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Atomic multipole moments (MMs) are cdculated for three, LIABW, NaNAT, and BaEDI,
auminosilicates with the periodic Hartree-Fock CRY STAL95 code. The postions of the cations
with/without included water molecules were optimised. Approximate functions for the aomic MMs
which can be used for further caculations of the dectrogtatic potentid in any arbitrary zeolite are
proposed in terms of charges and geometry of their neighbour atoms.

1. INTRODUCTION

The importance of the long-range effects for modelling the structurd characteristics and chemical
interactions in zeolite frameworks has widdly been discussed [1]. However, most modern empirical
codes for the smulation of 3D solids and related chemicd interactions do not consder neither any
charge dependency on the geometry of the framework, nor upper multipole moments (MMs) and
their dependences. This drawback can however be corrected by congructing a “cumulative’
coordinate sequence based on expansion series including the known geometry and approximations
of the low order MMs to consequently describe the high MMs of each crystdlographicaly
independent type of atom in the frameworks [2].

But evident questions appear with respect to the gpplication of this scheme to structures which
include cations with non-directiona bonds between the cation and the framework. Is it possible to
find analogous relations for the cations and how to determine the necessary nearest neighbour atoms
to consder for them? Testing the relations of the proposed scheme for the cationic forms is thus one
of the godls of this paper. Moreover, natura cationic zeolites contain water. How strongly is water
coordinated to the cation and does it influence their properties like MMs and mobility as compared
to the dehydrated zeolites ? The important eectric field measured experimentally should distort water
molecules and avoids to easily evauate the water coordination on the bass of its characteridtics in
the gas date. It is thus important to verify if its digtortion in the framework comes from the eectric
field effects, or if it isthe result of different coordinations of both protons to the framework oxygens.

Elucidating the two questions above evidently requires the sudy of the interactions between
water, the cations, and the zeolite framework for awide set of structures as well as the application of
ab initio solid state computations because molecular mechanics does not include al interaction
energy terms and therefore their answers could not be certain. In this paper, we thus wish to



compare 3D zeolite models and cation/water clugters in order to understand the influence of the
water molecules on the eectronic digtribution of the cation in terms of their MMs.

2. THEORETICAL PART

2.1. Approximate expressions for the multipole moments (MMs)

Expressions connecting the centra and local moments for an atom in a molecule were aready
developed [3]. Even if the first term only in the series (1) is consgdered, a useful relaion can be
obtained for the behaviour of the MM of an atom A with respect to the charges Qy0(i) and geometry

of the respective fragment:
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where R "(A, i) corresponds to the respective Legendre polynomia whose argument is the vector
between the considered atom A and neighbour site i, Q "(i) is the m-component of the L-order
MM, the summeétion i running over dl the N neighbour atoms of A, ams being dependent on the
R"(A, i) functions used. In 3D solids, the definition of the number of neighbours N requires testing.
Replacing the angular Legendre polynomids R."(A, i) by those expressed through the nucleus
cartesan coordinates of A and its neighboursi (Xi - Xa, ...) asdeveloped in [1], one gets:
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the coefficients D (t,u,v) being tabulated [1]. Then, one can deduce the coordinates for the charge
and geometry dependences of the MMs from equation (1) as.

QLA) = amoR."(A) + bLmoo (3)

where a.mo and b Will be fitting parameters, and the R."(A) functions correspond to the

unnormalized functions (2) consdered in CRY STAL [4]:
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instead of R (used in equation 1) of Stone's method. In order to emphasise the difference between

the centra moment described by reation (1) and aloca one which should be less dependent on the

moments of the remoted atoms versus the closest ones, we decided to consider, instead of

coordinate form (4), a modified form:
N
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which includes aterm inversaly proportiond to the distance between the i neighbour and A atom, da

= ((Xi - Xa)? + (Yi - Ya)2 + (Z - Zn)A)™?, K being an empirica vaue whose choice for dl the results

presented further has been determined asK = 2L +1. Both last functions R "(A) (equations 4 and 5)

should thus be anadlysed in terms of a quantity dependent on the closest N atoms. For most of the

atoms within the structurd models studied here, i.e., zeolites, an evident first choice for the neighbour



atoms to be included in equation (3) can be proposed easly. For S and Al it islogica to consider 4
neighbours; for O, one considers 2 or 3 neighbours, including a cation if present. For cations and H
atoms, N varied between 4-6.

