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Abstract

The geometries of all possible Si–O(H)–Al Brönsted centres within five hydrogen form (H-form) aluminosilicate frame-
works, ABW, CAN, CHA, EDI, and NAT, were optimised using a full periodic ab initio Hartree–Fock LCAO scheme at the
STO-3G level. A distributed multipole analysis (DMA) was then applied at the ps-21G∗(Al, Si)/6-21G∗(O, H) level in order to
obtain the multipole moments. Simple analytical approximations of the dependence of the Mulliken charges and atomic dipole
moments with respect to the average bond distance, the anisotropy between the Al–O and Si–O distances, and the Si–O–Al
angle for all crystallographically independent types of oxygen atom were derived on the basis of all optimised models. The
nuclear quadrupole coupling constants for17O are calculated for all oxygen positions and compared to the experimental values
measured for zeolites A, LSX, and Y. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogen forms (H-forms) of numerous sieves and
zeolites are important active catalysts largely used in
industrial scale MTG and MTO processes, catalytic
cracking, etc. [1]. The understanding of the location
and geometry of the Brönsted acid sites responsible
for these applications is thus crucial to create new and
more active catalysts. In this spirit, it was recently
shown that the OH frequency, one of the important
parameters of the H acidity, correlates well with the
electrostatic field at the H position for both the silicoa-
luminophosphates (SAPO) and aluminosilicate forms
[2]. The electrostatic interactions within the H-forms
of these materials in the absence of cations, due to
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the usually shielded Si and Al atoms, are mainly gov-
erned by O atoms. If, however, the charge values can
be estimated with an approach, such as Sanderson’s
electronegativity equalisation principle [3], a precise
representation of the electrostatic field within zeolites
merely requires the knowledge of the higher order
multipole moments [4].

Precise electrostatic field values within a frame-
work can be computed using the approximated dis-
tributed multipole analysis (DMA) scheme based
on the atomic positions as proposed by Saunders
et al. [4]. Such a scheme has been implemented in
the CRYSTAL95 [5] ab initio Hartree–Fock LCAO
code developed to tackle periodic systems. Saunders
et al. [4] showed that a precision for the electrostatic
field values below 1% using atomic moments up to
the fourth order could be reached. Unfortunately, a
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periodic Hartree–Fock (PHF) solution cannot be
obtained for systems with non-ordered positions of
the T substituting atoms, where T= Al, P, Ga, B,
Be, etc., or when the number of atoms per elementary
unit cell (UC) is relatively large.

Other theoretical methods such as Hartree–Fock or
density functional theory applied to isolated clusters
[6] and plain wave approaches applied to a whole crys-
tal [7] have already yielded geometries close to those
from experiment for the Brönsted acid sites within
the H-chabazite zeolite (HCHA). This system is often
considered as a model one because of its reasonable
size in terms of the number of crystallographically
independent types of atom. However, if the local prop-
erties could be easily estimated using cluster models,
the preferential H occupation of the different zeolite O
sites should be interpreted together with a precise esti-
mate of the long range interactions between the proton
and the whole framework. An alternative explanation
[8] compared to the one presented in [2] for the stabil-
isation of each proton being due to the size and shape
of the zeolite cages, is that it could also be related
to the different electrostatic interactions within each
cavity and channel. This means that the most precise
determination of the electrostatic field within zeolite
frameworks remains a very important task, for which
a PHF approach as developed in CRYSTAL may offer
clear advantages.

In order to avoid the problem of the field compu-
tation for disordered and “very large” zeolite frame-
works (in terms of the number of atoms per UC),
several simple approximations of the multipole mo-
ments with respect to the internal co-ordinates (bond
lengths, bond angles, etc.) were already derived for
a series of zeolites and aluminophosphates (ALPO)
with a relatively small number of atoms per UC
[9–12]. In these previous studies, such approxima-
tions were sought for the Mulliken charges on the Si
and O atoms within 13 all-siliceous zeolites [9–12]
and for the charges on the Al, P, and O atoms (to-
gether with the dipole moment values for O) within a
series of 12 ALPOs with the ratio Al/P= 1 [12].

Clearly, similar types of function should now also
be sought for the H-forms of the zeolites, consid-
ering in these cases that an appreciable variation of
the Si–O–Al geometry, because of the replacement
of a cation by a proton, should be taken into ac-
count. Unfortunately, due to the irregular locations of

the proton sites, the three-dimensional geometries of
these H-forms cannot be obtained from X-ray diffrac-
tion (XRD) data, and thus necessitates the application
of NMR spectroscopy, often together with theoretical
approaches, in order to estimate the bond distances
and angles of the bridged H moieties.

Useful information about the characteristics of the
zeolite oxygens has indeed been recently provided by
measurements of the17O chemical shift by solid state
NMR [13–15]. Four band peaks in the17O double
rotation (DOR) and dynamic angle spinning (DAS)
NMR spectra of all-siliceous faujasite were recorded
in accordance with the four O types in Y zeolite [13].
The interpretation of the four band peaks was done
with the help of cluster type calculations. The dis-
tances obtained between the peaks corresponding to
the four O types were qualitatively close those from
experiment. However, all chemical shifts of the oxy-
gens were overestimated, as well as their quadrupole
coupling constants as compared to the experimen-
tal data. Subsequently, a correlation was experimen-
tally demonstrated between the chemical shift and the
Si–O–Al angle within low silicon zeolites (NaLSX
and NaA, ratio Al/Si= 1) [15].

The perspectives of the application of CRYSTAL
for the interpretation of the solid state NMR spec-
tra look attractive in light of the determination of the
electrostatic field gradient (EFG) based on XRD data.
The resulting information from XRD is indeed lim-
ited by the orientation of the EFG tensor relative to
the crystallographic axes. Brown and Spackman [16]
clearly showed that the XRD interpretation failed if
the EFG values and asymmetry of the EFG compo-
nents are required. The PHF approach implemented in
CRYSTAL provides a more precise estimation of these
data [5].

