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Abstract

Distributed multipole analysis on the basis of periodic Hartree—Fock (PHF)-type calculations, using the CRYSTAL95
code is applied to 12 aluminophosphate molecular sieves. Several approximations of the dependence of the Mulliken atomic
charges and dipole moments of the crystallographically independent oxygen atoms calculated with the STO-3G, ps-21G
and 6-21G basis sets are obtained with respect to three oxygen parameters (i.e. average value and difference between the
Al-O and P-O bond distances, and Al-O-P angle). Some deflections from these approximate forms for the different oxygen
types are discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction the electrostatic field and a correct estimation of the
long-range interactions within molecular sieves such
Cationic forms of aluminophosphates are an im- as zeolite frameworks. The electrostatic interactions
portant class of thermoresistant molecular sieves andclearly dominate in numerous adsorption processes
are perspective candidates for numerous chemical within most of the aluminosilicates as it has been
applications. Recent studies with ab initio molecular confirmed by both spectroscopic studies of adsorbed
dynamics confirmed the importance of the framework species [4] and theoretical estimations [5]. Close
geometry for the activation of methanol [1]. Simul- spatial structures between aluminophosphates and
taneous analyses of the geometry for a wide series of aluminosilicates a priori allow the importance of the
molecular sieves should be performed together with electrostatic interactions within the aluminophosphate
the consideration of the resulting electrostatic field, as frameworks to be ascertained.
its influence on the decrease of the activation barrier ~ Usually the electrostatic field is only qualitatively
of acetylene acylation has been recently presented [2]. simulated by the Mulliken charges [6,7]. However, the
Interestingly, these “geometry-field” relations pro- importance of the consideration of higher-order muilti-
vide the necessary data for less computing intensive poles for a correct calculation of the interaction energy
methods like quantum mechanical/molecular mechan- between CO adsorbed over a piGlab has been re-
ical methods [3], which require the knowledge of cently shown [8]. Point charges can be fitted if the field
value is already known, for example, from periodic
* Corresponding author. Fax:32-81-72-45-30. Hartree—Fock (PHF)-type calculations with the CRYS-
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TAL code [9]. Unfortunately, the latter approach can
be hardly applied to estimate the field within frame-
works with a large number of atoms per unit cell (UC)
with arbitrary Si/Al or Al/P ratio also including com-

pensatory ions, i.e. most of the zeolites which really
present an interest within the most current industrial
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sented for 12 aluminophosphate (ALPO) structures
with ratio Al/P = 1. This set of models was chosen
because it does not require the consideration of any
cation and it allows to apply the CRYSTAL95 code
within a reasonable limit of computing time. The de-
pendences for the O multipole moments together with

applications. Then alternative approaches to estimateanalogous approximate dependences for the multipole

the electrostatic field should be proposed.

In our previous studies [10,11], we used an ap-
proximate scheme, developed by Saunders et al.
[6], of distributed multipole analysis related to the
atomic positions within 14 all-siliceous analogues of
aluminosilicate zeolites. The scheme [6] has been im-
plemented in the CRYSTAL95 ab initio PHF LCAO
code for periodic systems [9]. As it was shown [6],
distributed multipole analysis allows to obtain elec-
trostatic field values with a precision below 1% using
multipole moments up to the fourth order. In our
work, a common type of approximate dependence for
the Mulliken charges (i.e. the moments of zeroth or-
der within the scope of the scheme [6]) with different
basis sets (STO-3G and 6-21G in [10], and ps-21G
in [11]) was proposed for each crystallographically
independent type of oxygen and silicon atoms. More
precisely, two-dimensional analytical functions with

moments of the Al and P atoms [13] could be the

key to estimate the electrostatic field created by the
atoms of larger frameworks whose direct solution is

beyond the capabilities of the computing platforms and
electronic structure codes currently available. Similar

types of expressions for the multipole moments up to
octupole for Al, P, and O atoms of the ALPO sieves are

presently under study and will be presented in a future
paper. The next step would then be to evaluate the field
value for sieve contents of AP > 1 including cations.