2.2. Computational details

Three"smdl sz€"' cationic forms of duminosilicate, LIABW, NaNAT, and BaEDI (Table 1), were
optimised at the STO-3G leve for the framework atoms and 6-1G, 8-511G, and pseudopotential
Hay-Wadt (smdl core or HWSC) basis sets for Li, Na, and Ba (with d polarization functions),
respectively, with the periodic Hartree-Fock (PHF) CRY STAL95 code [4], in which we adopted
the Polak-Ribiere agorithm. PHF optimisations were performed for the cations and water atoms for
NaNAT and for the water atoms only for BaEDI. For LIABW, the three cdl parameters and
coordinates of al aoms were optimised. Series of smal Me™(H.0),, clusters were dso considered
with GAUSSIAN98 [8] in order to estimate the basis set quality used with the PHF approach.

Tablel
Symbol, number of atoms, of different Al, Si, and O types, of atomic orbitas (AO) per unit cdll
(UC), and symmetry group of the cationic forms of duminosilicates

Name |Ref.| Symbol | atomguc? | mi/ms/mo | Aouc” | Symmetry
LIABW 5 | LIABW 28/40 V14 464 Pna2q
Natrolite 6 | NaNAT 34/46 1/2/5 578 Fdd2

Edingtonite | 7 | BaEDI 32/56 1/2/5 380° P21212

afor dehydrated/hydrated forms; Phydrated form at the ps-21G** level; ) HWSC3-1G/6-21G

Single point calculations were used a higher basis set levels to determine all atomic MMs up to 4"
order via distributed multipole anadyses [4]. Pseudopotentiad (ps) bases of Durant-Barthelat were
consgdered on S and Al, ps21G** and ps-21G* with/without d polarization functions on Li and
Na, and 6-21G* basis on H and O. The used sp/d exponents were 0.9, 0.12339/0.5, 0.17/0.45,
and 0.42/0.6 aLi® on the H, Al, Si, and O atoms. The d exponents on Li and Na were 0.8 au” and
Na 0.175 aLi?, respectively.

All computations with the CRY STAL95 and GAUSSIAN98 codes were carried out on an IBM
15-node (120 MHz) Scdable POWERparale platform (1 Gb of memory/CPU) with conventiona
tolerance criterions. Total geometry optimisation of the hydrated LIABW form (27 variables) within
6-1G/STO-3G took nearly 670 hours on the above cited CPU.

3. RESULTS AND DISCUSSION

3.1. Dehydrated zeolite forms

The smdler dehydrated LIABW form was sudied in detall. The behaviour of Li could be
described by a movement in the 6T window to a nearly symmetric postion versus the three
framework O atoms. So, Li initially separated from the O by 1.913, 1.968, and 1.981 A [5] moves
to positions remoted by 1.764, 1.770, and 1.796 A upon variation of its coordinates and of those of
the closet oxygens, with fixed cdl parameters. These distances are smdler than the sum of the Li



and O van der Waalsradius, i.e.,, 1.91 A [9]. The Li*...O decrease becomes even more important
with 1.714, 1.716, and 1.738 A distances when considering the variation of the cell Sizes. This find
Li position corresponds to a plane with the threes O atoms, with O...Li"...O angles of 119.9,
119.7, and 120.3°. The total energy variation is large, 87.7 kca/mol, but it corresponds to a
reasonable decrease of the cell volume by 1.6 % upon “dehydration”.

3.2. Hydrated zeolite forms

The definition of a precise geometry of the water molecules is a common problem for al three
structures studied here because of the difficulty to determine the proton coordinates. X-ray data
(XRD) correspond to strongly distorted water molecules, while PHF optimisations lead to bond
angles closer to the geometry in the gas state (Table 2).