The aim of this paper is, thus, to estimate the de-
pendence of the multipole moments on the internal
co-ordinates (bond distances, bond angles, etc.) as well
as the EFG tensor components of the O atoms in a
series of H-form aluminosilicates. In Section 2, we
will shortly present the adopted computational strat-
egy. The main features of the optimised models are dis-
cussed in Section 3.1. Sections 3.2 and 3.3 are devoted
to the presentation of the results of the approximations
of the atomic O charge and dipole (absolute value).
In the last section, we discuss the nuclear quadrupole
coupling constants, the EFG, and EFG anisotropy of
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Table 1
Symbol, number of atoms of different Al, Si, and O types (nH = nAl ), of atomic orbitals (AO) per unit cell (UC) (with ps-21G∗ basis),
and symmetry group of the H-form aluminosilicates

Name Symbol Reference Atoms/UC nAl /nSi/nO AO/UC Symmetry group

ABW HABW [18] 28 1/1/4 348 Pna21

Cancrinite HCAN [19] 42 1/1/4 527 P63

Chabazite HCHA [20] 39 1/3/8 517 R3c
Edingtonite HEDI [21] 34 1/2/5 430 P21212
Natrolite HNAT [22] 34 1/2/5 430 Fdd2

the quadrupolar17O nuclei for the considered zeolites
with comparison with the available experimental data.

2. Computational strategy

The theoretical bases for the solution of the
Schrödinger electronic problem in three-dimensions
considering periodic boundary conditions have al-
ready largely been described in the literature [5,17].
The optimisation of the partial co-ordinates of the
Brönsted centre, i.e. the Si–O(H)–Al moiety, has
been performed for a series of five aluminosilicates,
ABW [18], CAN [19], CHA [20], EDI [21], and NAT
[22] (Table 1), using the CRYSTAL95 code [5]. In
Table 1, symmetry groups for all initial cationic forms
mean non-equivalent Al and Si positions; this avoids
a decrease in symmetry when replacing a cation by
a bridged H atom. For all five frameworks, the vari-
ations of the co-ordinates of the four (O, H, Si, Al)
framework atoms involved in each type of bridged
Brönsted centre (12 variables) was allowed. The cell
parameters were kept fixed as it was shown that their
influence on the final geometry was of lower signif-
icance [7]. Only one bridged OH group per UC was
considered at a time so that the problem of optimal oc-
cupation of the neighbour OH sites could be avoided.
In the case of HABW, which has a smaller number
of atoms per UC, we also considered, for compari-
son, the optimisation of all atomic co-ordinates (21
variables). The optimisations were carried out using
the Polak–Ribiere algorithm, recently implemented
in the manner suggested by Civalleri et al. [23], with
energy convergences of 10−3 kcal/mol. The minimal
STO-3G basis set was chosen in order to handle a
reasonable number of atomic orbitals per UC, hence
leading to moderate computing times. Using the opti-
mised geometry, single point calculations were then

performed with the ps-21G∗(Al, Si)/6-21G∗(O, H)
basis set (named hereafter as ps-21G∗) in order to get
the distributed atomic moments, nuclear quadrupole
coupling constants, and EFG tensor elements of the
O atoms as implemented in the CRYSTAL code [5].

With the ps-21G∗ basis set, the SCF scheme con-
verged properly for all five zeolites. The exponents
used for the 3sp′ orbitals of Si and Al were 0.12339 and
0.17 a.u.−2, respectively, and that for the 2sp′ of O was
0.28 a.u.−2. The exponents for the d polarisation func-
tions of Si, Al, and O were optimised as 0.5, 0.45, and
0.6 a.u.−2, respectively. A standard value of 1.1 a.u.−2

was taken for the sp polarisation function on H.
All computations with the CRYSTAL95 code were

carried out on an IBM 15-node (120 MHz) Scalable
POWERparallel platform (with 1 Gb of memory/
CPU). In all cases, the thresholds for the calcula-
tions were fixed to 10−5 for the overlap Coulomb,
the penetration Coulomb, and overlap exchange, to
10−6 and 10−11 for the pseudo-overlap exchange, and
to 10−5 for the pseudo-potential series for all levels
of basis sets. A typical total geometry optimisation
of one bridged Brönsted centre (12 variables) with
the STO-3G basis set took 2–3 days on the above
cited CPU. The single point computations with the
split-valence basis were executed directly without
keeping the bielectronic integral files. The respective
shortest SCF convergence (seven to eight cycles) took
around 1.5–2 h in the case of the Brönsted centres of
the HABW zeolite.

3. Results and discussion

3.1. Optimisation of the structures

The optimised parameters regarding two atoms
(O, H), four atoms (O, H, Si, Al), and all framework
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Table 2
Geometry of the Brönsted sites (distances in Å, angles in◦) for
HABW optimised with the STO-3G basis set,N being the number
of different atoms whose co-ordinates were optimised:N = 2
corresponds to O and H, 4 is for O, H, Si, and Ala

Parameters N

1b 2c 2d 4 All

Si–O–Al 124.84 123.81 123.10 126.22 127.92
O–H 0.980 0.975 0.973 0.980 0.980
Si–O 1.648 1.686 1.695 1.764 1.752
Al–O 1.757 1.735 1.738 1.832 1.804
βe 1.2 1.1 2.7 3.5 2.5
Si–O–H 115.1 113.2 120.6 113.1 113.5
Al–O–H 120.0 123.0 116.2 120.6 118.5
1USTO-3G 51.7 48.7 46.7 11.4 0.0

a Relative energies in kcal/mol.
b Only H co-ordinates were optimised with a “rigid” framework

obtained from XRD [18] for the LiABW form.
c Initial co-ordinates correspond to case (b).
d Initial co-ordinates correspond to “cluster” modelROH =

