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Electrostatic properties in zeolite-type materials from high-resolution x-ray diffraction:
The case of natrolite
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High-resolution x-ray-diffraction data of natrolite at room temperature give by multipolar refinement an
analytical expression of the electron density which permits the calculation of net atomic charges and electro-
static potential. The observed net charges show that the structural formula of natrolite may be written
Na,Al ,Si,04(Si0,),2H,0. The electrostatic energy of one sodium ion inside the crystal is estimated to
—21.6 eV. Calculation of the electrostatic potential excluding one sodium shows that the minimum is precisely
at the removed Na position.

[. INTRODUCTION out the electrostatic potential in the crystal using a combina-
tion of Fourier and direct space summations.
Zeolite materials are widely used in industry to trap

cations or molecules depending on the electrostatic potential Il. EXPERIMENTAL DETAILS
inside their cavities. If the size of the cavity as well as the
crystal structure are known from conventional x-ray diffrac-
tion, nowadays, no theoretical method is able to precisely A crystal of natrolite has been chosen for its well-ordered
describe or reproduce the net atomic charges and the electrfl,Si distribution in the framework reflected by the higka
static potential in these materials. The only possibility toParameters differenceThe crystal structure of such a com-
estimate the electrostatic properties of zeolite-type materialgound originating from MarienbergJsti and Labem, CR

is high-resolution x-ray diffraction, which permits electron- considered as a maximum natroliteta=0.351 A has

density modeling and therefore calculation of the propertiesP€€" Published by Kirfel, Orthen, and WillThe sample

we have applied this technique mainly to organic and orgai?fgnm ;helofrgfsetnt.nsr:ggyc(:rggztedsr;mr:nf:g'; Ssmioddeepozlt.
nometallic compoundgno extinction, few absorption prob- g W y W 9 '

L . single specimen was selected for its good crystalline quality,
lems and it is now necessary to test the feasibility of SUChdisgIayirF:g a(110 elongated prism en%ed by);\ pyram?d Itsy
methods on hard insulator materials. Therefore we have chqp - 00 00 100 16% 0 44 mn? Microprobe chemi-
sen a natural ordered zeolifeatrolite to show that reliable T . :

. h del . il be obtai cal analysis done on five crystals from the same geode has
atomic net charges and electrostatic potential can be o ta'nedi/en the same Si/Al ratio equal to 1.5 and no other cation

from a careful x-ray-diffraction study. _ but Na was detected. The x-ray data collection was carried
Since Pauling in 1930, many authors have been inter- oyt on an Enraf-Nonius CAD4 diffractometer with graphite-

ested in natrolite(NayAl ,Si3040,2H,0) crystal studies. 000 ovoad MoKa radiation 0=0.70931 A at

Among the zeolitic compound_s, r_1atro|ite is fibro_u; and Pr€to0om temperature. The cell parameters were determined by
sents channels along the axis instead of cavities. The oot squares fit to the optimized setting angles of 25 reflec-
framework of this crystal is composed of SjGnd AlO, tions in the range 18226<46° (b—a=0.343 A). Table |

tetrahedra forming a helicoidal channel in which Na cationsyjes the experimental conditions and details. A total of 8250

?ﬂd \;valtedr mol_egules I;er:)n Z|%zag(::|rlsg;sA[|Jaralle:.toaheqs. reflections was measured and recorded«a26 profiles
e full description of the ordered Si/Al natrolite structure " - asolution of Sma=(SNOA=11 A~ [gae

was given initially by Pauling and Taylor, Meek, and 47(sing)/\n=13.85 A1]. To improve the statistics on low-

Jacksorf. Meir® refined the atomic positions. From the resolution reflections contributing to the valence shells and

electron-density and electrostatic-potential point of view, Na30 the electrostatic potential, supplementary equivalents

trolite offers the opportunity to determine the partial covalent, . = : ; L )
charactgr of Si—O_ and Al-O bonds. A recent paper of Stuck1(ecthéd_ (ri,lll,)J),a(nldo,iflz;d:Ing (acl)r,g,ghr’eﬂelé'ﬁo:])s V\Yvirri %?1'0_
enschmldt, Joswig, and' Béunreportgd the study of the de- sen as standards to check the variation of the intensities dur-
formation electron density of natrolite by the X-X method to ing the experiment and collected every 2 h. The total x-ray
a resolution of (Sif/\)ma=0.9 A~1. However, these au- exposUre time of the sample was 195 h.