Table?2

Experimenta (XRD), CRY STAL (PHF), and clusters GAUSSIAN98 (G98) coordination of cation
to the framework atoms and geometry of the Me™(H,0,,), dusters

Me Method Rveo, A? Ron, A H-O-H, °
Li LIABW, XRD [5] 1.913,1.968w, 1.981, 1.942 | 0.955, 1.096 126.4
PHF/6-1G/STO-3G” 1.814w, 1.878, 2(1.942) 1.012, 0.993 105.4
G98/MP2/6-311+G** 1.866 0.965 105.0
Na NaNAT, XRD [6] 2.367, 2.370w, 2.391w, 0.974, 0.968 114.0
2.395, 2.518
PHF/8-511G/STO-3G” 2.345w, 2.368, 2.380, 1.003, 0.995 109.2
2.382w, 2.512
G98/8-511G/STO-3G” 2.022 0.981 103.7
G98/MP2/6-311+G**® 2.290 0.963 103.9
Ba BaEDI, XRD [7] 2(2.792w), 2(2.788w) 2(0.959, 0.928), | 2(101.7),
2(0.942,0.956) | 2(111.3)
PHF/HWSC3-1G* 2(2.729w), 2(2.746w) 2(0.993, 0.994), | 2(100.9),
ISTO-3G 2(0.993,0.995) | 2(104.1)
G98/B3LY P/LANL2MB* 4(2.720) 4(0.969) 4(104.1)
/6-311+G**9
Experiment (gas phase) 0.959 103.9

9w denotes water oxygens, ® PHF optimisation of cell sizes and dl aomic coordinates, © PHF
optimisations of Na' and H,O coordinates only); ® RHF SCF duster optimisation with fixed
O...Na"...O angle of 141.2°; ® MP2 cluster optimisation alowing variaion of O...N&...O angle
up to 180°; "PHF optimisation of H,O coordinates; ? total cluster optimisation with pseudopotential
LANL2MB basis set including 31 split-valence [8] plus d functions on Ba™?; resulting O...Ba™...0
angles 2(110.6), 2(110.7), 107.1, 107.2° are close to tetrahedral ones

In al cases, the STO-3G basis on dl atoms (with exception of the cation) leads to alonger OH
bond length but this difference with respect to XRD does not lead to a serious drawback of the
mode. The longer OH distance could be interpreted as a result of the anharmonic effects of the OH



bond (around of 0.02 A). However, this unequivalence of the H atoms could lead to a difference of
the respective dependences of the MM s as we shall discuss below.

The PHF optimisation of a rdatively crude initid modd for LIABW resulted in energy gains of
75.9 kcal/mol with 6-1G/STO-3G and of 54.8 kcad/mol with 6-1G*/ps-21G*. For NaNAT, the
optimisation with STO-3G, with an energy decrease of 13.8 kcal/moal, isin contrary ratio with Sngle
point caculations at the 8-511G*/ps-21G* leve, which led to a dightly more stable zeolite modd
from XRD [6] by 3.1 kcal/mol. Even if geometries were very close (Table 2), differences were
observed between the charges calculated here and via multipole X-ray fitting [6] (Table 3). The O
charges become closer with higher qudity bass set as dready mentioned [10]. The experimenta
estimate of the charge of the HO molecule, +0.01 e [6], becomes negative —0.07 e at the 8-
511G/ps-21G* level and does not change sign with further addition of d functions on Na. The H
charges are also closer to each other than experimenta ones.

Table3
Multipole X-ray fitted charges [6] and Mulliken atomic charges of the PHF optimised models of
hydrated NaNAT

X | MultipoleX- | X-ray/8-511G | X-ray/8-511G* | PHF/8-511G | PHF/8-511G*
ray treatment /ps-21G* /ps-21G* /ISTO-3G /ps-21G*
Si; 1.84 1.926 1.933 1.299 1.932
Si, 1.65 1.837 1.849 1.260 1.849
Al 151 1.675 1.692 1.106 1.692
0O, -0.90 -1.030 -1.028 -0.744 -1.028
0, -1.21 -1.080 -1.042 -0.739 -1.041
O; -1.03 -1.068 -1.042 -0.747 -1.042
O, -1.07 -1.065 -1.039 -0.744 -1.039
Os -0.87 -1.013 -1.010 -0.732 -1.010
Na 1.00 0.852 0.666 0.666 0.666
Ow -0.59 -0.620 -0.561 -0.425 -0.602
H, 0.24 0.277 0.276 0.234 0.303
H, 0.36 0.272 0.272 0.217 0.286

For EDI, we did not consdered any PHF computation with higher levels of basis sat than
HWSC3-1G/6-21G. The structure of Ba surrounding the four water O atoms corresponds to a
distorted pyramid with O...Ba™...0 angles of 66.3, 118.6, 72.7, and 65.2°, the largest angle being
between the molecules which are closest to Ba. The PHF optimisation (of the water coordinates)
changes only dightly the geometry up to 64.6, 118.3, 72.0, and 66.4°.