0.980 Å, RSiO = 1.734 Å, RAlO = 1.783 Å obtained by optimisa-
tion of the O and H co-ordinates using a procedure analogous to
the DLS fitting with some weights for the fitted parameters.

e β is the angle of H deflection from the Si–O–Al plane.

atoms of HABW are compared in Table 2. A slightly
smaller Si–O–Al angle is usually observed when
varying the co-ordinates of the bridged group with
fixed Si and Al positions (cases 2c and 2d in Table
2) compared to the totally optimised geometry (case
“All”). Both models in cases 2c and 2d were built
starting from different initial co-ordinates and resulted
in a smaller Si–O and Al–O anisotropy (0.04–0.05 Å)
compared with what is usually obtained from cluster
computations (around 0.2 Å [6]) and recently from
periodic studies on the H-forms of the EDI framework
(0.13–0.18 Å) [24]. The optimisation of the positions
of the O, H, Si, and Al atoms (caseN = 4) led to a
Brönsted centre geometry which nearly corresponded
to that produced by total optimisation disregarding
the cell parameters (case “All”). Consequently, all
types of Si–O(H)–Al moiety for each H-form were
further studied after optimising the positions of the
four O, H, Si, and Al atoms (Tables 3–5).

We compared the total charges for all optimised and
non-optimised TO4 tetrahedra presenting real building
zeolite units (absolute TO4 charge values are shown in
Fig. 1). The number of crystallographically indepen-
dent TO4 tetrahedra within the five studied zeolites is

Table 3
Geometry of the Brönsted sites (distances in Å, angles in◦)
for HABW optimised with the STO-3G basis set varying the
co-ordinates of the H, O, Si, and Al atomsa

Parameters HABWb

O(2) O(3) O(4) O(1)

Si–O–Al initial 139.45 124.87 124.84 143.34
Si–O–Al optimised 139.06 126.37 126.22 143.32
O–H 0.981 0.979 0.980 0.982
Si–O 1.745 1.768 1.764 1.790
Al–O 1.809 1.828 1.832 1.861
Al–H 2.350 2.457 2.480 2.371
βc 9.7 10.4 3.5 16.3
Si–O–H 110.0 113.7 113.1 106.1
Al–O–H 112.0 118.9 120.6 109.1
1USTO-3G/1Ups-21G∗ 0.0/0.0 8.8/0.9 12.3/3.0 22.8/41.4

a Relative energies (in kcal/mol) are also given for the
ps-21G∗(Al, Si)/6-21G∗(H, O) basis set.

b Initial co-ordinates from [18].
c β is the angle of H deflection from the Si–O–Al plane.

36 (16 non-optimised units — circles and 20 optimised
ones — triangles) and 20 (all optimised — squares)
for Si and Al, respectively. Interestingly, the optimi-
sation led to a decrease in the total SiO4 charge. Only
four SiO4 units (triangles) of the HCHA zeolite, not
optimised herein, were “incorporated” into the group
(|charge SiO4| < 2.1|e|) of the “relaxed” Si atoms
(circles). These SiO4 units in the initial HCHA model
were optimised by Teunissen [20] using an empirical
shell model, which could explain their lower charges.

In accordance with XRD data, most of the zeolites
possess a distorted TO4 tetrahedra whose analyses
could be useful in order to understand its influence on
the relative stability of different zeolite forms. More
particularly, it is convenient to study distortions of
TO4 in terms of the symmetry co-ordinates. The latter
are zero for a straight Td symmetry and increase as
the tetrahedra deviate from Td symmetry. Both the va-
lence and deformational types correspond to the rows
of the irreducible representation of the F2 type within
the Td point symmetry group, that is, the stretching
(valence) distortions1s = max(ai − aj ), i, j = 1–3,
wherea1 = 1r1 + 1r2 − 1r3 − 1r4, a2 = −1r1 +
1r2 +1r3 −1r4, anda3 = 1r1 −1r2 +1r3 −1r4,
in which 1rk = (rk − R) is the displacement length
of thek-atom from the average valueR = (∑

rm
)
/4;

and the angular (deformational) distortions1d =
max(bi −bj ), i, j = 1–3, whereinb1 = 1α12−1α34,
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Table 4
Geometry of the Brönsted sites (distances in Å, angles in◦) for HEDI and HCHA optimised with the STO-3G basis set varying the
co-ordinates of the H, O, Si, and Al atomsa

Parameters HEDIb HCHAc

O(3) O(4) O(2) O(1) O(8) O(2) O(5) O(7)

Si–O–Al initial 134.76 138.27 132.47 143.38 130.70 145.55 142.68 143.08
Si–O–Al optimised 135.41 129.10 142.00 139.26 138.68 145.89 143.35 141.92
O–H 0.970 0.983 0.971 0.983 0.971 0.983 0.973 0.971
Si–O 1.775 1.827 1.746 1.676 1.740 1.716 1.750 1.719
Al–O 1.845 1.906 1.829 1.913 1.839 1.820 1.883 1.929
Al–H 2.396 2.493 2.353 2.463 2.39 2.26 2.40 2.47
βd 3.7 0.3 1.2 0.4 4.2 12.6 15.2 16.3
Si–O–H 111.6 115.3 107.5 108.2 108.1 110.3 105.1 106.1
Al–O–H 112.9 115.6 110.5 112.5 113.1 103.0 110.3 109.1
1USTO-3G/1Ups-21G∗ 0.0/0.0 15.4/14.1 16.1/34.2 62.4/59.3 0.0/0.0 16.0/51.0 76.7/72.0 80.1/76.3

a Relative energies (in kcal/mol) are also given for the ps-21G∗(Al, Si)/6-21G∗(H, O) basis set.
b Initial co-ordinates from [21].
c Initial co-ordinates from [20].
d β is the angle of H deflection from the Si–O–Al plane.