thors did not use any multipolar refinemeid get reliable P P ’
structure-factors phases for electron-density mapping nor de-
rive any electrostatic property. In the present study, after a
reliable multipolar refinemeritwe used ax refinemertt to The DREAR package of Blessirig® was used for the data

get experimental atomic charges which permit one to mapeduction and error analysis of the measurements. A Lorent-

A. Microprobe analysis and x-ray-diffraction experiment

B. Data processing
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TABLE |. Crystal data and experimental conditions.

Formula NgAl ,Si;040,2H,0

Molecular weight(g) 3041.8
Crystal system Orthorhombic
Space group Fdd2

alA 18.2892)

b A 18.6312)

cA 6.5831)

Vv A3 2242.95)

z 8

Pcalc (g/cm3) 25
Temperaturg°C) 25

Diffractometer Enraf Nonius CAD4
Radiation(graphite monochromatpr Mo Ka (A=0.70931 A

Linear absorption coefficiercm 1) 6.98

Scan type w-20

(SINA/N) max (A7) 1.1

Reciprocal space regions —40<h=40, —40<k=40
—14<|<14

No. of data collected 8250

No. of data used 5194 [I1>30(l)]

R;,R,,Rw (internal agreement$ 0.0106,0.0121,0.0200

&The internal-agreement factors are defined &R,;=
S|IFP=(FAIZIF?, Re=[=(IF[*=(IFI*)ZZ|F?7]M2 R,
=[Sw(|FI2=(FPN)Z=w(F|)?Y2 1=|F|?, and w=1/¢?
(IF[»2
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TABLE |II. Least-squares statistical factorsR=3||F|
—K|F[IZ|Fql, Rw=[Sw(|Fo|—K|Fc)¥=w|Fo[*]"?, GOF =

[=w(|Fo|— K|F¢)?n—m]*¥2 n is the number of refined param-
eters, andn is the number of the data.

Refinement  sing/\ R Rw
no. AY (%) (%) GOF n m Type
1 0.9<s<1.1 391 4.12 1.25 85 1961 spherical
2 0.0<s<1.1 254 289 163 1 5191 spherical
3 0.0<s<1.1 2.16 2.20 1.27 238 5191 multipolar
4 0.0<s<1.1 2.32 2.44 138 18 5191 «

multipolar refinement with all electron-density parameters.
Hydrogen atoms of the water molecule were refined isotro-
pically with all data and the O-H distance was imposed to be

0.96 A. The form factors of neutral atoms Si, Al, and O and
ionic Na* were calculated from Clementi and Raimotidi
wave functions. The bound atom form factor for hydrogen
was from Stewart, Davidson, and Simpsd@nomalous dis-
persion coefficients came from CromtérTable Il lists the
residual indices. Although the difference maps obtained, at
this stage of refinement, show deformation electron density
in the bonds, this density is biased by the uncertainty of the
structure-factor phases. A multipolar model is then necessary
to correct the form factors, taking into account the deforma-
tion of electronic clouds. The pseudoatom model of Hansen
and Copperscoded in the least-squaresioLLY program
was used to get electron-density maps. In this model, the

zian model of the peak-width variation was applied in orderpseudoatom density is expressed as
to get reflection integration limits. A decay correction based

on the variation of the standard reflection intensities was ap-
plied to the data. The instrumental instability coefficient
p=0.0076(6) was derived from the statistical study of the
standard intensities and used to estimate the variance of each

intensity aso?(|F|?) =[o2(|F|?) + (p|F|?)?] whereF is the

structure factor andg is calculated from the propagation of
error based on counting statistics and scan angle uncertal

ties[ o(w)=0.0059. The ABSORB program from De Titt&

was used to correct for absorption. The absorption faétor
was found in the range of 0.870 to 0.930, corresponding to %h
maximum loss of 15% of intensity. Moreover, in order to
take into account the anomalous dispersion effect, since t
natrolite space groupdd2 is acentric, averaging equivalent

reflections was done in thmm2 point group leading to ex-
cellent internal agreement indices as indicated in Table I.