In Section 2 of this paper, we discuss briefly the
basis sets used together with the characteristics of
the considered ALPO frameworks. In Section 3, we
develop the approximate functions of the atomic O
charges with respect to the internal parameters. In Sec-
tion 4, approximations of such type of dependence of
the O dipole moments are presented. The use of the
two lowest multipole moments (i.e. charge and dipole)

respect to the average Si—O distance and Si—O-Si an-for the framework atoms leads to a better estimation

gle [10] for O atoms and one-dimensional analytical
functions with respect to the average Si—O distance
[11] for Si atoms were derived. A comparison of the Si

and O charges estimated with these analytical depen-

dences confirmed their good agreement with results
of large scale PHF-type calculations for all-siliceous
mordenite [7] and silicalite [12]. Provided that such
approximations in terms of the internal coordinates of
each sieve atom could be obtained for higher multipole
moments, electrostatic field values could be calculated
precisely within any arbitrary all-siliceous zeolite.

Our approximate scheme is also a priori very appro-

of the electric field with respect to the one obtained
by considering the Mulliken charges only as it will be
demonstrated in the last section.

2. Theoretical aspects

The theoretical bases for the solution of the
Hartree—Fock equation in three dimensions consider-
ing periodic boundary conditions have already widely
been described in the literature [9,14,15]. The alu-
minophosphate structures were chosen on the basis

priate for the case of aluminophosphates because theof a relatively small number of atoms per elementary
smaller P-O bond distances would lead to a sharperunit cell (UC). The characteristics of the 12 ALPO

increase of the bielectronic integrals as compared to
aluminosilicate frameworks [10,11]. Hence, the direct
calculation with the PHF CRYSTAL95 code and a
higher quality basis set even for an aluminophosphate
framework with a moderate number of atoms per UC
could be more expensive.

frameworks taken from the MSI database [16,17] are
given in Table 1.

The minimal STO-3G basis set [20] was applied to
all 12 considered systems. With the Durant—Barthelat
pseudo-potential ps-2¥Masis set for Al and P and
6-21G" for O [9] (named hereafter basis ps-29Gand

In this work, estimations of the dependences of the with the 6-21G basis on all atoms, the SCF scheme

oxygen atomic charge and dipole moment are pre-

converged properly for the AST, ATN, ATO, and CHA



A.V. Larin, D.P. Vercauteren/Journal of Molecular Catalysis A: Chemical 166 (2001) 73-85 75

Table 1
Symbol, number of atoms per unit cell (UC), of different Al, & = na) and O types, of atomic orbitals (AO) per UC, and symmetry
group of the aluminophosphate sieves [16,17], all of them corresponding/®-=Al

Name Symbdl Atoms/UC nai/no AO/UC (STO-3G) Symmetry group
MAPO-39 ATN 24 1/4 152 14
AlPO4-16 AST 30 2/3 190 F23
AlPO4-31 ATO 36 1/4 228 R3
AlPO4-34° CHA 36 1/4 228 R3
AlPO4-11 AEL 60 3/11 380 Ibm2
AlPO4-41 AFO 60 413 380 Cma2
AlPO4-18 AEI 72 3/12 456 C2lc
AIPOy-5 AFI 72 1/4 456 P6cc
AlPO4-12-TAMU ATT 72 3/12 456 P22;2
AIPO4-D APD 96 4/16 608 Pca2
AlPO4-C APC 96 2/8 608 Pbca
AIPO,-8 AET 108 5/19 684 Cma2

a[1g.

b119].
sieves only. In the case of the ps-21kasis, we opti- 3. Approximation of the Mulliken atomic charges

mised the exponents of the 3spbital of P and Alas  of the framework oxygens
0.20 and 0.07 a.u?, respectively, and of the 2spr-
bital of O as 0.28 (instead 0f 0.13, 0.12 and 0.37 &.u. Using the CRYSTAL95 code, 110 crystallographi-
respectively, in[21]) for the AST structure. Too diffuse cally independent atomic oxygen charge values were
functions on Al led, however, to a slower SCF conver- calculated with the minimal STO-3G basis set for
gence, i.e. up to 20-25 iterations. We also optimised all 12 studied aluminophosphate forms (ALPOS)
the exponents of the d polarisation functions as 0.5 (Table 1) and 15 different oxygen charge values for
and 0.25a.u.? for the P and Al atoms, respectively, AST, ATN, ATO, and CHA sieves with the ps-21G
and as 0.8 for oxygen. With the 6-21®asis, the up-  or 6-21G bases. A representation of the O atomic
per mentioned low 3s@xponent of Al appeared to be  charges as a function of the FO-T> angle ¢) and
not appropriate. The $pnd d exponents for Al, P, and  average T-O distancR = R(Ror, + Rot,)/2 (in A)
O were again optimised as 0.14, 0.15, 0.45 and 0.35, within several all-siliceous zeolite forms:
0.50, 0.72 a.u?, respectively, in the case of AST.