b2 = 1α23−1α14, andb3 = 1α13−1α24, in which
αkl is the Ok–T–Ol angle between the bonds with the
k- and l-oxygen neighbours of each T atom (k, l =
1–4) and1αkl = αkl − 109◦47′ (Fig. 2). Higher
valence distortions1s were observed with higher de-
formational distortions1d. Such a correlation shows
the usual distortion of the TO4 tetrahedra with respect
to both the valence and angular co-ordinates. This
tendency can be more clearly seen for the AlO4 tetra-

Table 5
Geometry of the Brönsted sites (distances in Å, angles in◦) for HCAN and HNAT optimised with the STO-3G basis set varying the
co-ordinates of the H, O, Si, and Al atomsa

Parameters HCANb HNATc

O(3) O(4) O(2) O(1) O(4) O(2) O(3) O(1)

Si–O–Al initial 135.43 148.59 149.98 135.41 135.80 129.44 139.33 141.19
Si–O–Al optimised 135.03 148.84 149.08 136.51 139.00 124.22 126.37 141.53
O–H 0.981 0.976 0.985 0.975 0.981 0.979 0.974 0.981
Si–O 1.768 1.743 1.817 1.730 1.772 1.730 1.767 1.687
Al–O 1.840 1.818 1.899 1.854 1.836 1.796 1.860 1.884
Al–H 2.44 2.28 2.40 2.35 2.34 2.29 2.38 2.39
βd 1.0 3.9 14.4 35.2 28.0 10.4 25.2 13.9
Si–O–H 108.6 106.0 101.5 106.7 107.1 107.1 105.3 108.6
Al–O–H 116.3 105.1 108.4 108.6 108.9 108.2 110.4 108.7
1USTO-3G/1Ups-21G∗ 0.0/0.0 3.1/12.6 31.7/61.0 40.6/66.1 0.0/15.4 2.6/30.3 6.6/0.0 58.6/36.4

a Relative energies (in kcal/mol) are also given for the ps-21G∗(Al, Si)/6-21G∗(H, O) basis set.
b Initial co-ordinates from [19].
c Initial co-ordinates from [22].
d β is the angle of H deflection from the Si–O–Al plane.

hedra (Fig. 2) owing to the fact that all AlO4 units
were relaxed in the course of the optimisation.

The models of the bridged Brönsted centres opti-
mised herein include a variety of bridged types, in
terms of the Si–O and Al–O bond lengths, comparable
to those usually obtained with isolated cluster mod-
els [6]. The variations among the Si–O–Al, T–O–H
angles, and T–O distances (T= Al, Si) related to
the bridged moiety are moreover remarkable among
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Fig. 1. Absolute total TO4 charge value (in a.u.) for each crystallographically independent type of TO4 tetrahedra optimised within the
five H-form aluminosilicates at the ps-21G∗ level with respect to average T–O distanceR (in Å): T = Si, non-relaxed unit (.); T = Si,
relaxed unit (d); T = Al, relaxed unit (j).

the various structures, i.e. the differences between
the Al–O and Si–O bonds range between 0.06 Å for
HABW and 0.24 Å for HEDI. The angles and bond
distances nearly correspond to isolated cluster mod-
els [6], such as O(1) in HEDI, O(7) in HCHA, and
O(1) in HNAT. Very close models with lower Si–O

Fig. 2. Correlation between the deformational distortion (in◦) 1d = max(bi − bj ), i, j = 1–3, bi being the angular co-ordinate, and the
valence distortion (in a.u.)1s = max(ai − aj ), i, j = 1–3,ai being the valence co-ordinate, for each crystallographically independent type
of TO4 tetrahedra optimised at the ps-21G∗ level within the five H-form aluminosilicates: T= Si (./· · ·); T = Al (j/—).

and Al–O anisotropy have also been optimised with
the plane wave method [7] and for the O(3) centre
in HEDI as optimised with a semi-empirical scheme
[24]. The consideration of this variety of bridged type
is very important in order to be sure that the analysis
of the lower moments presented below either is valid
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for all considered cases or would require some correc-
tions. The optimised geometry for the most favoured
H sites for all frameworks can be crudely described
by Si–O distances of 1.74–1.77 Å, Al–O distances
of 1.83–1.85 Å, and H–O distances of 0.97–0.98 Å.
The favoured resulting bridged models thus present
smaller differences between the Al–O and Si–O bond
lenghts than the models coming from isolated clus-
ter calculations [6]. Generally, the Si–O–Al angles re-
main close to those measured by XRD on the cationic
forms [18,19,21,22], which were used as the starting
H positions in our optimisations (Tables 2–5). Either
a decrease or an increase of the Si–O–Al angle was
observed relative to the initial value at the preferential
position for the bridged H atom. Al–H distances of
all optimised models ranged between the experimental
NMR estimations, 2.37± 0.04 and 2.48± 0.04 Å, as-
signed to the OH positions in the six-membered rings
and large cages of the HY zeolite, respectively [25].

The order of the relative energies for the different
H sites within the same zeolite form given by the
STO-3G optimisation coincided with those obtained
by single point calculations with ps-21G∗, with the
exception of HNAT. In some cases, the ps-21G∗ cal-
culations led to even higher differences in the relative
energies between the sites of the same H-form than
those obtained from the STO-3G optimisation. Com-
paring the relative energy values for different sites
within the same zeolite form with those previously
obtained [2,6,7,24], our calculations usually produced
larger differences. The larger energy differences are
due either to the non-complete relaxation of the struc-
ture or to the use of the minimal STO-3G basis set
for the optimisation.

The H-form of the EDI framework obtained herein
can also be compared with the recent results by
Ugliengo et al. [24]. Their geometry for all the
bridged models differs as compared to our results for
the different H positions. Their results are very close
to the cluster results mentioned above [6], mainly
because the semi-empirical optimisation method they
used was parameterised in accordance with data from
cluster DFT calculations.