lll. METHODOLOGY

A. Spherical and pseudoatom refinements

P(r):Pc(r)+PvaIKSPvaI(Kr)
+Z K'3Rm<x'r>§ PimYim(6,¢), ()

where p. and p,, are, respectively, Hartree-Fock spherical

.core and valence densitigs,, is normalized to one electron,

Bhd P.a is the refined valence population parameter which
gives the charge transfer with respect to the nunithgr of
electrons in the valence orbitals of the atom; the net charge is
end=N,,— Pya. The asymmetric unit is constrained to be
neutral during the refinement &f,,. In the case of natro-
ite, the P, of the water molecule has been refined sepa-
rately in order to respect this neutrality. The startiBg,
parameters for the five atoms of oxygen linked to Si or Al of
the framework were 6.2 instead of 6 in order to take into
account the charge of the sodium cationl) which was
never refined because of the sharpness of éscattering
factor, which would affect only very few low order data. The
Yim are the spherical harmonic angular functions of order 1

The high-order reflections were first used to estimateén real form, andR,(r) are Slater-type radial functions
atomic thermal parameters and coordinates except for hydrd=,(r)=N;r"exp(— £r), whereN; is the normalization fac-

gen atoms. We chose a cutoff of 6in=0.9 A~* to sepa-

tor. P,,, are the multipolar population parameters andnd

rate core and valence-shell contributions. This strategy i%’ are contraction-expansion coeffici¢hfer, respectively,
commonly applied and the description is given in manyspherical and multipolar valence densities.

electron-density studies in the literature. Consequently, we In this calculation, a local atomic orthogonal axis must be
have begun the refinement by the determination of atomiassigned to each atom: these atomic local orthogonal refer-

coordinates and of anisotropic motiod'{’s) fitting the data
in the range 0.&sing/A<1.1 A~ (Table Il). These param-

ence axes for Si and Al have been chosen along the twofold
axis of the tetrahedraR3) T* point group. For the oxygens,

eters were kept fixed and refined only at the last cycles of théhe x axis was taken towards Si or Al. The pseudoatom ex-
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TABLE Ill. Atomic coordinates and anisotropic thermal parametestropic for H and their standard deviations.

X y y Ut u22 BES y2 y U
Sil 0.000 00 0.000 00 0.000 00 0.008 00 0.007 82 0.004 28 0.000 00 0.000 00 0.000 43
0.000 08 0.000 08 0.000 07 0.000 13

Si2 0.153 28 0.21132 —0.37706 0.005 19 0.006 36 0.006 31 —0.000 89 —0.000 58 —0.001 25

0.000 01 0.000 01 0.000 05 0.000 05 0.000 05 0.000 05 0.000 09 0.000 09 0.000 08
Al 0.037 43 0.09372 —0.38460 0.006 61 0.005 24 0.006 26 —0.000 74 —0.000 76 —0.000 80

0.000 01 0.000 01 0.000 05 0.000 06 0.000 05 0.000 06 0.000 11 0.000 11 0.000 09
o1 0.022 72 0.06849 —0.13388 0.020 98 0.011 47 0.009 43 0.007 07 0.003 54—0.004 82

0.000 04 0.000 04 0.000 13 0.000 25 0.000 19 0.000 18 0.000 38 0.000 44 0.000 36
02 0.070 16 0.18173 —0.38993 0.005 96 0.006 93 0.011 77 —0.000 46 —0.001 48 —0.003 49

0.000 03 0.000 03 0.000 11 0.000 13 0.000 13 0.000 17 0.000 29 0.000 30 0.000 22
03 0.098 46 0.03516 —0.499 46 0.01161 0.009 43 0.01644 —0.01204 0.000 77 0.004 36

0.000 03 0.000 03 0.000 12 0.000 18 0.000 17 0.000 21 0.000 33 0.000 34 0.000 28
04 0.206 48 0.15263 —0.27395 0.009 57 0.011 08 0.016 49 0.001 37 —0.010 58 0.004 27

0.000 04 0.000 04 0.000 13 0.000 20 0.000 21 0.000 26 0.000 38 0.000 37 0.000 35
05 0.180 19 0.22730 —0.609 84 0.01212 0.021 78 0.009 53 0.004 67 0.007 16—0.005 69