All computations with the CRYSTAL95 code were  QS(R, #) = a1R" + az(R — Ro)" cos® — do) (1)
realised on an IBM 15-node (120MHz) scalable
POWER parallel platform (with 1Gb of mem- T; corresponding to Siatoms, or herein to Al, P atoms,
ory/CPU). For all cases, the thresholds for the calcu- was already discussed [10,11]. The same representa-
lations were fixed to 1P for the overlap Coulomb, tion is sufficient to reach a root mean square deviation
the penetration Coulomb, and overlap exchange, to (RMSD) of 2.73% between the STO-3G calculated
10-% and 101 for the pseudo-overlap exchange, and values and the approximated ones within the ALPOs.
to 107° for the pseudo-potential series for all levels The parameters of function (1) are given in Table 2.
of basis sets. The computations with the ps-26d The differences between the calculated and the ap-
6-21G" basis were executed directly without keeping proximated Mulliken charges are presented in Fig. 1a.
the bielectronic integrals files. The whole SCF con-  Despite the particular important difference between
vergence (9-10 cycles) requires around 50 and 70 minthe AI-O and P-O bond lengths is disregarded with
for AST (the same for ATN) within the ps-2¥Gnd function (1), the proposed approach leads to a rather
6-21G" basis sets, respectively, and nearly three times good approximation as compared to a total charge
more for the CHA and ATO sieves. The calculation of variation of £14% (Table 3). A better fit is achieved
the respective moments takes usually below 6-7 min. when all three coordinates characterising the internal
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Table 2
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Parameters of the approximate functions (Egs. (1) and (2)) evaluated from the calculation, with STO-3G¥,@m1€21G basis sets,
of N crystallographically independent oxygen charge values of the ALPO sieves

Equation Basis set N & n & x 10 Ry x 107 (A) m o x 107 (rad) RMSD (%)
1 STO-3G 106  0.522 0.356 —0.152 113.1 —2.900 —1.408 2.73
2 STO-3G 110 2414 -0.905 —0.678 —0.651 1.157 —0.150 1.55
2 ps-21G 15 0711 —-0.032 —0.152 —0.652 0.453 —0.325 0.43
2 6-21G 15 0.042 1.295 —0.012 —63.39 0.410 —2.693 1.45
s
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Fig. 1. Differences between the calculated Mulliken oxygen charges and the approximated onep @btgned via (a) Eqg. (1) and (b)
Eq. (2) with respect to the internal coordinates, i.e. average disRr{reA) and Al-O—P angle (in rad) of all ALPO frameworks.
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Table 3
Variations of the oxygen atomic charge values of the ALPO sieves
calculated with STO-3G, ps-2¥Gand 6-21G basis sets

Basisset N Q% 0% Range (%) RMSD (%)
STO-3G 110 -0.8162 —-0.6157 +14.0 1.55
ps-21G 15 -0.9106 -0.8635 +2.8 0.43
6-21G 15 -0.4107 -0.3661 =+6.5 1.45

geometry of each O atom with respect to its neigh-

i

ues of the dipole moment (see Section 4) of the
framework oxygens are satisfactorily fitted and do
not demonstrate any particular behaviour. This justi-
fies the choice of the ALPO structures studied herein,
i.e. without any preliminary optimisation in order to
find the geometry dependences. Earlier, it was shown
that the O charges calculated with CRYSTAL for
the optimised all-siliceous CHA zeolite [22] are in
agreement with values coming from an analogous
charge dependence approximation fitted using a set

bours are used. For convenience, we thus replaced theof non-optimised structures [10].

two different AI-O and P-O bond lengths by the av-
erage bond distancB upper mentioned and by the
bond anisotropyAR = Roal — Rop (in A). A sec-
ond modification of formula (1) was introduced al-
lowing for a slightly better precision by considering
an exponential function with respect to the average
bond distance instead of a power presentation [11].
Finally, a six-parameter exponential form with a cou-
pling term between the bond anisotropR and the
angle AI-O-P was tested to fit the O charges in the
considered ALPOs:

O3(R, AR, ®) = a1 €4 ap " AR=RO) cog — )
2

Eqg. (2) allows to reach a better RMSB 1.55% for
the approximation of the Mulliken charges calculated
with the STO-3G basis set (Table 2).