Usudly, PHF optimisations of the zeolite models can only be done with a moderate qudity bass
sets and digtortions in the interatomic distances of the optimised structure could appear. In order to
verify the bass st level and its influence on the relative location of the cation and H;O molecules (at
the leve of the caculated MMs), we compared the PHF optimised structures with severa charged
Me™(H.O) clusters, i.e., without crystaline environment (Table 2). There are 4 H,O molecules and
4 Na atoms/UC in NaNAT, the second H,O molecule being in contact with a Na of the neighbour
UC. In order to compare the location of water, we thus considered the Na(H.0), duder. It is



worthwhile to mention that the H-O-H angle was not distorted in Na'(H,0), a the same leve of
basis set as used for the PHF optimisation. The O-H eongetion in the clugter is only dightly smaler
than in the zeolite despite the fact that the Na'...O distance is shorter by 0.32 A for the same
O...Na'...O angle (Table 2). The resulting distances between the cation and oxygens are usudly
close to the sum of van der Waals radii (O = 1.35, Li = 0.56, Na=0.98, Ba= 1.35 A) [9] in the
dusgters, whilein zeolites, only the Li*...O distance is shorter.

3.3. MM s of the cations and framework atoms

The proposed approximation (3) yielded a reasonable precision for the high order MMs of the
caions (linesin Fig. 1). Undoubtdly, the use of these relations will improve the eectrogtatic potentia
(EP) evaduation owing to a serious contribution of these high order MMs. As a result of the high
coordination of the cation within the frameworks, i.e., 3 or 4 oxygen atoms are close to Li and Na,
respectively, the low order MMs are smaller than the higher ones. The relations of the largest
|QL."(Me)| components could be crudely given from hexadecapole (L = 4) to dipole (L = 1) as 1,
1/50, 1/400, and 1/6000 for Na and as 1, 1/5, /700, and 1/7700 for Li. Comparing to the usual
distance from the cation to the adsorbed molecule of around 3-4 A, one can conclude to a
dominance of the high order MMs for the EP vaue. But a precise gpproximation of the @,"(Na) and
Q."(Na) moments is however required because their absolute vaues are comparable to those of S
and Al, so that quantitative EP errors could be gppreciable. The low order MMs for Li are rather
gmdl.

It is ingtructive that the addition of d functions on the cation is strongly different for Li and Na
(Figs. 1ac). The Q4"(Na) increase in the order 8-511G/ps-21G* < 8-511G/STO-3G < 8-
511G*/ps-21G*. For Li, the variation of al MMs as well as charges is just negligible (gray and
black symbols coincide in Figs. 1a, ¢), which can be related with a high exponent vaue of the d
function and higher locdisation of the d orbitds. One should remark that good cation MM
dependences cannot be obtained if any of the 3-4 closest zeolite oxygensis neglected.

The addition of d polarization functions aso illusrates the closeness of the different O atoms,
particularly for NaNAT, which redistributes the atomic O charges (Table 3). The decrease by -
0.186 e of the Na charge accompanies the large increase by 0.038 e of the two O, (N&'...O, =
2.518 and 2.615 A), while one gets the same smaller 0.026 e change on O; and O, despite the
smaller distances (Na'...O; = 2.367; Nd'...0, = 2.395 A). The large decrease of the water O
charge by 0.06 e, even it is not the closest atom (Nd'...O,, = 2.370 A), shows the particular role of
H,O. The total H,O charge increases from -0.071 to -0.013 e and remains equivaent for the zeolite
partialy optimised with 8-511G/STO-3G, where the water O becomes the closest atom (Na'...Oy
=2.345; Na'...0;=2.368 A).

