPO-34. The values refer to net atomic charges and bond populations, measured in |e|.

not by its crystalline environment. Experimental values
of the bond distances obtained from EXAFS data,
especially when they are fitted using four M—O bonds of
the same length (as is often the case), are therefore
transferable among different counterions.

The counterion affects also the bonding character of
the dopant to the framework ions. Results analyzing this
feature are summarized in Table 9 and Fig. 15, where we
report the net charge of the dopant (Qy,), and its bond
population with the four oxygen neighbors Qy,. We also
report the bond population Q'y, of the oxygens O; and
O, (those with the shortest and longest M—O distance)
with their neighbor Si ion of the host framework in
chabasite, and the net charge (Qr) of these two Si ions.
The values of the net and bond charges reported in
Table 9 enable us to extend the chemical characteriza-
tion of the dopant ions given in Section 4.2. Our results
indicate that when a framework oxygen is located
between two cations of different formal charges, it forms
a covalent bond with the neighbor with higher charge,
and an ionic bond with the neighbor with lower charge.
The larger the charge difference between the two T sites
bonded to the same oxygen, the larger the difference in
the nature of the two 7-O bonds. We have shown in
Section 3 that in pure AIPOs the P-O bonds are
covalent, while the Al-O bonds are ionic. The frame-
work oxygens next to the undervalent dopant in
chabasite are bonded to one 3+ and one 4+ atoms;

they react to this charge inequivalence of their two
neighbors by bonding more covalently to the framework
Si. The Si—O bond population increases from 0.29]e| in
the undoped chabasite framework to ~0.38|e| for the Si
atom bonded to O;. At the same time, the net charge of
the silicons that are next-nearest neighbor to the 3+
dopant decreases, confirming a more covalent nature of
their bonding with the oxygens. If we further consider
the bonding of the dopant with its nearest oxygens, we
see that both Al and Fe have higher values of QO in the
zeolite framework than in AIPOs (the difference being of
~0.03/e| in the bond to each oxygen that is not
associated with the extraframework ions). As a result,
the net positive charge of the dopant is higher in AIPO-
34 than in chabasite. The above comparisons indicate
that the oxygens in the framework are more polarized
towards P in AIPOs than towards Si in chabasite; ionic
metal dopants increase the covalence of the framework
in the neighboring region. We expect this feature to
influence the chemical and catalytic behavior of the
dopant; in particular its Lewis acidity, which is linked to
the ionicity of the M—O bonds.

5. Catalytic properties of doped zeotypes

After the electronic and structural characterization of
the doped frameworks, we shall now investigate three
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properties of the dopant ions that are of direct interest
for their catalytic behavior. These are the Brensted
and Lewis acid strength, and the redox potential, which
are examined separately in the following of the
discussion.

5.1. Bremsted acid strength of low valence dopant ions
in microporous zeolites and AIPOs

Several doped zeolites and AIPOs display solid acid
behavior, of interest in heterogeneous catalysis [2,9].
Transformation reactions of methanol, i.e. the methanol
to olefins (MTO) and methanol to gasoline (MTG)
processes, are typical acid-catalyzed reactions that
exploit the shape-selectivity of acid zeotypes [93]:
small-pore frameworks like H-SAPO34 [94] yield
selectively light olefins (MTO), while medium and large
pore materials, like H-ZSMS5 [95,96], yield gasoline as
the main product (MTG). Acid protons are introduced
in zeotype frameworks as charge-compensation for low
valence dopant ions. In principle, isomorphous sub-
stitution of a framework cation with any low valence
dopant can be employed: M>*/Si** replacements in
zeolites; M?'/APT and M*"/P°" substitutions in
AlIPOs, each need a charge compensation which can be
accomplished by means of acid protons. Defining a scale
of relative acidity for the possible dopants, and
correlating the acidity with the chemical composition,
would be very useful in optimizing the activity and/or
selectivity of the catalysts without extensive testing of
each dopant type. Comparative experimental studies
have explored possible correlations of the catalytic
activity for isostructural frameworks with the dopant
type. Correlations have been proposed between the
acid strength and the ionic radius [97] and with the
electronegativity [98] of the dopant, and with the 7-Oy—
T' angle of the protonated oxygen with its nearest
neighbor ions 7 and 7’ in the framework [99,100].
Comparing the properties for all possible dopant ions,
however, is a challenging experimental task, owing to
the influence of ill-controlled quantities in the catalyst
after preparation and activation: isomorphous substitu-
tions of low valence ions are often energetically unstable
and difficult to achieve; and the use of stoichiometric
amounts of different dopant ions during the synthesis
may result in different concentrations of dopants in
framework and extra-framework positions in the final
product. Moreover, other active defect centers may be
created in the catalyst, and the interaction between
defect centers in the same region of the catalyst may
alter their activity. Comparative experimental studies,
therefore, are always limited to only a subset of the
possible low valence ions allowed by the framework
stoichiometry. The application of computer modeling
techniques is very powerful in such a case: all the above
variables can be easily controlled in a modeling study of

the solid. Although calculations consider an idealized
description of the acid catalyst, they enable us to
compare the properties of different isomorphous do-
pants in the same framework type, excluding the
influence of all the other factors that may affect
experimental studies. Modeling represents therefore an
ideal tool to define a relative scale of acidity for different
dopant ions, and to grade their catalytic activity. In our
periodic QM calculations described in Section 4, we
have studied a set of 17 low valence dopant ions,
isomorphously substituted in zeotypic frameworks;
these are B>, AIP*, Ga’", Co’", Mn’" and Fe’"/
Si*" in chabasite; Be*", Mg>", Ca’", Sr**, Cr*t,
Mn®", Fe’", Co*", Ni*" and Zn**/AP’", and Si*"/
P°* in AIPO-34. Not all the doped systems listed above
have yet been obtained experimentally; for instance the
Sr** /AP and Mn’*/Si** substitutions. We have,
however, examined them computationally, with the
aim of extending the range of dopants considered and
of highlighting the possible trends in the calculated
properties as a function of the chemical features of the
dopant ions.

