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CRYSTAL STRUCTURE OF STILBITE

MevNeno Slaucnrnn,r Department of Geology, Uniaersity oJ Missouri,

Columbia, Missouri, 6 5 20 1

Aestnect

Stilbite is monoclinic, C2/m witinunit cell a:L3'69; b:18'25; c:11'31 A' P:t28'2";
82:Naz.z, Caa rMgo.z(Als.sSiro rOzz 0) '24.5HrO. The structure refined by the least squares

and difierential Fourier synthesis to,R:0.11.

The framework of stilbite is pseudo-orthorhombic with l0-member rings and 8-member

rings forming approximately normal channels parallel to o and pseudo-orthorhombic c

respectively.-Eilht-member rings are paraliel to the ab plane and of two types: equant and

narrow elongate-. The equant rings lorm a channel parallel Io c at l28o to the 10-member

ring channei. Elongate and equant rings alternate to form a restricted channel parallel

to pseudo-orthorhombic c.

Unlike most related zeolites the Ca ions are near the middle of the channel surrounded

by and bonded to eight water molecules but no framework oxygens'

There are five Na ion or Mg ion sites including the ca ion site. Na ions are attacbed to

one or two water molecules as well as framewotk oxygens. Aluminum substituted lor

silica is not well ordered and Na sites are neariy evenly occupied on several of the sites'

INrnopucrrolc

The structure of the calcium-sodium zeolite stilbite was partially

determined by GaIIi and Gottardi (1967). They determined the struc-

ture of the silica-alumina framework and the position of the calcium ions.

Presented here is a refined structure of the framework with the deter-

mination of the calcium, sodium and water positions of stilbite.

Galli and Gottardi using fiIm data, determined the structure of the

framework of a stilbite of approximate composition NazCaa[AlroSboOz) '

28H2O. They did not determine the position of the sodium ions, water

molecules and final temperature factors. At the time their paper was

published we were collecling data on a stilbite' Subsequent analvsis of

Lur data confirmed Galli and Gottardi's framework and calcium posi-

tion. Galli and Gottardi also suggested disordered substitution of

aluminum in the silica tetrahedra. This analysis confirms their sugges-

tion.
ExprmunNtlr-

The specimen used in this investigation was from a basalt lrom Nova Scotia' Stilbite

crystals formed aggregated groups. The chemical analysis by Booth, Garret, and Blair Inc''

etriUaepnia, pennsylvania, of irystals from which the structure was determined is given

in Table 1. The chemical formula of the stilbite based on 72 oxygens in the anhydrous cell

according to the chemical analysis is

Nae.oeK.ogCaz ozMg ot(Alto :eSizs.ezOzg)'20'38H'O'

I Present address: Department of Chemistry, Colorado School of Mines, Golden'

Colorado 80t101.
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Tasln 1. CErMrc,qJ Ar.rar,vsrs ol Srrlsrra

Oxide Percent

56.M
19.40

4 t .  I J

0.04
6 .91
0 .01
0.00

12.48
0 .97

The approximate formula

NaoCaz (AlroSigoo z z) - 20HzA

was used in the initial structural solution. However as the refinement progressed the
formula of the individual crystal used in the analysis approximated

Na: zCa;.rMgo_z(Als.sSizo.rO;g.o). 24.sHrO.

The "ideal" formula for stilbite is

NazCaa(AIroSizeOzr) . 3 2H:O.

cell constants obtained from least-squares refinement emploving the separation of
KatKozref lect i .onsareasfol lows:monocl in ic,  a:13.69+.01,b:1g.25+.01,  c:71.31+.O2
A, and B:128.2oi.2.The space group determined from Weissenberg photographs and
confirmed by refinement is CZ/m.

The intensity data were collected on a Buerger-Supper diffractometer from a rectangular
crystal measuring 0.04X0.07X0.12 mm. Lorcntz_polarization factors were applied to the
data but no absorption corrections were made. There were 1251 reflections measured and
1240 reflections used for refi.nementr.

DprnnlrrxarroN oF THE SrRUcruRE

The Framework. The atomic positions of the framework of the stilbite
structure of Galli and Gottardi (1967) provided. the initial coordinares.
Refinement proceeded to a discrepancy index, R of 0.26. Addition of
ca and Na on the calcium site of Galli and Gottardi reduced R to 0.19.
Refinement was done using differential Fourier synthesis programs
written by Slaughter (1964) and the Busing, Martin, and Levy (1962)
least squares refinement program. The final atomic coordinates were
nearly identical using the two methods.