An interesting point is to analyse the variations of
the three different contributions to the atomic charge
obtained with the proposed function (2). The contribu-
tion of the “coupling” term between the angle AI-O-P
and bond anisotropiR, i.e. the last term in Eq. (2), is
around 25% of the total charge value with the STO-3G
and ps-21G basis sets. The smaller values of the m
parameter (Table 2) confirm a softer behaviour of func-
tion (2) with respect to thA R coordinate with a higher

The differences between the charges calculated
with CRYSTAL and the approximated ones using
function (2) for the 110 crystallographically inde-
pendent oxygen atoms within the studied ALPOs are
presented in Fig. 1b. Evidently, the points fitted with
(2) are located within a narrower slab close to zero
as compared to those given in Fig. 1la. The distribu-
tion of the RMSD values with respect to the bond
anisotropyAR does not reveal any correlation, which
confirms the satisfactory choice of the dependence
with respect toAR in Eq. (2). An average charge
variation through all the ALPOs (Table 3) can be
evaluated from the comparison between a simple
one-dimensional linear fit (dotted line) and expression
(2) (solid line) in Fig. 2 in the case of the STO-3G
basis. The variations range tb14 (Fig. 2a) and to
+2.8 and+6.5% (Fig. 2b) for the STO-3G, ps-2¥G
and 6-21G bases, respectively, which is appreciable
as compared to the respective RMSD values of 1.55,
0.43 and 1.45% obtained with function (2). A strong
variation of the absolute charge values between the
two split-valence basis sets is a consequence of a
strong shift in the polarisation exponent for the Al
atom. As the value 0.07 allf. was not appropriate
for the 6-21G basis, a higher optimised value led to
a serious change of the charges. In order to illustrate
it, both split-valence basis sets with the same polari-

quality basis set. Hence, the exaggerated dependencesation exponents were considered for the CHA case

on the internal coordinates obtained with the mini-
mal STO-3G basis is useful to find a main functional

(as accepted for 6-21Gsee Section 2). The O charge
values of—0.4504,—0.4361,—0.4562,—0.4376|€|

form whose parameters would vary with the basis set obtained with ps-21Gare essentially closer to those

applied.
The structure of the AIP©34 sieve (CHA
with Al/P = 1) optimised with a plane wave ap-

calculated with the 6-21G i.e. —0.3883,—0.3740,
—0.3941, —0.3759|e|, as compared to the charge
values computed with a smaller Al exponent (ps-21G

proach [19] was considered here together with other case in Table 3). However, we considered the ps*21G

three-dimensional structures, obtained via X-ray

diffraction. The respective charges and absolute val-

basis set for all four structures (AST, ATN, ATO,
and CHA) with this small exponent value on Al,
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Fig. 2. Calculated Mulliken oxygen charges (i [e(circles) and approximated ones via linear one-dimensional function (dotted line) and
Eqg. (2) (solid line) with respect to the average distaRcgn A) for all ALPO frameworks: (a) STO-3G; (b) 6-21G

because the respective total energy for the CHA sieve example, the average T—O distances which influence

was strongly more stable-1847.3416 instead of

the atomic Mulliken charges [13] in the same manner

—1846.6406 a.u. The lower absolute charge values areas for the Si atoms [11], or the point symmetry group
in agreement with the idea of more covalent bonds of the TQ, tetrahedra. This limitation within approxi-
in the ALPO frameworks than in the all-siliceous mation (2) could be indirectly proven via a closer anal-

systems [23].