0.000 05 0.000 06 0.000 13 0.000 24 0.000 30 0.000 25 0.000 46 0.000 40 0.000 46
Na 0.220 77 0.03073 —0.38239 0.01594 0.016 35 0.018 47 —0.003 50 —0.006 12 —0.003 19

0.000 02 0.000 02 0.000 08 0.000 12 0.00012 0.000 14 0.000 26 0.000 25 0.000 19
Qw 0.056 55 0.189 44 0.111 41 0.023 45 0.022 49 0.019 02—0.001 64 —0.001 83 0.004 77

0.000 09 0.000 08 0.000 27 0.000 43 0.000 44 0.000 42 0.000 87 0.000 87 0.000 77
H1 0.051 75 0.14576 0.033 00 0.079 42

0.000 00 0.000 00 0.000 00 0.000 06
H2 0.102 93 0.193 80 0.183 15 0.090 03

0.000 00 0.000 00 0.000 00 0.000 08

pansion was extended to the hexadecapdle#l] for Siand factors. Table Il lists the fractional coordinates and the final
Al, to the octupoles I(=3) for O including the oxygen of atomic anisotropic thermal parameteR,,, P, «, and
water, and to the dipoled £1) for H. No chemical con- «' parameters of the model are deposited as supplementary
straints have been imposed on the asymmetric unit during theaterial. In the residual density map shown in Fig. 1, the
refinements since all atoms in natrolite have different envimaxima and minima do not exceed, respectively, 0.10 and
ronments. For Sil, at the origin, the crystallographic twofold—0.15 e A ~2 compared to a crude estimation of experi-
site symmetry reduces the number of multipolar parametersnental errors:

Therefore, because the local axis was chosen along the
twofold axis, any spherical harmonic containirg** and

y?*1 wherek is an integer and,y relate to the Cartesian
coordinates was fixed to zero. The best radial functions of Si
and Al atoms were obtained by inspection of the residuahnd
maps[n,=6,6,6,6 (=1-4)]. {'s were taken from Clementi
and Raimondi? {5=3.05 bohr ! and {,=2.72 bohr ™.
For O atoms/o=4.5 bohr ! and the multipole exponents
were, respectivelyn,=2,3,4 up to the octupole level.

The multipolar refinements were carried out over all re-
flections to a resolution of sitix=1.1 A~. Isotropic ex-
tinction was corrected and the extinction parameter The charge density obtained from x-ray-diffraction data is
g=0.03x 10" * indicates that natrolite is weakly affected by a mean thermal density in the unit cell as pointed out by
extinction. In contrast to quartz, where the extinction is se-Stewart and Feit® With the strategy described above using
vere, we therefore can be very confident in the Fourier calhigh-resolution data to fit thermal parameters in the first
culation of the electrostatic potential. At the convergence, theycles of the refinement, we have shown that the multipolar
atomic positions and thermal motion parameters were remodel is able to deconvolute electron density and thermal
laxed and refined with all multipolar parameters in the lastmotion. However, although the multipolar parameters give
cycles. Final residual indices are given in Table Il. Inspectionnformation about the atomic electron-density deformation
of Table Il shows that the goodness of fit of the multipolarand the bonding, they are not directly useful for charge de-
refinementrefinement 3, is, as expected, lower than that of termination. The multipolar parameters have to be integrated
the initial spherical fitrefinement 2 This difference shows in the real space occupied by each atom in order to get
that it is necessary to use aspherical form factors of the mulatomic moments in the sense of Buckingh&nMany au-
tipolar model in order to improve the phases of the structuréhors such as Hirshfetd and Bader and N'guyéh have

1/2
(UZ(Ap)>1/2=2N[; (02|F0b4)} =0.05eA3

1/2
<0',Zes)1/2=2N[; (K—1|F0b4—||:m|)2} =0.06 e A3,

B. k refinement and net atomic charges
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1A static properties. However, in inorganic materials, in order to
study the electrostatic interactions, bigger clusters and lattice
sums are needed. In the direct space calculations, the prob-
lem of charged boundaries appears and the method of
Ewald’® must be applied. This problem is all the more diffi-
cult when the asymmetric unit or the unit cell is polar as is
the case for natrolite. To avoid this difficulty, StewArand
Spackman and StewA&tthave proposed a combination of
Fourier summation and direct space lattice sums given by

CI>(I‘)=A(D+<D|AM+(I)O.