In our computational work, we chose to screen the
relative acid strength of the low valence dopant ions by
calculating their OH stretching frequency, voy. Both
acidity and voy depend on the strength of the OH bond,
and these two observables are often assumed to
correlate [101]: a stronger OH bond results in a higher
value of voy and a weaker acidity of the site. Of course,
voH 1s also observable by IR measurements on the solid
acid catalysts. In this respect, we know that the HF
Hamiltonian employed in our calculations overestimates
the calculated stretching frequencies, by ~12% com-
pared to experiment. This error is systematic—a feature
that has given rise in the literature to the habit of scaling
the calculated HF value of frequencies by a ‘golden
factor’ of 0.89 [102]. We do not plan here to compare
our calculated frequencies with experiment, but only to
compare the calculated value of voy for the different
dopant ions, to grade their acidic strength. We shall not,
therefore, scale the calculated values of voy. The OH
stretching frequencies have been obtained, for the
equilibrium structure of each dopant investigated, by
calculating numerically the dynamical matrix at the I’
point of reciprocal space. Diagonalization of the
dynamical matrix yields the phonon spectrum of the
system, in the harmonic approximation, from which
we have derived the values of voy.

Our systematic study enables us to investigate the
possible correlations between the calculated frequencies
(acidity) and, first, the atomic properties of the dopant
M (ionic radius and electronegativity) or, secondly, the
local geometrical and electronic structure of the active
site in the framework (M-O, M-H and O-H bond
distances, M—Oy—T bond angle, electric field gradient).
Results are summarized in Table 10, and presented in
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Table 10

Equilibrium structural parameters for the low valence ions examined in chabasite or AIPO-34, and calculated OH stretching frequencies

Dopant R(M-0, 3) R(M-Oy) R(M-H) M-Oy-P r EN VoH
Trivalent dopant ions in chabasite

Sit* 1.612 145.7 0.42 1.90

B** 1.369 2.485 2.803 141.9 0.23 2.04 4238
AB* 1.689 1.899 2418 128.0 0.51 1.61 4141
Ga*”* 1.762 1.992 2.523 126.2 0.62 1.81 4157
Fe’” 1.829 2.066 2.612 123.6 0.64 1.83 4195
Co** 1.797 2.049 2.579 125.8 0.63 1.88 4243
Divalent dopant ions in AIPO-34

APR* 1.726 141.6 0.51 1.61

Be? " 1.546 2.309 2.548 141.2 0.35 1.57 4128
Mg>* 1.876 2.084 2.421 132.4 0.66 1.31 4037
Ca®* 2.204 2.408 2.986 126.0 0.99 1.00 4140
St 2411 2.555 3.203 116.2 1.12 0.95 4195
crt 2.024 2.356 2.871 127.5 0.89 1.66 4243
Mn?* 2.027 2.265 2.806 127.8 0.80 1.55 4194
Fe** 1.982 2.191 2.733 129.0 0.74 1.83 4157
Co** 1.943 2.141 2.669 129.3 0.72 1.88 4192
Ni?* 1.899 2.192 2.749 126.4 0.69 1.91 4201
Zn*" 1.907 2.189 2.684 131.3 0.74 1.65 4207
Tetravalent Si dopant in AIPO-34

p3* 1.512 141.6 0.35 2.19

Sit* 1.575 1.761 2.307 128.0 0.42 1.90 4186

The symbol R refer to the calculated distances in A, as indicated; M—Oy-T is the angle between the protonated oxygen and its two nearest 7 sites,
in degrees; r the ionic radius of the dopant ion, in A; EN the electronegativity of the dopant [84]; vou the calculated OH stretching frequency,
in em™!, from our HF calculations. For comparison with experiment, voy should be multiplied by 0.89.

Figs. 16-18, in which the calculated voy is plotted as a
function of the parameters listed above.

Before examining the trends, it is of interest to note
that our calculations predict Mg-AIPO to have far
stronger acid properties than any of the other dopants
examined, both in AIPO-34 and in chabasite. The
calculated value of voy is in fact more than 100cm ™
lower in MgAPO-34 than for any other dopant
examined. This finding is supported by experimental
evidence [103]: MgAPO catalysts have been shown to
form coke very quickly on the inner walls of the catalyst
during acid-activated transformations of organic re-
agents—a process that requires a catalyst with high acid
strength.

In the following discussion we shall examine the
dependence of the calculated voy on the different
parameters introduced earlier in the discussion and
employed in Figs. 16-18, to highlight the important
factors that define the Brensted acidity of doped
zeotypes. No appreciable correlation between voy and
the electronegativity of the dopant ion emerges from an
examination of Fig. 16. This result is consistent with the
molecular-ionic picture of M—O and 7-O bonds in the
solid that we discussed earlier: when the oxygen ions of
the framework are located between two cations with
different formal charges, they form a covalent bond
with the neighbor with higher charge, and an ionic bond
with the neighbor with lower charge. The protonated
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Fig. 16. Calculated OH stretching frequency, voy (cm™'), as a
function of the electronegativity of the dopant ion [84]. Circles refer
to dopant ions in chabasite; squares to 2+ ions in the Al framework
position of AIPO-34, and the diamond to the Si/P replacement in
AIPO-34.

oxygens responsible for the Bronsted acidity, are located
between one of the host framework ions and the low
valence dopant, with which they form a long and weak
ionic bond (see Tables 5 and 10). In this environment,
the behavior of the OH group is dominated by the
bonding of the oxygen with the framework T ion, and is
only marginally affected by the type of dopant. The
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properties of the acid OH group, therefore, are not
dictated by the electronic properties of the dopant ion,
such as its electronegativity.