One could suggest that the RMSD value of the
charge approximation via function (2) is close to a
lower precision limit considering that several charac-
teristics of the respective Al and P neighbour atoms

ysis of the charges of the various O atoms presenting
similar internal parameters and different deviation val-
ues from those obtained with function (2). This can
be seen by analysing the AEI framework (Table 4),
whose atomic charges are usually nicely approximated

are not taken into account. Such characteristics are, forwith Eq. (2). First, only three oxygen atoms among the
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Table 4

Characteristics of several O, Al, and P atoms of the AEI and AST frameworks and deviations (charge error) between the Mulliken charges
obtained with the STO-3G basis and the ones obtained using the approximate function (2) (respective parameters are given in Table 2)

79

Sieve Oxygen type R (A) AR (R) 9 (°) Neighbour atom types AlgPO, symmetries Charge error (%)
AE|2 o(6) 1.6229  0.2110 1474 Al(L)/P(3) 1T 2.34

0(10) 1.6229  0.2097 146.7  AlR)/P(1) 20C1 —0.97

0o(@3) 1.6095  0.2110 1505  AlQ)/P(2) 22C1 —0.94

O(4) 1.6390 0.2097 1435 Al(2)/P(1) 2@Coy 1.67
AST®  0(2) 15595  0.2960 180.0  Al(L)/P(2) 3@Tq 1.00

0o(@3) 15618  0.3117 180.0  AlR)/P(1) dCay 0.94

o(1) 1.6119  0.3563 1464  Al(L)/P(1) 3@Cay 2.50

2Numbering of the atoms is from [16,17].
b The same from [24].

12 different crystallographically independent types in
AEI present charge deviations higher than the calcu-
lated RMSD= 1.55% (one of the oxygens is not pre-
sented in Table 4). Secondly, atoms O(6) and O(10)
have very similar structural characteristics (Table 4).
The estimation error using approximate form (2) is
larger for O(6) linking two neighbour Al9and PQ
tetrahedra with a similar Jpoint symmetry group, as
compared to O(10), for which the closest Al@nd
PO, have different point symmetries. Thirdly, com-
paring O(3) and O(4) presenting different spatial char-
acteristics, we observe a higher error for O(4) po-
sitioned between Al@® and PQ with a similar Gy
symmetry than for O(3) whose neighbour tetrahedra
present Gy and G groups. Other examples of the re-
lation between the symmetry and error value is given
for the AST form (Table 4). A smaller error is indeed
sought for the O(2) and O(3) charges connecting two
TO4 tetrahedra of different symmetrieszCand Ty
than for O(1) linking tetrahedra of the same symmetry
(CSV)-

These observations of the influence of theyBgm-

4. Approximation of the dipole moments of the
framework oxygens

The importance of the consideration of the field
contribution from the atomic dipoles was shown in
reference [8], wherein the electrostatic field above a
TiO, surface was simulated with different approxima-
tion levels. We illustrate this by comparison of elec-
trostatic potential (EP) values obtained with 6-21G
basis (Fig. 3a) relative to the EP representation at three
levels based on the neglection of parts of the atomic
multipole moments for the CHA framework. Gener-
ally, the inclusion of the moments up to fourth order
should be sufficient for a correct calculation of the
potential [6]. The three levels of the EP evaluation
include Mulliken chargesI{ = 0 in Fig. 3b) on all
atoms, charges and dipoles & 0 and 1 in Fig. 3c)
on all atoms, and all atomic moments up to third order
(L = 3in Fig. 3d). The EP map was calculated in the
Al-O(1)-P (angle 155.1§ plane of the CHA frame-
work (Fig. 3a) applying the POTM option available in
CRYSTAL95 [9]. In order to show the EP behaviour

metry, completed below by one example in Section within an area available for a small adsorbed molecule,
4, require further studies, because they cannot be di-the EP was calculated within a space expanded by 4 A
rectly confirmed for all other frameworks, like AET (7.56a.u.) from the Al-O side and from the right of

and ATT, whose charges approximated by expression the O—P side. The three highest peaks at the upper left

(2) are relatively poorer. No TPtetrahedra within
ATT present a @ symmetry, while all tetrahedra of
AET are very close or correspond exactly to thg, C

corner in Fig. 3a correspond to the Al, O(1), and P
atomic positions; the additional fourth peak of lower
EP value comes from an oxygen located below the Al

symmetry. Considering the most precise O position in outside of the plane. As soon as the EP value of any
terms of symmetry coordinates relative to each type of atom displaced from the plane is lower than the one
tetrahedron surely would serve to find a more precise of the Al, O(1), and P atoms, the atom can be looked
dependence. at a better resolution. In order to visualise the allowed
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Fig. 3. (a) Electrostatic potential values EpP(a.u.) and EP differences presented as-(&P(L)/EP(6)) x 100 (%) obtained with (b)
Mulliken charges L = 0) on all atoms, (c) charges and dipolds= 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 moniert6). The moments are calculated with the 6-21G
basis sets with respect to the Al-O(1)-P plane of the CHA framework [19&lue corresponds to the upper atomic moment considered
for the EP calculation.