A® is calculated as

1 . .
A=—— ; [IF|exp(i pm) —|Fiam|exp(i dram)]

X exp(—2miH-1)/(sing/\)?, (]

whereV is the unit-cell volumeF is the observed or calcu-
lated structure factor phased by, from a multipolar refine-
ment, Fav is the structure factor of the independent-atom
model (procrystal, i.e., the superposition of spherical free
atoms deduced from Hartree-Fock wave functions, and
sing/x=|H|/2, H being the Bragg vector in reciprocal space.
FIG. 1. Residual density in Si1-O1-Al plane of natrolite from This.(sirﬂ/)\)z weighting in.the Fourier transform shows that
refinement 3. Contour intervals 0.05 e A ~3; negative contours A® IS less affected by series truncation errors than the elec-
are dashed, zero contours omitted. tron density. The calculation af® in reciprocal space in-
stead of® avoids the problem of the singularity at the origin

looked into this molecular partitioning based on a direct¥/hen|H| goes to zero. On the other har,,y whichis the
space integration. On the other hand, a reciprocal space apPtential generated by independent atoms in direct space is
proach like thex refinemerft leads to a good evaluation of '2Pidly convergent and does not require extensive calcula-
the net atomic charges from x-ray-diffraction data. We havd!ons. It compensates theay term in the F.ourler summa-
recently shown that the fit of the experimental electrostatiton- In order to get the electrostatic potential on an absolute
potential with atomic point charg¥gives point-charge val- §cal_e which permits one to compare the values of this quan-
ues very close to those obtained from theefinement. We Uty in one compound or another, we must also take into

then calculated natrolite net charges starting framz Ul account the mean potentidl, in the crystal. This origin
of refinement 3, neglecting®,, parameters, and refining potential is mainly due to the quadrupolar contributions in

P, and « only. The refinement converged very well as the unit cell. It was successively estimated by 'Ste\ﬁi‘art,
shown in Table ll(refinement 4 and led to a significant Beqker a7nd CopperfS,and Sommer-Larsen, Kadziola, and
improvement of the least-squares fit compared to thé>aihede’’ We have evaluatédi @, by

independent-atom mod@AM) refinement(refinement 2

q)OZ_(zW/V)f r2piam(r)dr. 3
C. Electrostatic potential cell

The knowledge of the electron-density distribution fromAS Piaw iS the electron density of the independent-atom
theory or x-ray-diffraction experiments is necessary to derivénodel, it is therefore not origin dependent.
the most important property to describe the interactions in
the solid state, i.e., the electrostatic potential. From the IV. RESULTS AND DISCUSSION
Hansen-Coppens multipolar parameters we can calculate
the electrostatic potential in direct spac@&LECTROS
prograni®?y. In molecular compounds, the electrostatic po- The crystal structure of natrolite has been described by
tential of an isolated molecule extracted from the crystal latseveral author:> Therefore we only give a brief description
tice gives information about the acid sites illustrated by thenecessary to understand the paper. As shown in Fig. 2, the
negative potential in the maps. The cohesion in such crystaRatrolite structure contains elongated chains along theis,
is mainly due to the hydrogen bonds and many studies haveomposed of four-membered rings of tetrahedra in which
shown that the electrostatic potential is more appropriate ttwo opposing tetrahedra are $jOand the two others
characterize this kind of molecular interaction than electrorAlO 4. This unit is periodically reproduced along theaxis
density alongSwaminathan and Crav&i But, in these ma- by means of the 2 helicoidal axis. The connecting oxygen
terials, the molecule is an entity in itself, so the electrostaticatoms belong to two SiQtetrahedra or to one Si{tetrahe-
potential around one molecule or around a little cluster ofdron and one AIQ tetrahedron. This stacking gives rise to
molecules is sufficient to draw conclusions about electro€hannels in which the sodium and the water molecules are

A. Description of the structure
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TABLE V. Interatomic distances in A and angles in degrees in
natrolite. The ESD’s are given in parentheses.