The low valence dopant, ie. the M"/Tt++
substitutional center, corresponds to a defect with an
effective negative charge of —1 in the solid. This defect
creates a Coulomb potential in the neighboring region
of the solid, centred on the dopant, and which decays as
r~!. The OH stretching vibration is altered by the
change in the Coulomb forces; since frequencies are
calculated by diagonalization of the dynamical matrix,
which is the second derivative of the energy scaled by the
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Fig. 17. Calculated OH stretching frequency, von (cm™'), as a
function of the electric field gradient in the equilibrium H position,
in atomic units (1 au=9.7174 x 10*! Vm™2). Symbols as in Fig. 16.
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atomic masses, the Coulomb contribution to voy is
the second derivative of the Coulomb potential, i.e. the
electric field gradient (EFG) tensor, calculated in
the equilibrium H position. The EFG created by a
negative charge down shifts the frequency voy and
hence increases the proton acidity. The influence of the
EFG on the OH stretching frequency is known from
previous computational studies on a variety of systems,
including the AI*/Si*" defect center in zeolites
[101,104,105]. There, the authors compared the proper-
ties of the same dopant ion (Al) in different zeolitic
structures, and found a linear correlation between the
calculated values of voy and the EFG. In our work, we
compare instead the calculated value of voy for different
dopant ions; in such a case, the correlation of voy with
the EFG (Fig. 17) is lost. Contrary to the study of Refs.
[101,104,105], in which the local structure of the defect
center (Al-Oyx—Si) was very similar for each zeolitic
structure examined, the local structural parameters of
different dopant ions in the same polymorph show
much more appreciable variations; for instance we see in
Table 10 that the M—H distance varies from 2.321 A (for
Si**/P>") to 3.203 A (for Sr*>* /AP "). It is not surpris-
ing, therefore, that the simple correlation found in
Refs. [101,104,105] is lost here. Both the Coulomb
potential and the EFG generated by the chemical
substitution in the framework, decay on moving away
from the dopant ion; we would therefore expect that the
further away the acid proton is from the dopant in its
equilibrium structure, the less the OH group is
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perturbed by the M dopant. The correlation between
vou and the M—O and M-H equilibrium distances is
therefore of interest to examine explicitly. Of course, the
M-0 distance is also a measure of the ionic radius of the
dopant. Among all the structural parameters investi-
gated, the MH distance (Fig. 18c) is perhaps the one that
shows the best correlation with voy. Zeolites and AIPOs,
however, do not follow the same correlation, but rather
form two distinct classes with a different shift in the
calculated frequency. The dopant ions whose calculated
vou deviates most from a linear behavior as a function
of the MH distance are Ca and Sr in AIPO. These are
also the biggest dopant ions examined, and cause a large
structural relaxation in the AIPO framework; the
equilibrium structure of Ca and Sr in the AIPO
framework is therefore substantially different from that
of the other dopant ions. In particular the Bronsted OH
group in Ca-AIPO34 and Sr-AlPO34 points towards a
second oxygen of the framework. We consider that this
hydrogen bonding-type of interaction contributes to
downshifting the calculated value of voy for the Ca and
Sr dopants, and explains their deviation from the
correlation of the acidic strength with the inverse of
the MH distance. Be’" in AIPO-34 and B’' in
chabasite also cause a different local structure around
the Bronsted OH group, as they are stable in trigonal
coordination. In the latter case, the framework is
effectively broken along the bond between the dopant
and the acid OH group, which contributes to increasing
the M—H distance, and to decreasing the acid strength of
the site, compared to the value expected on the basis of
their ionic radius.

The results discussed above indicate that the biggest
influence on the acid strength of doped zeolites and
AIPOs is given by the ionic size of the dopant ion M.
Within the structural limitations imposed by the relative
size of dopant and host framework ions, smaller
dopants yield shorter M—O and M—H distances in the
equilibrium structure, and have lower voy, hence are
stronger acids. However, since the equilibrium local
structure around the Brensted OH group is very
dissimilar among the dopant ions examined, correlating
the acid properties with a single structural parameter
related to the chemical nature of the dopant is not
satisfactory. Subsets of dopants do exist, whose acid
strength correlates with the chemical nature of the
dopant; however, extension of the study to a wider range
of low valence dopant ions shows that the correlation
within the subsets is fortuitous, and not the result of a
law with general validity. Our results do not therefore
support a simple correlation between the acid strength
of doped zeolites and AIPOs with either ionic radii [97],
electronegativity [98] or bond angles [99,100] proposed
in the literature. The complex behavior displayed by
zeolites and AIPOs makes an optimization of their acid
properties more suitable for a combinatorial approach,

to which computational studies of the type reported here
can make a substantial contribution.

5.2. Lewis acidity in transition metal-doped
microporous AIPOs

The origin of Lewis acidity in microporous frame-
work oxides has been extensively debated [106,107].
Experimental data considering the adsorption of Lewis
basic molecules in doped AIPOs show the presence of
two distinct adsorption sites, attributed to the frame-
work Brensted and Lewis acid sites [103,108]. When
transition metal ions are incorporated in the framework,
the Lewis acidity is likely to be associated with the
transition metal centers. Not all the dopant ions,
however, interact in the same way with Lewis bases;
for instance, AIPOs containing Ni*" jons have less
pronounced Lewis acidity than their Co and Mn
analogues [103]. The results of our QM calculations
described in Section 4, in particular the calculated
electronic distribution of the transition metal dopants
and the orientation of the empty d atomic orbitals (AOs)
on the metal site, can be used to examine the origin of
their Lewis acidity. The dopants on which we focus here
are the 2+ and 3+ transition metal ions in AIPO-34. In
addition to the UHF calculations, the electronic
structure of the Ni** dopant has been studied also with
the B3LYP density functional Hamiltonian [36]. In
transition metal-doped AIPOs, the unpopulated and/or
partially filled d AOs of the transition metal site are
obvious candidates to explain the presence or absence of
Lewis acidity in the framework. To investigate this
feature, we have calculated the total and spin electronic
density of each metal dopant in its equilibrium structure
[109]; the result is plotted in Fig. 19 for the low valent
2+ ions, in the plane containing the M—Oyx—P unit. In
each plot, the continuous and dashed black and green
lines are the isodensity levels calculated from the spin
density. Not all the interstitial space within the
microporous framework is accessible to adsorbed
molecules: the Pauli repulsion caused by the overlap
between the electronic density of the molecule and of the
framework atoms, in fact, makes the adsorption process
energetically unfavorable when the molecule is too close
to the framework atoms. How close the adsorbed
molecules can approach the framework and its active
sites depends on the radial extent of the electronic
density of the framework itself. To have an indication of
this feature, we have calculated the total electronic
density of the doped materials; in Fig. 19 we plot in red
the isodensity level of 0.01au, which represents an
“effective” framework size.