space within the plane, the all EP scale was limited by to a plane passing between two adjacent four rings of
the range from 0 to 3a.u. only. From this view, one the CHA.

immediately notices that a small adsorbed molecule = Comparing Fig. 3b—d, one can see that the EP differ-
can be located in the right upper corner corresponding ences (+EP(L)/EP(6)) are large along the area near
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Fig. 3. Continued.

the zero EP value (see Fig. 3a) with all three levels of tioned available part of internal space. If the charges
computation (b—d). This cannot, however, be consid- only lead to EP differences up to 100% (b), the EP
ered as a drawback of the three representations becausdifference in case (c) does not exceed 20%. The EP
even a negligible shift of the zero EP value should lead map corresponding to the moments up to second or-
to a sharp EP difference. Then, on one hand, one cander is not presented as it is only slightly better than
notice large differences between the= 0 andL = 0 the L = 0 and 1 EP map. On the other hand, a sharp
and 1 evaluations of the EP map in the above men- improvement of the map quality is observed while
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adding octupole moments as in the (d) case, which bond lengths and the positive deviations for the shorter
could be explained by the relative higher contributions ones were avoided by introducing an additional sim-
of the third-order moments of the Al and P atoms. ple power term function of a third variabk

For their configurations which are close to tetrahe-

dral ones, permanent non-zero electrostatic moment Q1(R, AR, 9) = ay € ** K0 4 sin(® — o)

values lower than octupoles are forbidden. However, +az(R — RY™ 4)
both T atoms have small dipoles and quadrupoles due ] o )

to distortion of the AlQ and PQ tetrahedra. Speak- ~ Fitting with Eq. (4) within the STO-3G basis re-
ing forward, the absolute dipole values are usually or- Sulted in RMSD = 1.67% and parameter values
dered agd1(Al) < Q1(P) < 01(0) [13] (see average 91 = 1.272,n = 0.973, Ry = 2.30A, a» = 0.0467,
dipole Q; notation below). The distortions lead to a o = —0.222rad a3 = —0.3851, Ry = 1.430A, and
more pronounced dipole on P in the smaller,RMit m = 3.038. Any exponential function as a third term
than on the larger Al one. So, a better EP representa-N EQ. (4) did not lead to a better result.

tion using only lowest moments.(= 1) is possible The absolute dipole values obtained within both
mainly due to the O contribution. This partly justifies SPlit-valence bases could also be satisfactorily
that only O atoms were often intuitively used (together @Pproximated using form (4). However, it seems to be
with cations if the zeolite or sieve has Al/Si and Al/P €xcessive for such an approximation. The absolute val-

ratios different from unity) by researchers in compu-
tations within empirical and semi-empirical pair-wise
addition schemes of the electric field influencing any
adsorbed particle or molecule.

In order to derive a simple representation for the
atomic dipole of zeolite oxygens, we first choose to
determine its absolute valug: = (092 + (0hH? +
(07H?Y2, where Q" is the m-component of the
L-order atomic multipole moment in a.u. [6,9]. We
propose that the dipole of the O atom within a chem-
ically bonded moiety Al-O—P should be proportional
to the total dipole moment of this system represente
crudely as an “isolated”
be proportional to the bond anisotropyR which leads

to a non-zero dipole value even for the bond angle

¥ = m. This means that terms proportional to
and to AR should be considered separately in a first
approximation. This simple idea allows us to pro-

pose a five-parameter expression with respect to two o, () = asin® + b

variables only AR, ) for all 106 atomic dipole val-
ues (not considering AIP£234) calculated with the
STO-3G basis:

Q1(AR,¥) = a1 €A 7F) L arsin@ —vo)  (3)
wherea; = 2.075,n = 1.0616,Ro = 2.656 A, ap =
0.048, and®g = —0.0282rad. Such approach pro-
vided a satisfactory RMSD value 2.10%. A poorer
coincidence was obtained with function (3) when con-
sidering rather long or too short average bdhdal-

ues of the dipole moments calculated with the ps-21G
and 6-21G basis sets decrease almost linearly with
angle?y (Fig. 4 and Table 5). This proves an unsatura-
tion of the STO-3G basis to represent O dipole values
for higher bond angles. Despite a wide variation of the
AR variable (Table 5), only terms proportional to the
average distancR (but also small contribution) and
angle? in the right-hand side of Eq. (4) remains valid
while fitting the dipole values. Respective parameters
are shown in Table 6. The comparison betweemthe
values confirms the softer geometry dependence with

q R of the O atomic dipole obtained with ps-21@r
one. The total dipole should 6-21G* versus those obtained with STO-3G. This is

in line with the behaviour of the charge dependence
via Eg. (2). However, considering the very wide
variation of the dipole value (nearly-70% around
average value for both the series obtained with the
two split-valence sets, Fig. 4), a simple function