Si1-01 1.60568)
Si1-05 1.6310)
Si2-02 1.619%) Al-O1 1.73719)
Si2-03 1.61217) Al-02 1.74576)
Si2-04 1.6138) Al-O3 1.73446)
Si2-05 1.63689) Al-O4 1.743@8)
Na-Ow 2.3712) Ow-01 2.8402)
Na-Ow’ 2.3942) Ow-05 3.9942)
Na-03 2.3672) H1-01 1.88718)
Na-O4 2.39483) H2-05 2.06119)
Na-02 2.518(8)
Na-02 2.61488)
Si1-01-Al 140.965) 01-Si1-01 113.4(b)
Si2-02-Al 129.844) 01-Si1-05 107.86)
Si2-03-Al 138.704) 05-Si1-05  111.08%)
Si2-04-Al 135.005) 01-Si1-05 108.3(®)
Si1-05-Si2 144.3(6) 03-Si2-04 111.78@H
03-Si2-02 107.4®8)
FIG. 2. View of the natrolite structure along tleeaxis. Ow-HI---O1 168.01) 03'8?2'05 109.7&)
Ow-H2. - - 05 160.81) 04-Si2-02 110.93}
. . 02-Si2-05 107.16Y)
trapped(Fig. 2). Each channel is surrounded by four Other03-A|-Ol 110.104) 04-Si2-05 109.65)

channels sharing the Ooxygen atom which bridges SiO
and AlOQ, tetrahedra. The sodium atoms are linked to sixO3AR04 109.984)
oxygen atoms: two water molecules and four oxygens peD3-A-02 111.193)
longing to two SiQ, and two AlO, tetrahedra at two differ- 01-Al-04 112.2%4)
ent altitudes in the channels. The comparison between thg1-Al-02 109.094)
bond lengths and angles given by Kirfel, Orthen, and $will O4-Al-02 104.184)
after a conventional crystal structure refinement and those of
the present study after the multipolar fit, shows no significant
difference as reported in Table V. This feature was also reported previously by Gibbs, Downs,
and Boisef’ for coesite from theoretical calculations. In this
latter paper, the deformation electron density calculated with
the 6-31G** basis settwo d orbitals on Si and ond orbital
Figure 3 shows the static deformation densityon O) in H¢Si,O; reveals a peak height of 0.38A ~3 in
Ap== L p2 (1) —phm] wherep? , is calculated with the the Si-O bond which compares qualitatively with our result.
multipolar parameters using formukd) and p3,, is the The electron-density depletion around Sil shows the silicon
independent-atom model calculated from Clementi ancelectron transfer to thep® Si-O bonding orbitals. On the
Raimondi wave functiortd (STATDENS progranf®) in the  other hand, the water molecule oxygen lone pair shows up
Si1-O1-Al plane, where Sil is at the origin of the unit cell. clearly on the map. The water molecule interacts with the O1
On this map, the electron density is more concentrate@Xygen of the framework by means of a hydrogen bond
around the oxygen atom than around the silicon or the alufH1- - -01=1.8871) A]. This feature agrees with a slight
minum according to the high electronegativity of oxygen.polarization of the O1 oxygen lone pairs towards H1.
The peak-height values are, respectively, 024 2 in the
Si1-01[Si1-01= 1.6061) A] bond and 0.45e A 2 in the _
Al-O1 [Al-O1 = 1.7371) A] direction at 0.5 A from the O1 C. x refinement and net charges
atom; the typical standard deviation of this density is 0.05— Determining net charges of atoms in crystalline silicate-
0.1 e A 3. Even if the maxima of the electron density are type materials is not an easy task: theoretatainitio meth-
not located in the middle of the bonds, electron sharing isods applied to small clusters trying to simulate the solid gen-
more pronounced between Si and O enhancing a larger cerally do not give a satisfactory answer because the
valent character of the Si-O bond compare to the Al-O link.periodicity of the crystal is not reproduced. Recently several
The study of electron density in ring silicates like cordiéfite authors have published, using the Hartree-Fock periodic pro-
shows a similar feature in the Si-O-Al bridges. On the othergram cRryYsTAL>? the electrostatic properties such as net
hand, the electron concentration in the Si-O bond is shifted¢harges and electron density of small high-symmetry unit
towards the interior of the O-Si-O angle and the peaks of theells like a-quartz™*? or on two-dimensional sheets of
Si-O bonds are connected with a ridge of electron densitySiO, tetrahedrd using several basis sets with or withalit

B. Static electron density maps
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Scheme 1

Nay Al, Si; Og (81 0)

FIG. 3. Static deformation density in Si1-O1-Al plane of natro-
lite. Contours as in Fig. 1.