The transition metal ions investigated have a partially
filled d shell, with electronic configuration ranging
between the d® of Cr*™, to the d® of Ni*". All are
stable in high spin state. The spin density of Fig. 19
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Fig. 19. Electron density maps for the undervalent 2+ transition
metal ions in AIPO-34. The black and green lines represent the spin
density, plotted between —0.05 and +0.05 au at linear steps of 0.005 au
(black), and between 0.001 and 0.005au at linear steps of 0.001 au
(green). Continuous and dashed lines refer to positive and negative
spin density, respectively. The continuous line is the isodensity level of
0.01 au calculated from the total electronic density, and represents the
effective size of framework. The dopant ions are Cr* " (a), Mn? " (b),
Fe?" (c), Co?" (d) and Ni* (e). The plot (f) refers to the solution for
Ni?*, calculated with the B3LYP Hamiltonian.

represents the distribution of the half-filled d AOs of the
metal dopant. When considering the Lewis acidity of
open shell transition metal ions in the high spin state, we
have to distinguish between ions with less than half-
filled d AOs (i.e. with electronic configuration d®) —d®),
and ions with d AOs at least half-filled (with electronic
configuration d®—d®)). In the former case the spin
density represents the orbitals which are least active
towards Lewis acidity: they are half-filled, while the
other d orbitals are empty and therefore stronger Lewis
acids. In the latter case, instead, the spin density
represents the d orbitals responsible for the Lewis
acidity: they are half-filled, while the remaining levels
are completely occupied by two electrons, and hence
inactive for Lewis acidity. We clearly see in Fig. 19 that

the orientation and radial extent of the spin density
differs according to the electronic configuration of the
dopant ion. As a result, the extent of spin density that
spills outside the Pauli repulsion area (thicker line)
varies considerably among the dopants. The Lewis-
active orbitals of Ni*" are oriented along the frame-
work; a molecule inside the microporous cages of a Ni-
doped AIPO will therefore be subject to Pauli repulsion
from the framework before having an effective interac-
tion with the Lewis active orbitals of the Ni ion. This is
not the case, instead, for Mn, Fe and Co dopant ions;
molecules in Mn, Fe and Co-doped materials can
undergo an appreciable chemical interaction with the
Lewis-active orbitals before being repelled by the
framework. We consider that this result explains
effectively the origin of Lewis acidity in the latter
frameworks, and its absence in the Ni-doped materials,
in agreement with the experimental results of Ref. [103].
The presence of empty d states on the transition metal
site, oriented perpendicularly to the framework struc-
ture, is necessary to initiate a Lewis acid/base interaction
with adsorbed molecules.

To investigate whether this result depends on the
Hamiltonian employed in the calculations, we repeated
the study of Ni-AlIPO34 with the B3LYP density
functional. We find no significant qualitative changes,
suggesting that our results have general validity. It is
also important to notice, in Fig. 19, that for the 2+
dopant ions, spilling of the spin density outside the Pauli
repulsion area is most effective on the side of the
framework opposite to the proton. This feature suggests
that the interaction of Lewis bases with the 2+
transition metal ions is most effective when the molecule
can approach the framework from the side opposite to
the protonated oxygen, while interaction of the ad-
sorbed molecule with the Bronsted acid proton prevents
an acid/base interaction of Lewis type with the transi-
tion metal ion. We refer to this structural requirement as
an attack from behind of the Lewis basic molecule to the
transition metal dopant [109]. This suggestion of our
computational work is indirectly supported by experi-
mental work on Co®"-doped AIPOs [110,111], in which
the authors found that to achieve complexation (Lewis
interaction) of the framework Co”" ions by acetonitrile,
the Co—Oy bond must be broken, i.e. that Lewis and
Breonsted acid interactions are mutually exclusive. Such
a structural property of Lewis-type interactions is able
to differentiate the Lewis acidity of different AIPO
frameworks. We expect the transition metal ions to be
more Lewis active when they are located in open regions
of framework, where the space behind the dopant and
the protonated oxygen is not protected by other
framework ions. This is achieved in zeotypic frame-
works with intersecting channels, or with single walls
between large cages, such as the Chabasite topology.
Dopants in framework structures with one-dimensional
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channels made of ‘double wall’ building units, found in
AIPO-5 and AIPO-11, are instead expected to be less
Lewis active [109]. This result may explain why,
experimentally, the Lewis acid behavior of Co-AlPO-5
towards the adsorption of acetonitrile was found similar
to that of Co-AIPO-11 [81], but different from that of
Co-AIPO-18 [110,111]. We leave open for further
experimental verifications this prediction of the compu-
tational work.

5.3. Redox activity of transition metal ions
in microporous AIPOs

Despite the importance of selective oxidation reac-
tions in the manufacture of fine chemicals, finding a
catalyst with the right compromise between redox
activity and selectivity remains a challenging task
[112]. Transition metal-doped AIPOs (MecAIPO) are
active heterogeneous catalysts for the selective oxidation
of hydrocarbons [2]; not all the transition metal ions,
however, confer the same activity to the catalysts (see,
e.g. [12,113,114]).