I To obtain a copy of structure factor tables, order NApS Document #00g43 from
ASrs National Auxiliary Publications Service, c/o ccM rnformation Sciences, rnc., 22
west 34th street, New York, New York 10001; remitting $1.00 for microfiche or $3.00 for
photocopies, payable in advance to ASIS-NApS.
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STRUCTURE OF STILBITE

Teer,E 2. FrNer. Arourc Pe.r.aunrnns .tun SreNoelo Dnvrartows'

Atom r 9 z o(r)  n(y)
"(z) 

B OccuPancY

o  ( 3 )  . 0 4 9 9  . 2 6 7 s  . 3 5 0 8  . 0 1 1  . 0 1 0  . 0 1 0  2 . o s  1 . 0

o  (4 )  .0614 .1191 .3223 .O l2  .090 '007 1 .80  1  0

o  (5 )  .2938 .2307 .  34s6 .Or2  .00e .008 1  .  66  1  0

o  ( 6 )  . 3 0 3 6  . 3 7 8 7  . 3 ? 5 5  . 0 1 1  . 0 1 1  . 0 r 2  t . 7 8  1 . 0

o  ( 7 )  . 3 4 1 0  . 3 1 6 5  . r s 3 4  . 0 1 1  . 0 1 0  0 0 9  1 . 5 5  1 ' 0

o  ( 8 )  . 3 1 s 3  . 1 1 2 6  . 5 0 1 2  . 0 1 3  . 0 1 2  . 0 0 9  1 . 8 8  1 ' 0

o  ( 9 )  . 1 8 6 3  . 0 0 0 0  . 4 8 7 2  . o 1 2  . 0 1 1  1 . 9 6  1 . 0

o  (10)  .0000 .3s09 .5000 .010 1 .s0  1 .0

C a , N a  . 2 8 0 6  . 0 0 0 0  . 0 9 5 9  . 0 0 6  ' 0 0 4  2 ' 3 , 3 ' 3  ' 8 4 '  ' 1 6

Na (1)  .4861 .0721 .953s  .040 .039 .057 3  3  '19s

Na (2)  .126 .055 .725 .041 .O28 .031 3  3  '03

Na (3)  .035 .035 .542 .O44 .053 .060 3 '3  '04

; rb  .475 .056 .5?9 .045 .o2g .072 3 .3  .03

HOH ( i )  .3337 . r24r  .1038 .O29 .013 'o23 4  0  .82

H O H  ( 2 )  . 1 4 7 s  . 0 7 s 3  . 1 1 6 8  . 0 1 6  . 0 2 4  . 0 2 E  4 . 3  . 6 5

HOH (3)  .1007 .0000 .8385 .038 .o29 3 .9  .88

HOH (4)  .3668 .0000 .35s4 046 .o24 4  r  '84

HOH (s )  .5130 .0000 .2472 o25 .046 4 .1  .64

HOH (6)  .3281 .0209 .8960 .03? 0s6 .028 4 . r  .41

a Coordinates from difierential synthesis and least squares refinement, temperature factors and occupancy

factors from difrerential synthesis refinement.
b See discussion for explanation.

Framework, Cations ond, Water Molecules. Cation and Water positions

were found by successive Fourier, difference Fourier, and differential

Fourier synthesis. Several water and sodium positions failed to refine b-y

least squares because of low occupancy at some sites and occupancy of

multiple overlapping sites. Therefore, all final automatic refinement was

done by difierential synthesis. The final atomic parameters and standard

deviations are given in Table 2. Interatomic distances are listed in Table

3. The final value of R was 0.11. Observed and calculated structure fac-

tors are available from the author on request.

DrscussroN oF TrrE SrnucrunB

The Tetrahed,rol Frameutork. The crystal structure of stilbite is char-

acterized by large intersecting, relatively open channels of 10- and 8-

member tetrahedral rings. The axis of the 10-member ring channels is

parallel to o. Eight-member rings are of two types: open equant and

narrow elongate. Both types of S-member rings are parallel to the ab-

plane, have mirror symmetry across the planes at b:0, lf 2, and zlter'
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Terr,e 3. INrnnerourc DrsrnNcns

Atom Pair Distance in A Distance in A

si, Al(1)-o(1)
o(3)
o(4)
o(7)

Mean

si, A1(2)-O(2)
o(s)
o(6)
o(7)

Mean

si, Ar(3)-o(4)
o(8)
o(e)
o(e)

Mean

si, Ar(4)-o(3)
o(.i)
o(8)
o(10)

Mean

si, Ar(s)-o(1)
o(1)
o(2)
o(2)