Scheme 2

polarization functions. The charges obtained vary from 2.4 to ) . .
1.6 for the silicon atom when polarization functions are used; FIG' 4. SCheme, 1: Global (_:hgrges O.f Si and .AI tetrahedra in
. hatrolite. Scheme 2: Electrostatic interaction of Naith the nega-
on quartz, the oxygen charge varies froni.13 to —0.83, . :
. e . tive Si(Al)O, tetrahedra.

clearly showing the limit of these calculations. Anyhow, even
if reliable, this type of calculation is not possible nowadays . _ .
on natrolite or on real zeolites. Therefore the only way to geing to a contraction of their electronic cloud. On the other
realistic charges in the solid state is the experimeXtad  hand, «'s for oxygens have an average of 0.95 showing a
diffraction method especially for crystals with no severe ex-slight expansion in agreement with Slater ruigsi2 and Al
tinction. bear, respectively, 1.511)e and 1.65(10¢ net charges

Table V givesk, Py, and the net atomic charges of whereas Sil seems to be more positively charged
atoms in natrolite calculated from the refinement 4. As [+1.84(12¢]. The average charge value on the silicon is
already mentioned, the net charge of Na was kept fixed téess than the+2.1 to +2.4 charges obtained by Sasaki
+1 in all the refinements and electroneutrality imposed theet al3* on SiO, tetrahedra by direct integration of the
sum of net charges on the framework atoms to-hke The  charges in forsterite, fayalite, and tephroite; the charges in
k values of Sil, Si2, and Al are on average 1.1 correspondhe present study are closer to those obtained by peréaalic

initio calculationg® on a two-dimensional sheet of SjQet-

TABLE V. &, P, and net atomic charges in natrolite and their Fahedra(planar groug?31m) using a double? basis set plus
ESD's (in parenthesgsrom « refinement.

polarization function includingl orbitals on Si and reflect
half ionicity of the atoms.

Atom K Pyal Net charge The different charges obtained for Sil and Si2 must be
- explained by the environment of these atoms since Sil is
Si1 1.122) 2.1612) 1.8412) bound to two silicons and two aluminums when Si2 is linked
Si2 1.082) 2.3510 1.6510 to three aluminums and one silicon. All the oxygens have
Al 1.102) 1.4911) 1.51(11) obviously negative net charges. O2 is the more charged atom
01 0.95@4) 6.9005) —0.90(5) [—1.21(5k]. It is an expected result because this oxygen
02 0.93@2) 7.21(5) —1.21(5) atom forms ionic bonds to two Na cations in the structure
03 0.95@4) 7.035) —1.03(5) [02---Na= 2.5191) A, O2- - -Na’' =2.615(1) A.. By com-
04 0.95@4) 7.075) —1.07(5) parison the O1 and O5 atoms which are not directly con-
05 0.9634) 6.875) —0.87(5) nected to any sodium cation bear an average charge of
Na 1.0000 0.0000 +1.0000 —0.89(5). Furthermore, O3 and O4 are linked to only one
ow 0.972) 6.593) —0.59(3) Na® and have an intermediate charge-e1.05(5).
H1 1.175) 0.763) +0.243) Scheme 1 in Fig. 4 gives the total charge of each of the
H2 1.327) 0.643) +0.363) three tetrahedra, the charges on the oxygen atoms being

those obtained fronk refinementdivided by 2 because each
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oxygen atom is linked to two Si or Al ionsThe Sil tetra- 1A
hedron is almost neutral, slightly positive, and therefore does

not participate in the charge transfer in natrolite; in contrast,}
the Al and Si2 tetrahedra bear on average.5(1) negative
global charge compensating the Naation charge. This lat- |
ter result explains the coordination of the sodium cation: as|™
shown on scheme 2 in Fig. 4, the Na closest neighbors ar¢;
the Al and Si2 tetrahedriNa-Si2=3.0681) A, Na-Al=
3.1011) A] whereas the shortest Na Sil is 4.7921) A

o T LZEEEER

showing that Sil is more involved in the framework structure :*‘l’o‘

S

building and not in the interaction with the cations. Therefore {=*
the structural formula of natrolite should be written [-
Na,Al ,Si,04(SiO,),2H,0 where SiQ relates to Sil. The 2
charges obtained for the oxygen and hydrogen of the watef~
molecule are very close to those that we got from a jointf
x-ray and neutroiX-N diffraction study ofL-arginine mono- A
phosphate, a material with nonlinear optical properites.