In Section 4.3 we have described the calculated
energetics for the inclusion of Crl/M M pell/I
and Co™! jons in the framework of AIPO-34.
Combining the information for the M" and MM
dopants, we can evaluate the redox energy for the M"/
M™ couple in the MeAIPO catalysts, and calculate their
redox potential. This has been performed by using
hydrogen as reductant, according to Eq. (9):

1
MMAIPO-34 + SH A MITHAIPO-34, )

The results of our calculations are summarized in
Table 11. Among the transition metal ions investigated,
Fe is the most stable in 3+ oxidation state when
incorporated in the AIPO framework, while Mn is the
most stable as +2 ion. Cr and Co have intermediate
behavior and can switch more easily between the two
oxidation states. We have examined the redox behavior
of the Co"/Co™ couple in AIPO-34 also with a DFT-
GGA Hamiltonian [115]. The calculated redox energy is
consistent with the HF results: —1.18eV/ion (GGA),
and —1.07eV/ion (HF).

The crystalline environment of the redox active ions
plays a crucial role in determining their redox potential.
In Table 11 we compare the redox energy of the M"/
M couples in AIPO-34, with the redox energy for the
hexaaqua complexes [M'"(H,0)¢s] and [M™(H,0),
calculated with the same settings employed for the
crystalline MeAIPOs. The redox energy for the same ion
varies appreciably as a function of its chemical environ-
ment; this change is especially large for Cr, due to the
destabilization of Cr’" in a tetrahedral crystal field,
which in Section 4.3 we estimated as being more than
l1eV. The interaction of the metal ions with their

Table 11
Redox energies of the M /M couples investigated, as a function of
the chemical environment of the redox-active ion M

AE" (eV) Cr Mn Fe Co

AlIPO-34, HF —0.61 —-2.67 +0.94 —1.07
AIPO-34, DFT [115] — — — —1.18
Hexaaqua complex +0.34 -3.04 +0.65 —1.31
Standard cell voltage (V) [84] —0.41 +1.54 +0.77 +192

The standard electrochemical cell voltage, V, is also reported (note that
for the convention used in Eq. (9), and in the definition of the cell
voltage, thermodynamically stable processes correspond to negative
values of AEM/M and positive of V).

crystalline environment, therefore, is crucial in defining
the redox potential. Tabulated redox potentials, such as
the standard electrochemical series [84] (also reported in
Table 11), do not apply to describe the redox behavior
of different ions in the AIPO framework; the redox
potential in the catalyst has to be evaluated explicitly,
taking the effect of the crystalline matrix properly into
account.

The scale of redox strength proposed in Table 11,
when coupled with experimental data on the catalytic
activity of different dopant ions in the same AIPO
framework, can help us identify the mechanistic details
of the catalytic reaction.

As a general rule, each redox catalytic cycle in
MeAIPOs will involve at least two elementary steps,
which we can identify with the reduction of the M>"
dopant to Me*", and with its reoxidation from 2+ to
3+ oxidation state. The relative performance of the
different M"/M™ dopants will depend on which
elementary step is rate determining for the catalytic
reaction and in the experimental conditions examined.
Framework type, temperature, partial pressures of
reagents and products, can each influence the relative
rate of the two elementary steps, and hence also the
relative activity of Fe, Co, Mn and Cr-AlPO catalysts. If
we assume that the rate determining step in the catalytic
cycle involves the reduction of M** to M, our
calculations predict the relative activity to decrease in
the order of MnAIPO > CoAIPO > CrAIPO > FeAIPO.
An example has been reported by Thomas et al. [113]:
MnAIPO and CoAIPO are found to have high activity in
the regioselective oxidation of linear alkanes by mole-
cular oxygen. The authors report that, in the course of
the partial oxidation, the transition metal ions are
reduced to their +2 states. If the rate determining step
involves the reoxidation of the M>* dopant ion to M>*,
we expect a reverse order of activity, i.e. FeAIPO>
CrAIPO > CoAIPO > MnAIPO. Thomas et al. [12], for
instance, reported that FeAIPOs shows catalytic activity
superior to that of the Co and Mn-substituted analogues
for the selective oxidation of cyclohexane in air. The
authors attributed this results to the fact that only a
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small proportion of the Co®>* and Mn" ions that are
isomorphously incorporated into the AIPO-36, AIPO-11
and AIPO-5 structures are convertible into the +3
oxidation state by O, or dry air, in contrast to Fe’"
which is completely converted into Fe*> . This behavior
is in agreement with our results.

Finally, if the two elementary steps described above
have comparable rate, we would expect CrAPO and
CoAPO catalysts to be the most active, as Cr and Co are
the ions that can more easily change their oxidation
state in either direction. Experimental results by Luna
et al. [114], concerning the redox activity of different
dopants in the AIPO VPI-5 framework, for the
oxidation of cyclohexane under mild conditions, show
that CrAPO has the highest activity, and MnAPO the
lowest. Comparing the relative activity of different
dopants in the oxidation of cyclohexane from Refs.
[12,114], suggests that the cyclohexane oxidation pro-
ceeds via different mechanisms in small and large pore
AIPO catalysts. The VPI-5 structure has larger pore size
than the catalysts used in Ref. [12]. In a small-pore
material, the alkane molecule can only ‘crawl’ in the
micropores of the catalysts, yielding an effective contact
with the active sites; in contrast, the interaction is
weaker in a large-pore material. We therefore expect
kinetic control of the reaction in small-pore catalysts,
and thermodynamic control in large-pore materials,
explaining the different relative activity of the same
dopant ions in different microporous architectures.