Mean

si, Al(1)o(1)-o(3)
o(1) o(4)
o(1)-o(7)
o(3)-o(4)
o(3)-o(7)
o(4)-o(7)

si, Ar(2)o(2)-o(s)
o(2)-o(6)
o(2)4(7)
o(s)-o(6)
o(s)-o(7)
o(6)-o(7)

si, A1(3)O(4)-O(8)
o(4)-o(e)
o(8)-o(e)

si, Al(4)o(3)-o(s)
o(3)-o(8)
o(3)-o(10)
o(s)-o(8)
o(s)-o(10)
o(8)-o(10)

si, Al(s)o(1)-o(1)
o(1)-o(2)
o(2)-o(2)

Ca, Na-HOH(1)
HOH(2)
HOH(3)
HOH(4)
HOH(s)
HOH(6)
A11 Oxygens

Na(1)- o(2)
o(2)
HOH(s)
HOH(6)

Na(2)- o(a)
o(6)
o(7)
HOH(6)

Na(3)- 0(6)
o(e)
HOH(3)

x- o(8)
o(10)
HOH(4)
HOH(.5)

Ca, Na-Na(1)
Na(1)
Na(2)
Na(3)
X
X

2 739
2.68r
2 .650

2.70r
2.683
2 . 6 5 8
2.681
2 . 6 7 4
2 623

2.7r0
2 . 6 9 1
2.600

2.363
2 . 4 5 + . 1 0
2 .385
2.394
2 . 5 1 5
2 . 7 3 8

> 4 . 2 3

2.60r
2 .328
2.630
2 .500

2 . 5 6
2 . 2 5
2 . 4 6
2 . 5 9

2 . 3 8
2  . 5 8
2 . 9 5

2 0 6
2 . 0 4
2 2 4
2 . 1 3

4 . 2 2 3
3 .801
3 . 4 8 1
4.995
s.250
4.470

t .649
1.629
l . o J /

| . 6 7 4

t .652

t . 6 M
1 . 6 3 1
t -w+l

1 .638

1.640

1.661
1  . 6 7 1
| . 6 2 7
1,624

1 .645

| 622
r .637
r.644
1 .640

I .636

1 .654
1 .654
r .621
t . 62 r

1 .638

2 .695
2.685
2 .662
2 .739
2 .720
2.679

2.680
2 674
2.648
2 . 7 1 5
2.684
2.663



STIIUCTU RE OF STI LBI:TE

Frc. 1. Schematic representation of part of the silica-alumina framework of stilbite

viewed parallel to c sin B of the monoclinic cell. Stippled area outlines the largest portion of

the framework cage.

nate in the o direction. The 8-member ring tetrahedra are i l lustrated in
Figure 1. The equant S-member rings form a continuous channel whose
axis is the z-axis and therefore make an angle of 128o with the axis of the
10-member ring channels. The planes of the 10-member rings of sil ica-
alumina tetrahedra are approximately normal to a. Ten-member rings
form an open channel parallel to o. The center of the channel is a zig-
zag line in the oc plane along the r-axis. The 10-member tetrahedra
rings are i l lustrated in Figure 2. Figure 3 is a projection on the oc plane

of the framework atoms oi one half of the cell.

Alumi,num Substitution. Galli and Gottardi (1967) found no evidence
that there is aluminum substituting at silicon sites preferentially. We
found some preferential substitution of aluminum for silicon but much

Iess than in related zeolites.
The proportion of aluminum at each site is given in Table 2' The pro-

portion of aluminum substituted for sil icon was found by l inear inter-
polation with the mean Si, Al-O distances of Table 3. Interpolation was

was between bond distances 1.607 A for an Si-O bond and 1.746 A for

an Al-O bond. 'fotal aluminum atoms per cell computed from bond

391



392 MAYNARD SLAUGHTER

Frc. 2. Schematic representation of part of the
silica-alumina framework viewed oarallel to a.

distances was 9.8+0.3 (vs. 10.4 atoms by chemical analysis). The posi-
tive charges on all charge balancing cations totaled 9 .6 to 9.9 .

The tetrahedra nearest the mirror planes contain slightly more
aluminum than those nearest theplane l/4y.

The X Site. The X site (Table 2) is a possible cation site and is probably
real. Fourier maps showed a spherical volume of positive electron density
at the X site. The spherical volume of electron density was similar to
each of the other low occupancy sites containing cations. Fourier maps
and computed curvatures from differential synthesis showed displace-
ment toward this site of part of the water molecules lying within bonding
distances to ions at the site. The site also l ies in the opening of an 8-
member ring at an appropriate off-center position for a charge balancing
cation.

However, distances from framework oxygen and water molecules are
consistent with only one cation, Mg2+. Attempts to force refinement to
coordinates with longer bonds from cation to oxygens and waters failed.