(®)

provides a precise enough estimation for the O dipole
moments with RMSD of 8.4%a( = 0.2112,h =
0.0263) with ps-21G and 6.2% ¢ = 0.1385,b =
0.0255) with 6-21G. The reasons of such a difference
between the computed moments and those approxi-
mated by means of formula (5) come from different
points. For the dipole series computed with 6-21G
the deviations of-16 and 13% comes from O(3) of
AST and O(2) of ATO with moderate angles of 146.4
and 162.9, respectively. In ps-21G two serious de-

ues. The negative deviations for the longer average flections of 11 and 25% correspond to small dipole
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Fig. 4. Absolute dipole moments calculated with the STO-3G (filled squares), ps-@@n squares), and 6-21Gcircles) basis sets
with respect to AI-O—P angle. Linear approximations are given by dotted, dashed, and solid lines, respectively. Oxygen dipole values for
the optimised CHA structure are marked for the 6-21asis.

for ¥ near 180 for O(2) and O(3) of AST, as already versus the calculated ones could be proposed together
discussed for the atomic charge in Section 3 (Table 4). with a closer analysis of the Al and P dipole moments,
The latter present analogous internal geometries butwhich is presently under study [13]. A priori, the
opposite AIQ and PQ tetrahedral symmetries ¢¢ high differences with the fitted dipole values could be
or Tq). We hope that a final explanation of the de- qualitatively explained through a stricly Bymmetry
viations of the approximated O(2) and O(3) dipoles of the neighbour T@ tetrahedra. In order to demon-

Table 5
Absolute dipole moment value®; of four ALPO sieves calculated with STO-3G, ps-21@nd 6-21G basis sets with respect to the
average bond lengtR, bond anisotropyAR, and Al-O-P angle

Type R (A) AR (A) 9 (rad) ps-21G 6-21G STO-3G
AST 1.5595 0.2960 3.1416 0.02958 0.02473 0.17553
1.5618 0.3117 3.1413 0.03552 0.02662 0.18377
1.6119 0.3563 2.5548 0.13630 0.08835 0.20487
ATN 1.5788 0.2424 2.6987 0.10843 0.08408 0.17883
1.5900 0.1988 2.6332 0.12247 0.09109 0.17494
1.6213 0.2238 2.7150 0.10843 0.07886 0.17545
1.6227 0.2196 2.5920 0.13335 0.09596 0.18231
ATO 1.6284 0.1348 2.5712 0.13531 0.10394 0.16963
1.6361 0.1271 2.4468 0.17077 0.12034 0.17553
1.6484 0.1392 2.8431 0.08493 0.07613 0.15369
1.6636 0.1459 2.2967 0.19746 0.13601 0.18231
AIPO4-34 1.6262 0.2000 2.5789 0.14341 0.09916 0.17950
1.6281 0.2007 2.5377 0.15183 0.10286 0.18119
1.6401 0.2086 2.6377 0.12599 0.09212 0.17512

1.6425 0.2083 2.5751 0.13591 0.09902 0.17904
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Table 6
Parameters of approximate function (Eq. (4) without the first term
proportional toAR) evaluated using 15 crystallographically inde-

sentation as in Fig. 3d. Similar type of analytical ex-
pressions for all components of the dipole and upper

pendent oxygen dipoles of ALPO sieves with the ps-2idRd moments up to octupole for O, Al, and P atoms are
6-21G' basis sets possible. This work is actually under progress.
Basis setap 9o (rad) ag Ry (B) m RMSD (%)