6. Modeling of reaction mechanisms

Until now, we have examined the chemistry of
transition-metal dopant ions in the microporous frame-
work of zeolites and AIPOs, and discussed the implica-
tions that it can have on the catalytic activity of the
solid. Of course, ultimate computational control of the
reaction steps taking place in the microporous environ-
ment should be seeked by modeling the complete
reaction path, from the initial reagents to the final
products, including the catalyst regeneration at the end
of the catalytic cycle. This is still a formidable
computational task; in principle, it requires us to
identify all the stationary points (reagents, intermedi-
ates, products and transition states) of the potential
energy surface, in the configurational space defined by
the atomic coordinates of each constituent atom of the
system (reagents, catalyst and solvent). Chemical intui-
tion, mathematical algorithms, and calculated energy
relative to the reagents help us limiting the possible
options; however, locating all possible transition states
and intermediates to define the reaction path is not
straightforward. The study of reaction mechanisms in
the porous systems is exemplified here by the epoxida-
tion of alkenes on porous titanosilicates. Ti-doped

silicates, in both their micro- and meso-porous variants,
have remarkable catalytic efficiency in the oxidation of
small-chain hydrocarbons, such as the conversion of
alkenes to epoxides, under mild conditions and using
peroxides as sacrificial oxidants [116,117]. Joint experi-
mental and computational work in our Laboratory
has recently been dedicated to study both the active
site structures and the mechanisms of the catalytic
reaction. For a detailed discussion of the computational
work performed, and its relation to the computational
and experimental literature, the reader is remanded to
Ref. [43].

XAS, IR and UV-vis spectroscopies, and computa-
tional studies have demonstrated that the Ti'V center is
four-coordinate in a dehydrated medium, and reversibly
increases its coordination number to 5 or 6 under
exposure to water or peroxides [118,119]. The mechan-
ism of the catalytic reaction is thought to include as
intermediate a Ti-peroxo complex; the exact nature of
the oxygen-donating species in the catalytic cycle,
however, is still under debate. In microporous titanosi-
licates, cleavage of one or more Ti—O-Si bonds of the
Ti with the crystalline matrix is known to occur,
generating tripodal (—SiO-);Ti(-OH) and/or bipodal
(-SiO-),Ti(—OH), sites [120]; the presence of the
terminal OH groups is shown by FTIR. In mesoporous
Ti-MCM41, a combination of in situ FTIR and XAS
data identified unambiguously the presence of tripodally
anchored Ti'V centers [121,122]. A tripodal Ti'V species
is therefore a valid starting model of the active site,
which is applicable to both micro- and meso-porous
titanosilicates. We have modeled this site in our
calculations with the (H;SiO-);Ti-OH molecular frag-
ment shown in Fig. 20, as described in Section 2.3.
Concerning the reaction mechanism, several pieces of
information are available in the literature (see [43] and
references therein). Ti-peroxo intermediates in the liquid
phase are known to contain both »' and 5> species, in
which the peroxide molecule acts as a mono-(y') or
bi-dentate (%) ligand. Neutral, anionic and radical Ti-
peroxo species have all been identified in protic solvents.
Each combination of coordination mode and electronic
states listed above has been suggested to apply in

Fig. 20. (H3SiO-);Ti-OH molecular fragment employed in our
calculations to represent a tripodally anchored Ti'V species in
titanosilicate catalysts.
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titanosilicate heterogeneous catalysts. An accurate
structural and energetic characterization of these com-
binations, which can be achieved with a combination of
modeling and in situ experimental studies under
operating conditions, would provide valuable informa-
tion on the true reaction mechanism.

In the first step of our investigation, we have therefore
employed DFT calculations, using the (H3Si0-);Ti—-OH
cluster, to study the geometries and energies of the
possible Ti-peroxo complexes suggested as oxygen-
donating intermediates in the catalytic cycle. H,O, has
been used as oxidant, for computational convenience,
although selected calculations (not reported here) have
been repeated with TBHP [43] to compare with
experimental results. We have initially optimized the
geometries of hydrated (six-coordinated) and de-hy-
drated (five-coordinated) #*> complexes, arising from the
reaction of H,O, (and water) with the (H3;SiO-);Ti-OH
cluster. Formation of the Ti(y>~OOH) complex occurs
via attack of the peroxide on the tetrahedral Ti center,
with subsequent proton transfer from the peroxide to
the hydroxyl ligand. The anionic and radical 5> species
are found ~ 600 and ~400kJ/mol unstable, suggesting
that they are not accessible under mild reaction
conditions. In agreement with the widely accepted
proposal that tetrahedral Ti can reversibly expand its
coordination to six in hydrated media, we find that all
the n?> Ti-peroxo complexes are stably hydrated. The
water ligand is weakly bound to Ti (with a hydration
energy of 25-46 kJ/mol depending on the charge state of
the peroxo ligand), suggestive of physisorption, and
does not influence significantly the mode of coordina-
tion of the peroxo ligand to Ti. The #*> Ti-peroxo
intermediate is 19 kJ/mol more stable than the isolated
Ti center and H>O, molecule when dehydrated, and
44 kJ/mol when hydrated. A similar series of results is
observed for the 5! intermediate, which arises from a
monodentate attack of the peroxide molecule to Ti, and
subsequent proton transfer from the peroxide to the OH
ligand. The formation of an anionic #' peroxo

(a) (b)

intermediate is unfavorable, with a cost of ~600kJ/
mol. In accordance with the results for the 5> species,
hydration is exothermic (by 24 kJ/mol) also for the 5!
Ti-peroxo adduct, and the »' intermediate is stable with
respect to the isolated H,O, and Ti center; the energy
gain is of 41kJ/mol when dehydrated, and 65kJ/mol
when hydrated. We further examined the effect of
proton transfer on the structure and energetics of the
two Ti-peroxo intermediates. This has been achieved by
transferring the peroxidic proton between the two
peroxidic oxygens, and reoptimizing the structures. In
the #> complex, the original structure has been restored,
while for the ! adduct this procedure produced a new,
stable ' Ti-peroxo complex, denoted as Ti(y'-O,H»).
This is formed through a monodentate (') binding of
H>O0, to Ti, with hydrogen bonding (but not deprotona-
tion) from the peroxide molecule to the OH ligand.
Upon hydration of this cluster, the water ligand
interacts with the peroxide molecule and not directly
with the Ti center. The Ti('-O,H,) adduct is the most
stable, with a formation energy of —42 and —87kJ/mol
in dehydrated and hydrated states, respectively. The
three stable intermediates described above are illustrated
in Fig. 21.