3.2. Approximation of the Mulliken atomic charges

Approximate functions for the evaluation of the
atomic charges versus the internal co-ordinates of the

framework atoms obtained by analysing the “small”
size zeolites could evidently be applied to zeolite
models having a “larger” number of atoms per UC
or models with non-ordered locations of the substi-
tuting atoms in the UC. This strategy is useful when
the usual approaches for estimating the long range
interactions are difficult to apply. The search for such
functions for complicate systems such as the H-form
zeolites requires a preliminary discussion regarding
more simpler materials. In previous studies, we fitted
the Mulliken charges of all types of crystallographic
independent O atom included into 13 all-siliceous
zeolite frameworks [9–11] as well as the charges on
the Al–O–P type oxygens within 12 ALPOs [12]. A
two-dimensional function with respect to the average
Si–O distance (R) and Si–O–Si angle (ϑ) was derived
for the oxygens within the all-siliceous zeolites with a
root mean square deviation (RMSD) between the cal-
culated and approximated values of 1.23% using the
ps-21G∗(Si)/6-21G∗(O) basis set. An additional third
variable, the bond anisotropy,1R = RAlO − RPO,
allowed to represent the O charges within the ALPO
structures with an RMSD= 1.55% at the same
basis set level [12]. Here, we tried to fit an analo-
gous three-dimensional function for the O charges in
H-forms, with six parameters

Q0
0(R, 1R, ϑ) = a1enR + a2em[(1R−R0)]

× cos(ϑ − ϑ0) (1)

This function was found to be satisfactory for all three
Si–O(H)–Al, Si–O–Al, and Si–O–Si cases (the last
Si–O–Si moiety is present in the CHA, EDI, and NAT
only) with RMSD= 1.14, 0.85, and 0.84%, using 20,
60, and 24 crystallographically independent O atoms,
respectively (Table 6). It should be noted that the
differences between the minimal and maximal charge
values were around 6.6, 6.2, and 4.4% of the maximal
charge value within each of the three types of moiety.

Evidently, function (1) has an “effective” character
in the case of the Si–O(H)–Al moiety because it does
not take into account the co-ordinates related to the
H position with respect to the closest O and Si atoms.
That is why, for Si–O(H)–Al, we also tested a modi-
fication of function (1), which included an additional
isotropic dependencea3ekR′

, where R′ = ROH or
RSiH. The distanceRSiH could be related to a charge
transfer from the H to the Si atom (which should



130 A.V. Larin, D.P. Vercauteren / Journal of Molecular Catalysis A: Chemical 168 (2001) 123–138

Table 6
Parameters of the approximate function (Eq. (1)) evaluated from the calculation with the ps-21G∗ basis set of theN charges of all
crystallographically independent O types for the different T–O–T′ moieties within all five H-form aluminosilicates

Type N A1 n A2 R0 (Å) m ϑ0 (rad) RMSD (%)

Si–O(H)–Al 20 1.389 −0.161 0.361 0.699 0.568 −0.607 1.14
20a 1.391 0.098 0.510 0.466 −0.212 0.740 1.11

Si–O–Al 60 2.444 −0.509 −0.030 0.497 −1.773 3.440 0.85
Si–O–Si 24 1.270 −0.145 8.827 0.464 1.274 0.682 0.84

a Parametera3 = 0.883, k = 0.783 for eight-parameter function (1) including alsoa3ekR′
with R′ = ROH.

influence the nearest O charge) as it had been sug-
gested by the close band positions of the H and Si
atoms in the projected density of states of H-sodalite
calculated by Nicholas and Hess [25]. However, their
H-sodalite model considered relatively shorter Al–O
and Si–O distances compared to those determined
theoretically using a cluster model [6] and experi-
mentally from NMR measurements [26]. Hence, a
longer Si–H distance could explain the insensitivity
observed here to the Si–H distance for the charge
of the bridged O in the series of optimised H-forms.
Indeed, only a slightly better RMSD= 1.11% was
obtained when fitting withR′ = ROH, a3 = 0.883,
andk = 0.783. This minor RMSD decrease could be
explained by the very small variation of the OH bond
length throughout all H-form models.

An important application of the charge dependences
with respect to the approximations considering higher
order multipole moments is the subject of another
paper [27]. At this stage, it can be said that the inclu-
sion of the differences between the first neighbour O
charges as presented by dependence (1) is extremely
important for constructing the approximations for the
higher order moments of the Si and Al atoms in the
same series of H-forms. For example, such approxi-
mation for the small atomic dipoles of the Si and Al
atoms within slightly distorted tetrahedra TO4 cannot
be obtained if we consider equal (or averaged) charges
for the O neighbours. The higher the moment, the
lower the influence of the approximate co-ordinate of
the lower moments on the resulting fitting of the higher
moments. Specifically, the influence of the charge ap-
proximation on the octupole moment approximation
is very minor. Hence, this paper presents the first step
necessary for the general development of approxi-
mations of all higher multipole moments required to
compute precise values for the electrostatic potential.