ps-21G —0.2235 2.224  0.2313 1.559 0.0374 3.9

621G —0.1311 2.159 0.1644 1.488 0.0293 5.8 5. Conclusion

A distributed multipole analysis on the basis of pe-

riodic Hartree—Fock calculations with three levels of
strate this, let us again consider an “isolated” fragment basis sets, the minimal STO-3G, a split-valence in-
Al-O-P whose total dipole moment is related to the cluding pseudo-potential (Durant—Barthelat) ps-21G
oxygen. An expression for any central momepy basis on aluminium and phosphorus and 6-21@
(which we can assign to the oxygen) of this moiety oxygen, and the split-valence 6-21@n all atoms,
through local moment®); of lower or equal order  via the CRYSTAL95 code was considered for 12 alu-
[ < L was developed by Stone (formula (11) in [25]). minophosphate (ALPO) molecular sieves with ratio
Zeroth values of all multipole momen@,, L < 3, Al/P = 1. With the extended basis set, convergence
on the T atom within TQ@ tetrahedra of § symmetry of the SCF procedure could be reached for the sieves
[26] lead to a smaller total multipole of the same order AST, ATN, ATO, and AIPQ-34 only. 110 and 15 Mul-
on the central O atom. Within AST, the contributions liken atomic O charges for the crystallographically in-
to the central dipole moment will be zero from the dependent O types were computed with the STO-3G
local P(2) dipole moment for the O(2) dipole, or from and ps-21Gor 6-21CG" basis sets, respectively. Their
the local Al(2) dipole moment for O(3). The differ- analysis were then performed in terms of three inter-
ence between the atomic dipole values of Al and P is nal parameters, the average T-O distance-(Al, P),
the reason of the contrary signs of the dipole deflec- the T-O bond anisotropy, and the AI-O—P bond angle
tions obtained with approximate function (4). That of the framework oxygens. The best fitting of the O
is why this simple analysis requires a more detailed charges is obtained via a six-parameter approximate
explanation including Al and P representations. expression (Eq. (2)).

Another useful point to remark is related to the An analogous five-parameter approximate function
comparison of the optimised (CHA from [19]) and (Eq. (4) without first term in the right-hand side) for
non-optimised (AST, ATN, ATO) models for a com- the absolute dipole moment value of the O atoms was
mon search of the dependences. Only the CHA model obtained first with respect to the same three internal
has been optimised, that is why all models are used coordinates as for the Mulliken O charges. A higher
together with results of X-ray experiments considered importance of the term corresponding to the angular
without further optimisation. The behaviour versus the dependence of the dipole was, however, observed with
Al-O-P angle of the respective four O dipole values of the split-valence bases as compared to the STO-3G
CHA, ranging between 145.53 and 151.16 (2.54 and one. Several deviations of the approximate function
2.64rad in Fig. 4), is similar to the one of the other values for both the O charges and dipole moments
structures (we did not mark them by separate symbols here calculated were observed for different symme-
for simplification in Fig. 4). Evidently, the parameters tries of the two closest neighbour F@etrahedra. Fur-
of the approximate dependences should be more reli- ther studies of the relation between thesI&ymmetry
able than those obtained after fitting of the moments variation and charge values would be useful to derive
related to “raw” (non-optimised) zeolite models, butit more precise expressions.
should not lead to any serious quantitative difference.  The fitting with function (4) may be considered as

Ideally, the approximation for the estimation of the a first satisfactory approximation of the multipole mo-
O dipole moment shown herein should be comple- ments of orders higher than zero (i.e. of the charges)
mented by an analogous representation of the upperfor all O framework atoms. It suggests that approxi-
atomic moments in order to obtain a more precise pre- mate functions could also be fitted for other higher
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moments assuming a deeper theoretical approach to [3] M. Brandle, J. Sauer, J. Mol. Catal. A 119 (1997) 19.

search the respective functions. Then a precise repre-

sentation of the electrostatic field within frameworks
with a larger number of atoms per unit cell would be

[4] E. Cohen de Lara, Y. Delaval, J. Chem. Soc., Faraday Trans.
64 (1978) 790.

[5] A.M. Ferrari, P. Ugliengo, E. Garrone, J. Chem. Phys. 105
(1996) 4129.

possible even if one cannot calculate the respective [6] v.R. Saunders, C. Freyria-Fava, R. Dovesi, L. Salasco, C.

field directly with codes such as CRYSTAL.

Both the approximate forms for the charges and
dipole moment could be useful for the field estimations
in any ALPO framework while constructing embedded
model or using empirical simulation of any ALPO
sieve.
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