In addition to the DFT calculations, we have
performed in situ structural studies of Ti-MCM41 using
EXAFS. During the actual epoxidation, the XAS study
yields the steady-state structure at the Ti'V center, from
which we derived that six oxygens surround the Ti, two
of them at distances greater than 2.2 A. XAS measure-
ment also indicate that, at steady-state, no alkene is
bound to the Ti'V-centred active site.

Each of the calculated structures for the »' and #?
intermediates has been used to generate simulated
EXAFS data (using full multiple scattering procedures),
and compared to the experimental result. The six-
coordinate #' and #? intermediates have an equally good
fit (the result for the > complex is shown in Fig. 22),
while none of the other electronic states examined,
which have higher calculated energy, agrees with the

Fig. 21. Geometry optimized structure of the three stable Ti-peroxo intermediates found in our calculations: (a) #' monodentate complex; (b) #?

bidentate complex; and (c) ' O,H, complex.
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Fig. 22. (a) Structure of the 5> Ti-peroxo intermediate as determined from Ti K-edge EXAFS data and DFT calculations (DFT numbers are in
parantheses); (b) correspondence between experimentally determined EXAFS (full line) and computed data (dashed line) for the Ti""-centred catalyst

during epoxidation.

experimental observations. For the Ti(y'-O,H,) the
agreement with experiment is not good, even though its
calculated formation energy is the most favorable.
Because the peroxide molecule remains intact upon
binding to the Ti site, it is possible that this intermediate
could have a short lifetime under reaction conditions,
and be undetectable by XAS.

Once the stable intermediates have been identified, we
proceeded with the characterization of the transition
states (TS) that lead to their formation. This procedure
enables us to estimate the activation barrier for the
formation of each structure, and hence judge whether
such intermediates can be reached under different
reaction conditions. The TS in a simulated reaction
path is defined as a saddle point in the potential energy
surface (PES), which corresponds to a Hessian matrix
(second derivatives of the energy with respect to the
nuclear coordinates) with one negative eigenvalue. The
search for a TS in the presence of structural constraints
is made more difficult by the fact that the constraints
themselves give rise to negative eigenvalues in the
Hessian matrix. We recall that in our work we have
fixed the outermost Si ions of the cluster during the
geometry optimizations, and also in the TS search, to
represent the rigidity imposed on the active site by the
crystalline matrix. However, the effect of these con-
straints should be minor, compared to the mode
associated with the TS. The TS search in these
conditions corresponds to searching for a point in the

PES in which the Hessian matrix has one dominant
negative eigenvalue; this has been performed in our
calculations by linear and quadratic synchronous transit
techniques, coupled by mode-following algorithms
[123,124]. From the TS, the intrinsic reaction coordinate
is defined as the eigenvector of the Hessian associated
with the dominant negative eigenvalue; this vibrational
mode tracks, on either side of the TS, the steepest
descent path to reagents and products. Thus, once the
TS for a reaction step is known, the reagent and product
associated with it can be unequivocally identified. For
the n? intermediate, for instance, the dominant negative
eigenvalue is associated with a H-stretching mode from
the peroxide fragment to the Ti-OH group. Once the
vibrational mode indicative of the reaction pathway is
found, this information has been used to form new
starting geometries, and to determine the associated
reactant and product. We moved the H atom manually
on either sides of the TS, and used these starting
configurations in geometry optimizations to track the
full reaction path. Fig. 23 shows the resulting energy
profile for n' and #* intermediates; the calculated
activation barriers are in each case of ~40kJ/mol.
Both are therefore expected to be present during the
catalytic turnover.

Alkene epoxidation is expected to occur on one of the
Ti-peroxo intermediates described above. Again, the
particular mechanism in this reaction step is unknown.
The first question to understand is which oxygen in each
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Fig. 23. Calculated energetic pathways, from the bare active site and isolated peroxide to the 5! (left) and »? intermediates (right).

of the peroxo complexes is most likely to be donated to
the alkene. Since the interaction of an electron-rich
alkene double bond with a nucleophilic peroxidic
oxygen atom is repulsive, it is thought that the most
electrophilic oxygen will form the epoxide. A Mulliken
population analysis of the oxygens in the energy-
minimized intermediates shows that, in each structure,
the peroxide oxygen closest to the Ti center has lower
net charge. The only exceptions are due to the presence
of electron-withdrawing groups as substituents in the
structure [125]. This result suggests that the alkene will
preferentially interact with the oxygen atom closest to Ti
in the intermediate. In order to define suitable starting
geometries for modeling the interaction of alkenes with
the Ti-peroxo intermediates, we followed a frontier
orbital approach, and compared the energies of the
HOMO and LUMO in the intermediate and alkene
molecule. For both n' and #? structures, the interaction
between the LUMO of the catalyst and the HOMO of
the alkene is favorable (the energy gap is 200 kJ/mol
smaller) compared to the converse interaction involving
the LUMO on the alkene and the HOMO of the
catalyst. Furthermore, the LUMO-HOMO gap for
propene is ~ 50 kJ/mol lower than for ethene, suggesting
a higher reactivity of propene, also known from
experiment. The starting geometries for modeling the
interaction of the alkene with the Ti-peroxo intermedi-
ates have therefore been constructed by orienting the
alkene molecule so that its HOMO overlaps with
the LUMO of the catalyst. We start our discussion
from the n' complex, shown in Fig. 24. Energy
optimization of this structure results in spontaneous
formation of the epoxide, expulsion of water and
regeneration of the original catalyst. This reaction step
is illustrated in Fig. 25a; at no point does the alkene
interfere with the anchoring silanol bonds. Initial
docking of the alkene molecule to the Ti-peroxo
intermediate incurs a small energetic cost, of less than

Fig. 24. Starting geometry for the ethene attack on the peroxidic
oxygen closest to the Ti center, in a ' Ti-peroxo complex.