3.3. Approximation of the oxygen dipole moments

Irrespective of the scheme for the electron density
partition (atomic centres only or atomic and bond
centres), complementing the atomic charges by higher
multipole terms will lead to a more precise estimation
of the electrostatic field. The importance of the dipole
and quadrupole terms has already been shown for the
adsorption of CO over a TiO2 slab [28]. This impor-
tance is illustrated here by comparing the electrostatic
potential (EP) values obtained with the ps-21G∗ basis
set (Fig. 3a) with the EP representation at three differ-
ent levels based on the neglection of parts of the atomic
multipole moments in the case of the HCHA frame-
work. Generally, the inclusion of the moments up to
fourth order should be sufficient for a correct calcula-
tion of the EP [6]. The three levels of the EP evaluation
included Mulliken charges (L = 0 in Fig. 3b) on all
atoms, charges and dipoles (L = 0 and 1 in Fig. 3c)
on all atoms, and all atomic moments up to third order
(L = 3 in Fig. 3d). Looking at EP differences in rela-
tion to spatial co-ordinates is more significant than the
EP values only because it provides a clearer separa-
tion between the various field approximations. The EP
maps were calculated in the Si(2)–O(2)–Al plane of
the HCHA framework (Fig. 3a, where the co-ordinates
of O(2) arex = 17 a.u. andy = 17 a.u.) applying the
POTM option available in CRYSTAL95 [5]. As soon
as the EP value of any other atom displaced from the
plane is lower than the one of the Si(2), O(2), and Al
atoms, the other atoms can be looked at a better reso-
lution. In order to visualise the allowed space “within
the plane”, the all EP scale ranges from−0.007 to
2.0 a.u. The space around the Si(2)–O(2)–Al moiety
was expanded by 8 Å (15.12 a.u.) in order to show
the EP behaviour within an area available for a small
adsorbed molecule. From this view, one immediately
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Fig. 3. Electrostatic potential (a) values EP(L) (in a.u.) and EP differences presented as (1-EP(L)/EP(6)) × 100 (%) obtained with (b)
Mulliken charges (L = 0) on all atoms, (c) charges and dipoles (L = 0 and 1) on all atoms, and (d) all atomic moments up to third order
(L = 3) relative to the potential representation based on the sixth order moments (L = 6). The moments are calculated at the ps-21G∗
level with respect to the Si(2)–O(2)–Al plane of the HCHA framework.L value corresponds to the upper atomic moment considered for
the EP calculation.
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Fig. 3 (Continued).

notices that a small adsorbed molecule can be lo-
cated in the left side (centred aroundx = 0 a.u. and
y = 5 a.u. orx = 0 a.u. andy = 20 a.u., respectively,
in Fig. 3a) and right lower corner (centred around

x = 25 a.u. and for y ranging between 0 and 20 a.u.)
between the framework atoms located relatively close
to the plane passing through one of the four tetra-
hedral rings of the HCHA framework.
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Comparing Fig. 3b–d, one can see that the EP
differences (1−EP(L)/EP(6)) are large along the line
EP(6)= 0 a.u. (see contour line−0.007 a.u. close to
0 a.u. in Fig. 3a) with all three levels of computation
(Fig. 3b–d). This cannot, however, be considered as
a drawback of the three representations because even
a negligible shift from EP= 0 a.u. should lead to a
sharp EP difference. Then, there are large differences
between the “L = 0” and “L = 0 and 1” evaluations
of the EP difference maps in the above mentioned
available part of framework internal space (Fig. 3b
and c). The EP evaluations allowing dipole moments
(case c) are usually three to four times better than
those disregarding them within the same space. The
EP map corresponding to the moments up to second
order is not presented as it is only slightly better than
the “L = 0 and 1” EP map. There is, however, a
sharp improvement in the map when adding octupole
moments as in case (d), which could be explained by
the relatively higher contributions of the third order
moments of the Al and Si atoms. For their configura-
tions, which are close to tetrahedral ones, permanent
non-zero electrostatic moment values lower than oc-
tupoles are forbidden.

The absolute value of the atomic dipole moment
can be expressed as

Q1 = ((Q0
1)

2 + (Q1
1)

2 + (Q−1
1 )2)1/2 (2)

whereQm
L is them-component of theL-order atomic

multipole moment (e a.u.L), within the Mulliken parti-
tion scheme of the calculation method of the multipole
moments proposed by Saunders et al. [4]. The O dipole
valuesQ1 are approximated using a two-parameter
function

Q1(ϑ) = c sin(ϑ − ϑ0) (3)

where c and ϑ0 are given in Table 7. The RMSD
values between the calculated and approximated
O dipole moments for the Si–O–Si, Si–O–Al, and
Si–O(H)–Al oxygen types are 4.44, 4.65, and 11.50%,
respectively. These rather higher RMSD values as
compared to the RMSDs for the respective O charges
(around 1%, see Section 3.2 and Table 6) should be
considered in a wider range of dipole variations be-
ing near 51, 30, and 48%, for Si–O(H)–Al, Si–O–Al,
and Si–O–Si, respectively. The ranges of the dipole

Table 7
Parameters of the approximate function (Eq. (3)) evaluated from
the calculation with the ps-21G∗ basis set of theN dipoles of all
crystallographically independent O types for the different T–O–T′
moieties within all five H-form aluminosilicates

Type N C ϑ0 (rad) RMSD (%)

Si–O(H)–Al 20 0.2475 −0.0883 11.50
Si–O–Al 60 0.2895 0.1120 4.65
Si–O–Si 24 0.3176 0.0394 4.44
Si–O–Sia 19 0.2516 0.0233 5.37

a For all-siliceous zeolite frameworks [9,10].

variation were estimated as the difference between
the extremal values divided by the maximal one.