\\___06.0_,
e S

D. Electrostatic potential

The following strategy for mapping out the electrostatic
potential in the natrolite structure is a combination of Fourier |
synthesis and direct space neutral-atom summaffonsiula
(2)]. The structure factors used in these calculations were
those of thex electron-density modéTable II, refinement # FIG. 5. Total electrostatic potential in the zigzag line of Na in
corresponding to the observed data @i),=1.1 A™1.  the channels of natrolite. Contours are 04 ~1; negative con-
Even if the thermal motion is present in the structure factorstours are dashed, zero contour dark dashed.
we have checked, according to SteWathat the electro-
static potential outside the atomic positions is not affectedeontribution to the total potential, assuming that the crystal is
One of the goals of this study was to evaluate the electronot perturbed. Figures 7 and 8 display the resulting total
static energy of the Na cations in the crystal of natrolite, so electrostatic potential obtained in the same planes described
we focus on the Na sites in the structure. The mean electraabove. The minimum is now located exactly on the Na site
static potentialformula(3)] found for this structure from the and has a value of 1.5 e A ! which allows one to esti-
procrystal is¢,=—0.76 e A1 (1 eA1=14.4 V). For
comparisongy, is equal to—1.04 e A ~* in danburité® and
even higher in stishovit®, —1.38 e A~ According to _'*

O’Keefe and Spenc these calculated values are slightly
overestimated in comparison with experimental values ob,
tained by electron-diffraction interferomeffyfor example. [
Figure 5 displays the total electrostatic potential in the plang %
containing the zigzag line of Négparallel toc axis). The h
electrostatic potential on this map shows minima of]
—09eA 1=-135 V which are close to the cation

positions. These negative potentials form complementar
zigzag lines to those of sodium. This negative potential i

—0.1 e A ! provided by the Na-coordinated oxygen atoms.
Figure 6 shows the Na cations in the plane containing it
nearest oxygen neighbors except the two water molecul&:
which lie on each side of the plaf®w-Na = 2.3712) A,
Ow’-Na=2.3942) A, Ow-Na-Ow’=141.56°]. Bridges of ,
electrostatic potential originating from the sodium occur to-{’
wards O3 and O4 which are the closest atoms to Na cations.
The same feature was reported in an electrostatic-potentigl
study in danburit? and was also observed in many electro-
static interactions like hydrogen bonds in molecular com k
pounds. On Fig. 6, the minimum of 08A ~! is located
outside the oxide ion basin and between the water oxygen
In order to estimate the electrostatic energy of the inter-
action between the Na cation and the crystal, we have artifi- FIG. 6. Total electrostatic potential in the plane containing Na
cially removed one sodium from the lattice by subtracting itsand the coordinated oxygens. Contours as Fig. 5.

>
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1A

5 FIG. 8. Total electrostatic potential in the same plane as Fig. 6

calculated without the sodium ion. Contours as Fig. 5.

FIG. 7. Total electrostatic potential in the same plane as Fig.

calculated without the sodium ion. Contours as Fig. 5.

lation can be applied to any material for which the extinction

The corresponding absolute value is much higher than this not a major problem. Furthermore, as synchrotron data
tions can be applied in the future to any material. Further

is more bound in the crystal of natrolite. It therefore wouldWork in this direction is under way. Readers interested in
esupplementary material related to this paper are invited to

consult the PAPS for multipolar parameters of natrolite.

electrostatic minimum £ 0.48 e A 1) found in dehydrated With very short wavelengths can be collected, these calcula-

be interesting to have an experimental value of the Na d

mate the electrostatic energy of the Nan to be—21.6 eV.
sorption energy in natrolite or a similar compound.

zeolite A by Spackman and Web&tshowing that the Na
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