15kJ/mol; however, formation of the epoxide is highly
exothermic. The products are 171 kJ/mol more stable
than the isolated reactants.

Interaction of the alkene with the 5? intermediate was
initiated by positioning the alkene double bond parallel
to the peroxide molecule; optimization of this structure
leads to an alcohol-type functionality (see Fig. 25b),
which may be responsible for the formation of diol by-
products observed experimentally [126,127]. The OH
ligand hinders other directions of attack of the alkene
molecule to the peroxidic oxygen closest to Ti. We
finally considered the Ti(y'-O,H,) intermediate; as for
the other #! intermediate, energy minimization results in
spontaneous epoxide formation, as shown in Fig. 25c.

Our calculations, therefore, are able to elucidate the
complete reaction mechanism (see Fig. 26) by which the
titanosilicate catalyst operates in the epoxidation of
alkenes under mild conditions and using peroxide
molecules as oxidant. This detailed information is
crucial to optimize and/or modify the catalytic perfor-
mance; although applied now to a reaction that is
well known to experimental studies, similar reaction



526 F. Cord et al. | Journal of Solid State Chemistry 176 (2003) 496—529

(b)

(c)

Fig. 25. Calculated initial and final states for the interaction of ethene with (a) the 5!, (b) the #?, and (c) the '-O,H, Ti-peroxo intermediates,

and calculated reaction energies.

modeling strategies will be increasingly applied in the
future to design computationally new catalysts and
reactions pathways, to input into experimental pro-
grammes.

7. Conclusions

We have presented a thorough computational study
of pure and transition metal-doped zeolite and AIPO
frameworks, in which we have examined several
fundamental topics of these heterogeneous catalysts.
Periodic QM calculations show that AIPO frameworks
have a molecular-ionic character, and are composed of

discrete A" and PO3~ ions, while zeolites are built
from a continuous semicovalent network of Si—O bonds.
Analysis of the calculated electronic density also
suggests that the 7-O (T=Al Si, P) bonding features
are a local property of the solid, and are only marginally
affected by the long-range crystalline structure. A
statistical analysis of the structure of known zeolite
and AIPO polymorphs shows that in both framework
types the local geometry of the T sites can easily adapt
to the three-dimensional connectivity of the structure, or
to substitutent atoms, by bending the flexible 7-O-T
angles. This feature is crucial to enable the rich
polymorphic variety and defect chemistry observed in
zeolites and AIPOs, and also plays a role in defining
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their catalytic activity. The flexible nature of the
framework, in fact, enables the coordination number
of the active site in the framework to vary during the
catalytic cycle without a high energetic toll. In agree-
ment with the ionicity of the Al-O bonds, AI’"
introduces little angular strain in the AlOy4 tetrahedra,
compared with the covalent PO, unit, where angular
constraints are more important.

The chemistry of the undoped frameworks influences
the incorporation of different dopant ions: ionic
substitutional dopants replace more readily Al in AIPOs
than Si in zeolites. We have examined 23 substitutional
dopants in the isostructural framework of chabasite
and AIPO-34 and with a consistent computational
technique, enabling extensive comparisons between
the atomic, chemical and structural properties of the
dopant, and their effect on the microporous framework.
The dopant ions examined cover most of the isomor-
phous framework replacements known to occur experi-
mentally, but also framework replacements that have
not yet been achieved. In this case, ab initio modeling
techniques are employed in a predictive way. Our results
show that the ionic size of the dopant has a major role
in characterizing the properties of the doped frame-
works; it has a clear influence on a range of features of
the doped materials, from the local distortion around
the dopant to the incorporation energy of the dopant in
the framework, its site ordering, and the acidity of the
catalyst. Our calculations, however, do not suggest
simple correlations between the atomic properties of the
dopant ion and the catalytic activity of the doped
frameworks. The complex catalytic behavior displayed
by zeolites and AIPOs depends on a combination of
structural and chemical properties of the active site,
which must be evaluated on a case-by-case basis.
Accurate QM calculations can help us to characterize

this complex behavior. In order to rationalize the defect
chemistry of zeotypes, we have partitioned the frame-
work T sites into caged and free according to their local
structural constraints. In the former case, the framework
forms a rigid structure around the site, while the free T
sites are located in more flexible regions of the frame-
work. Dopant ions are preferentially located in the free
T sites, a feature that is also essential to enable their
chemical reactivity.

From a methodological point of view, the extended
nature of crystalline zeolites and AIPOs is best suited for
techniques that employ periodic boundary conditions;
however, the local nature of the chemistry in the
framework of zeolites and AIPOs is such that small
molecular fragments cut out of the three-dimensional
solid are representative enough to include the major
contributions to the chemical reactivity of the active
sites. Furthermore, the framework flexibility absorbs
chemical and structural strains, and minimizes the effect
of long-ranged structural constraints on the active sites.
Less expensive molecular calculations can therefore be
employed to study the mechanisms of reactions catalyzed
by zeolites and AIPOs. This feature has been exploited to
perform a computational study of the alkene epoxidation
on titanosilicates. We have identified a range of inter-
mediates and transition states in the potential energy
surface that links reagents and products. Both mono- (')
and bi-dentate (%) attack of H,O, to the Ti site can occur,
yielding three stable intermediates. Upon interaction of
the intermediates with alkenes, the n' species lead to
epoxidation, while the 5? species is potentially responsible
for the formation of diol byproducts. Mastering the
atomic steps of a catalytic cycle is crucial in the design of
new catalysts with improved activity and/or selectivity,
which is a field that will greatly benefit from the powerful
insight enabled by modeling techniques.
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