A six-parameter function, first proposed for the O
dipole moments in a series of 12 ALPOs was hence
also applied to the H-forms studied

Q1(R, 1R, ϑ) = a1en 1R + a2em(R−R0)

× sin(ϑ − ϑ0) (4)

yielding slightly better RMSD values of 10.16 and
4.23% only for the Si–O(H)–Al and Si–O–Si oxy-
gens, respectively (Table 8). As far as involving more
complicated terms proportional toR and1R does not
lead to a higher quality fit, the simplesine function
(Eq. (3)) deserves closer attention. The dominant in-
fluence of the T–O–T′ angle on the O dipole was ob-
served earlier in the ALPO structures with the ps-21G∗
basis set [12] (Fig. 4). A similar variation of the O
dipole with the Si–O–Si angle at the ps-21G∗ basis
set level can be observed between the H-forms and
all-siliceous forms (Fig. 5). In this figure, we present
first the 106 absolute dipole values of all crystallo-
graphically independent types of oxygen for all 13
all-siliceous zeolites considered in our previous paper
at the STO-3G level [9] (diamonds in Fig. 5) along
with the 19 dipole values of five zeolites (i.e. CHA,
GME, MER, MON, RHO) calculated with ps-21G∗
[10] (squares in Fig. 5). Using the samesinecharacter
function for all O types versus the Si–O–Si angle, the
dipoles within all-siliceous forms present lower val-
ues than those of the same type within the H-forms. In
order to explain this, let us consider the multipoles in
terms of an “isolated” three-atom moiety whose cen-
tral dipole moment is related to the O atom. The con-
tribution to the moment from each of the T–O bond
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Table 8
Parameters of the approximate function (Eq. (4)) evaluated from the calculation with the ps-21G∗ basis set of theN dipoles of all
crystallographically independent O types for the different T–O–T′ moieties within all five H-form aluminosilicates

Type N a1 n a2 R0 (Å) m ϑ0 (rad) RMSD (%)

Si–O(H)–Al 20 0.177 0.784 0.2201 0.995 0.097 −0.107 10.16
Si–O–Al 60 0.718 2.883 0.1475 −1.14 0.649 0.1173 4.59
Si–O–Si 24 0.125 1.203 0.3903 1.35 0.168 0.038 4.23

dipoles will be lower for the Si–O–Al case because the
longer Al–O bond length, compared to that of Si–O,
leads to a smaller effect as compared to the decrease
in the Al charge (1.70–1.77 |e|), compared to the Si
charge (1.8–2.0 |e|). One could certify that this differ-
ence is not a consequence of the optimisation of the
co-ordinates of the oxygens because the dipole val-
ues of relaxed and non-relaxed O atoms are equally
close to the approximationc sin(ϑ − ϑ0) given by the
dashed line in Fig. 5.

The knowledge of the geometry only allowed us
to obtain satisfactory approximations of the absolute
value of the O dipole moment only. Considering also
the charges on the neighbour atoms (for example, as
recommended for Si in [10,11]), one could develop
a more general relation for each component of the O
dipole. This work is in progress [27].

Fig. 4. Approximations of the O dipole moments of the Si–O(H)–Al (r), Si–O–Si (d), and Si–O–Al (.) moieties in the H-form
aluminosilicates and ALPO (m) calculated at the ps-21G∗ level using thec sin(ϑ − ϑ0) function. Approximations viasine functions are
given by solid (—), dotted (· · ·), dotted-dashed (· · - · · ), and dashed (- - -) lines, respectively.

3.4. Electrostatic field gradient and17O nuclear
quadrupole coupling constants

One of the interesting options of the CRYSTAL
code is the possible detailed analysis of the electro-
static field value. 3D periodic conditions considered in
the course of the Hartree–Fock solution allow the es-
timated electrostatic potential and its derivatives to be
used as the source data for the electrostatic field within
potential-oriented and cluster computations. The EFG
is one of the important factors which governs the
deprotonation energy [2] on the one hand, and influ-
ences the NMR spectra of the quadrupolar17O nuclei
[13–15] on the other. The EFG values obtained herein
with CRYSTAL95 (Fig. 6) using the ps-21G∗ basis
are positive for the Si–O–Al and Si–O–Si oxygens and
negative for the Si–O(H)–Al ones, as a consequence



A.V. Larin, D.P. Vercauteren / Journal of Molecular Catalysis A: Chemical 168 (2001) 123–138 135

Fig. 5. Approximations of the O dipole moment for the Si–O–Si moieties within the H-form aluminosilicates calculated at the ps-21G∗
level (d) and all-siliceous zeolites calculated at the STO-3G (r) and ps-21G∗ (j) levels using thec sin(ϑ −ϑ0) function. Approximations
via sine functions are given by dotted (· · ·), dotted-dashed (· · - · · ), and solid lines (—), respectively.

of the contribution from the close H atom to the field
value (∇Ezz < 0). The EFG values of the Si–O–Si
types of oxygen are usually larger than those of the
Si–O–Al ones, which has an evident “local” origin.
The shorter Si–O distance associated with a higher Si

Fig. 6. 17O electrostatic field gradient∇Ezz (e a.u.−3) for the Si–O(H)–Al (h), Si–O–Al (s), and Si–O–Si (5) type O atoms vs. the
T–O–T′ bond angle (in◦) calculated at the ps-21G∗ level for all five H-form aluminosilicates. Approximations via linear functions are
given by solid (—), dotted (· · ·), and dashed (- - -) lines, respectively.

charge compared with the longer Al–O distance with a
lower Al charge results in a higher field and EFG value
for the Si–O–Si types of oxygen. All three types of
moiety show a slight increase in the EFG value in ab-
solute terms as the T–O–T′ bond angle increases. For
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Fig. 7. 17O gradient field anisotropyη = (∇Exx − ∇Eyy)/∇Ezz vs. the T–O–T′ bond angle (in◦) calculated at the ps-21G∗ level for all
five H-form aluminosilicates: HABW (j); HCHA (m); HCAN (s); HEDI (n) and HNAT (5).

comparison with known data, it should be mentioned
that the smaller absolute∇Ezz(O) determined from
XRD measurements withina-Al2O3 (between 0.04
and 0.21 e a.u.−3) [16,29,30] and nuclear quadrupole
resonance (NQR) (0.36 e a.u.−3) [31] could be ex-
plained by the higher number of closer neighbours and
the symmetric location of the Al neighbours in the
oxide lattice.