More precise dependences for the cation MMs could a priori be obtained from a separate
congderation of the hydrated and dehydrated forms, but the dependences are very close as shown
with 8-511G/STO-3G in Fig. 1b (only hydrated forms are applied for other basis set levels here).
Thisdight HO influence is in partid contradiction with the appreciable “charge trandfer” from O to
Na upon addition of the d functions and requires a further study.

The MM approximations for the framework atoms are of the same qudity as it was earlier
obtained for the H-forms (Figs. 1d, 2b, and 2c); however, the Q"(S) are less well described in



LIABW (Fig. 2¢). The influence of the bass st variation on Li does not change the MMs so that
they coincide; such influence is however more important for Na (Fig. 1b).

3.4. MMsof thewater atoms

The most accurate approximations for O and H water atoms were aso obtained for the high order
MMs. Two examples are presented in Figs. 2a for O (black signs) and Fig. 2d for H. For the gas
state model, the dependences for each atom should coincide but there is a difference between the H
atoms in the water molecules located in different zeolite media (Fig. 1d). The sharp difference
between the gpproximations for the water and zeolite O atoms is illugtrated in Fig. 2a, while the
absolute MM vaues are close.

4. CONCLUSIONS

High order MMs of the cations and zeolite framework atoms of LIABW, NaNAT, and BaEDI
were gpproximated using a “cumulative’ coordinate approach [2]. The periodic Hartree-Fock
(PHF) optimisation of the hydrated/dehydrated frameworks did not lead to particular MM
dependences of the framework atoms so that the MM s of dl cationic structures can be described by
smilar type dependences.

The MMs of the cations depend only very dightly on the presence of the water molecules despite
of their close positions to the cation. This dight effect can be judtified by a “compensation” of the
whole neutral molecule on the atomic eectronic distribution as compared to the influence of the
partidly charged framework aoms. A crude MM approximation can be obtained neglecting the
influence of water. Despite a “charge trandfer” from O to Na upon addition of d polarisation
functions on Na was related with a charge variation on the closest O atom of water, the MMs of Na
can be approximated together for both the hydrated and dehydrated NaNAT forms.

The optimised geometry of water is less distorted as compared to X-ray data; the H-O-H angleis
larger than in the gas state. The bond distortion could not clearly be estimated with the small basis set
used for the PHF optimisation. However, the dongation of the O-H distanceis dightly overestimated
as compared to the water clusters at the same basis set level.
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Figure 1. Dependence of the multipole moments Q_"(X) components versus the R "(X) coordinate
(equation 3) for the (g, b) hexadecapole and (c, d) octupole for (a,c) X = Li, (b) X = Na, and (d) X
= Al (NaNAT) atoms. m = 0 (circles), |m| = 1 (squares), |m| = 2 (triangles up), |m| = 3 (diamonds),
|[m| = 4 (triangles down), positive m vaues (open sgns), negative m values (filled Sgns). Basis satsin
(a ¢, d): ps-21G* (black sgns); ps-21G** (gray signs). Approximation (equation 3) is depicted by
lines

G =0.1 0.0 0.1 0.2
' 03
0.1
—-0.1
5 —50 w @XxX=0,L=4 | & (b) X=O,L=2
o Wy =M= - o = -0.3
i:; 30 £ 3 1 3 = t
g = Si = b (d)y X=H,L=3
o3 () X=Si,L=3 - 7y ’
20 L]
o Q
—20 —5
-40 : : : : : : —10
-0.4 -0.2 0.0 0.2 —0.5 0.0 0.5 1.0

-1.0

R, m(X), au
Figure 2. Dependence of the multipole moments Q "(X) components versus the R "(X) coordinate
(equation 3) for the () hexadecapole (b) quadrupole and (c, d) octupole for the (a, b) X = O, (c) X
=S, and (d) X = H atoms calculated with ps-21G* (case awith ps-21G**): m =0 (circles), [m| =1
(squares), Im| = 2 (triangles up), |[m| = 3 (diamonds), |m| = 4 (triangles down), pogtive m vaues
(open sgns), negative m values (filled Sgns). Case (a): O aoms of water (black sgns); O atoms of
LIABW zeolite (gray signs). Zealite forms in (b-d): LIABW (black signs); NaNAT (gray sgns).
Approximation (equation 3) is depicted by lines.