If the coordinates of the X site and the bond distances around it are
correct then the formula for the sti lbite approximates

Na2.6sCa3.36Mg.z+Al  s .ssS izs . l2O?2 '  24 .5H2O.
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394 MAYNARD SLAT]GHTER

If the X site is actually a Na site then the formula approximates

Na2.e2Ca3.36Ale 6 1Si25.36072'  24.5H2O.

C ation-w ater-fr amett, ork Relat i ons hips. AII channel cavities and channel
openings in the sti lbite structnre are occupied by cations.

The main cation site, the Ca, Na site is located in the center of the
largest part of a relatively large cavity or cage in the silica-alumina
framework. Each of the stippled areas of Figure 1 schematically defines
the largest portion of a cage. The other half of the cage is the center por-
tion of Figure 1 inverted and placed over the stippled area. The largest
portion of the cavity contains the equant S-member ring and the smaller
half of the cage contains the narrow, elongate S-member ring.

The positions of the site Na(1) are in the main 10-member ring chan-
nel parallel to a, but above and below the mirror plane (Figure 4). The
largest portion of the main channel zig-zags along o and Ca, Na and
Na(1) l ie about on the main channel center l ine.

The Na(2) site is on the opposite side of the large cage from the Ca,
Na site and lies just inside a small cage formed by the elongate 8-member
ring. The Na(3) site is almost centered in the same cage as the Na(2)
site. Both Na(2) and Na(3) l ie above and below the mirror. The X site
is near the center of the equant S-member ring.

All four cation sites lie on a line parallel to the pseudoorthorhombic c.
Each Ca, Na site is surrounded by eight water molecules (Figure 4).

The water molecules surrounding the Ca, Na position constitute all
waters found in the structure and the other cations share these waters
with the Ca, Na ions. Although the eight water sites are not completely
filled under room humidity conditions, occupancy of these sites is prob-
ably more nearly complete when the mineral is saturated with water or
when the Ca, Na site is filled with Ca only. With all eight sites filled the
cell would contain 32 }lz0. With Ca filling the Ca, Na site under room
humidity conditions there would be about 28IJ2O per cell.

The effect of sharing of waters among cations on partially occupied
sites causes displacement of the waters around the positions the waters
would occupy if Ca were the only cation. The displacement was il-
lustrated in the Fourier maps by a smearing of the electron density at
the water sites. The coordinates of the water molecules and bond dis-
tances between cation and water molecules are therefore approximate
and coordinates of each H2O represent the best single site.

The Na(1), Na(2), Na(3) and X sites have a maximum occupancy of
0.25 each because of closeness of the sites to twofold axes and mirror
planes. More than 0.25 occupancy of sites would place symetrically re-
lated cations closer than permitted for a stable configuration. The oc-
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396 MAYNARD SLALIGIITER

cupancv of the x site is further l imited because of its short ca, Na dis-
tance to cells where ca is not present. Therefore, the X site cannot have
an occupancy in excess of 0.04. The Na(2) site is also not l ikely to be
occupied when ca is in the ca, Na position. There should be an effective
restriction of 0.04 occupancy for this site also.

The maximum occupancy of the subsidiary cation sites are summarized
as follows:

Na(1)  -0.25

Na(2)  -0.04

Na(3)  -0.2s

x -0.04

Although Na(1) site occupancy of 0.2 approaches the maximum of
0.25, the Na(3) site has not more than 0.04 occupancy, even though
cation-cation repulsion is lower at Na(3) than at Na(1). The low oc-
cupancy at Na(3) seems to be the result of a small attractive potential
because there are no tightly bound rvater molecules surrounding the site.
There are at Na(3) three bonds at larger distances than bonds to Na(1),
Na(2) and X which have four bonds each. Ions at Na(1), Na(2), and X
are bound to four waters and oxygens (Table 3). Ions at Na(3) are
bound to two oxygens and very loosely bound to one water.

ConcrusroN

Stilbite differs from other related zeolites, heulandite, clinopti loite,
episti lbite, dachiardite, ferrierite, and brewsterite in that sti lbite nas a
relatively large cage formed by the silica aluminum framework. The
center of the largest portion of the cage is occupied by Ca ions com-
pletely surrounded by water molecules rather than the ca being directly
bonded to one or more framework oxygens.

Preliminary calculations of cation-water, cation-framework bonding
in these related zeolites suggest that one of the important parameters in
determining which zeolite will form in a given environment is the
strength of cation-water bond coupled with the activity of water. Dif-
ferences in the structure of the framework seem to be of secondary im-
portance. Stilbite seems to require relatively high activity of water for
stability.

We are now beginning systematic calculations of cation-water and
cation-framework bonding approximations in the rockforming zeolites
with the hope that we can answer some of the puzzling questions about
their structure and stabilitv.
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