Another parameter which influences the spectra of
nuclei having quadrupolar nuclear moments is the
EFG anisotropy

η = ∇Exx − ∇Eyy

∇Ezz
(5)

wherein all EFG elements are related to the EFG ten-
sor principal axes.η does not reveal any difference
between the Si–O–Al and Si–O–Si types of oxygen
(Fig. 7). This main group ofη values is below 0.4.
Only the O atoms of the Si–O(H)–Al moiety are char-
acterised by higherη values around 0.9.

The nuclear quadrupole coupling constantCqcc is
one of two parameters (together withη) characterising
quadrupole interactions of an asymmetric nucleus. The
quality of the 6-31G∗ basis set for the calculation of the
NMR characteristics was shown to be good enough by
Rohlfing et al. [32] for13C. TheCqcc values (in MHz)

for the O atoms within the five H-forms were obtained
here using the EFG values at the O positions (Fig. 6)

Cqcc = 2.34× 102q∇Ezz (6)

where the coefficient on the right-hand side corre-
sponds to∇Ezz expressed in e a.u.−3, and the nuclear
quadrupole moment of17O, q = −0.026 b [33]
(1 b = 10−28 m2) (Fig. 8). If another known value
of q = −0.02558 b [34] is used, allCqcc values are
only slightly lowered (in absolute value) compared
to those shown in Fig. 8. Theratio betweenCqcc
and ∇Ezz (Eq. (6)) shows that Figs. 6 and 8 are
reciprocally inverted, so that analogous results can
be demonstrated either in terms of the zeolite types
(Fig. 8), or in terms of the T–O–T′ moieties (Fig. 6).
The same linear approximations∇Ezz = a × ϑ + b,
wherea and b values are 7.5 × 10−4, 1.47 × 10−3,
−4.18 × 10−3 e a.u.−3 degree−1 and 0.877, 0.4873,
−0.7703 e a.u.−3 for the Si–O–Si, Si–O–Al, and
Si–O(H)–Al oxygens, respectively, as given in Fig. 6
(by dashed, dotted, and solid lines, respectively) can be
converted for theCqcc values shown in Fig. 8. Follow-
ing the EFG behaviour, theCqccvalues of the Si–O–Al,
Si–O–Si, and Si–O(H)–Al types of oxygen are parti-
tioned from−3.5 to−5, −5 to−6, and 7.5 to 9 MHz,
respectively. The absolute values of the second moiety
are close to the data, 5.1 to 5.39 MHz, obtained experi-
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Fig. 8. 17O quadrupole coupling constantsCqcc (MHz) vs. the T–O–T′ bond angle (in◦) calculated at the ps-21G∗ level for all five H-form
aluminosilicates: HABW (j); HCHA (m); HCAN (s); HEDI (n) and HNAT (5).

mentally for all-siliceous faujasite [13], while other ex-
perimental data obtained for SiO2 show values around
5.8 MHz [35]. The positive sign ofCqcc mentioned
here and below is probably a consequence of theCqcc
determination from experimental chemical shift values
which depend on the square of the coupling constant.
TheCqcc values for the Si–O–Al moiety are relatively
large compared with theCqcc ones fitted for the NaA
and NaLSX zeolites [15], for which most of the esti-
mates were around 3 MHz. OtherCqcc data between
2.7 and 5.1 MHz were fitted from double rotation
NMR spectra for a series of silicates [31] and 2.2 MHz
was obtained from NQR spectra ofa-Al2O3 [31].
There are no experimental data on the bridged17O
atom connected to a proton. Our calculations, how-
ever, show that the respectiveCqcc for the Si–O(H)–Al
types of oxygen should be larger than those for the
Si–O–Al moiety which will lead to a broadening of
the respective lines in their NMR spectra.

Hence, a relatively good coincidence ofCqcc with
the known experimental data for the Si–O–Al and
Si–O–Si types of oxygen confirms the correct repre-
sentation of the derivatives of the electrostatic poten-
tial on the 17O nuclei using a basis set such as the
ps-21G∗(Al, Si)/6-21G∗(O, H) one with the CRYS-
TAL95 code. It should be noted that this basis set
considers all O electrons including precisely those of
the core.

4. Conclusions

Distributed multipole analysis on the basis of peri-
odic Hartree–Fock calculations with the CRYSTAL95
code and the ps-21G∗(Al, Si)/6-21G∗(O, H) basis set
was applied to five H-form aluminosilicate models,
which were optimised using the same program at the
STO-3G level. Simple analytical functions with re-
spect to the average T–O (T= Si, Al) bond distance,
the anisotropy between the Al–O and Si–O bond dis-
tances, and the Si–O–Al angle already obtained for
the charges and dipoles of all crystallographically in-
dependent types of oxygen within a series of ALPO
sieves were used to fit the dependences of the Mul-
liken charges and atomic dipole moments of the O
atoms within the H-forms. A marked improvement in
the electrostatic potential presentation was observed
adding the dipole moments to the charges, considering
the space available for small adsorbed probe molecules
within the HCHA framework. The domination of the
“angular” contribution to the total O dipole was found
to coincide with that observed earlier for the O dipoles
in the ALPO sieves. The nuclear quadrupole coupling
constants for17O were shown to have a relatively good
agreement with the known experimental values for
the Si–O–Si and Si–O–Al moieties for different zeo-
lites (A, LSX, Y). It was found that respective nuclear
quadrupole coupling constants for the Si–O(H)–Al
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type17O should be appreciably larger in absolute value
compared to those for Si–O–Si and Si–O–Al.

Various bridged types of O(H) oxygen were ob-
tained during the optimisations. For all of them, lower
order moments demonstrated a common behaviour.
The close agreement between the experimental and
theoretical quadrupole coupling constants for17O
confirms the reasonable values of the gradient of the
electrostatic field calculated for the H-forms studied
at this basis set level. Thus, it is proposed that the
same behaviour of the charges and dipoles with re-
spect to the internal co-ordinates should be observed
for a more advanced basis set too.
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