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Abstract

Single crystals of C-N&i,Os have been synthesized from the hydrothermal
recrystallization of a glass. The title compoundhisnoclinic, space group2i/c

with Z = 8 and unit cell parametesiss 4.8521(4)Ab = 23.9793(16)A¢ =
8.1410(6)A 8= 90.15(1)°, V = 947.2(2)A The structure has been determined by
direct methods and belongs to the group of phyitades. It is based on layers of
tetrahedra with elliptically six-membered ringscimair conformation. The
sequence of directedness within a single ring i$JODD. The sheets are parallel
to (010) with linking sodium cations in five- and-$old coordination.

Concerning the shape and the conformation of tigsrC-NaSi,Os is closely
related td3-Na,Si,Os. However, both structures differ in the stackiegusences

of the layers. A possible explanation for the frexily observed polysynthetic
twinning of phase C is presented. In fi8 MASNMR spectrum of C-N&i,Os
four well-resolved lines of equal intensity are etved at -86.0, -86.3, -87.4, and -
88.2 ppm. The narrow range of isotropic chemicdtsheflects the great
similarity of the’environments of the differentssies. This lack of pronounced
differences in geometry renders a reliable assigmmwiethe resonance lines to the
individual sites on the basis of known empiric etations between and

geometrical features impossible.

Key Words: single layer silicate, sodium disilicate, C48&0s, single crystal

structure analysis, twinning, phyllosilicaféSi MAS NMR



I ntroduction

Sodium disilicates are of interest in mineralogg anlid state chemistry as well. Melts
with composition NgSi,Os, for example, have been used by geoscientistdslsifor
silicate melt phases which are the essential coemsrof nearly all igneous processes
(Kanzakiet al. 1998; Maekawat al. 1997). Crystalline sodium disilicates and
especiallyp-NaSi,Os have been studied because of their interestirgibiyexchange
capacity and selectivity (Wolf and Schwieger, 19/jeview of the industrial
applications can be found in the paper of Riecl®@9Furthermore, a complex
polymorphism with at least eight different stabhel anetastable phases has been
reported for NgSi,Os as a function of temperature; pressure and syistheaditions
(Willgallis and Range, 1963; Williamson and Glasd&66; Hoffmann and Scheel,
1969). However, the crystal structures of seveirth@se modifications remain to be
solved.

The phase equilibrium diagram forthe system3W®:s in the range between room
pressure and 400 bars has been investigated byiWsibn and Glasser (1966). Three
thermodynamically stable phases have been obseox#thSi,Os, 3-NaSi,Os and
another high pressure polymorph designated ‘phasgh@ triple point between the
three'phases is located at about 715°C and 90Aareliminary investigation of phase
C indicated monoclinic symmetry and a pseudo-ohtborbic metricd = 8.12A,b =

23.7 A,c=4.85 A, = 90°). However, no detailed structural characsgiin was
performed. The results of Williamson and Glass866) concerning the existence of a
sodium disilicate modification with a stability ige starting at slightly elevated
pressures were confirmed by Jacobsen (1991). Tasepielations in the Nai,Os
system especially at higher pressures have bediedthy Kanzaket al. (1998).

According to their results the stability field dhigse C extends to at least 25 kbar (at
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900°C). At pressures of about 50-60 kbar a newefgadNa,Si,Os) appears.

In the course of an ongoing project on the cryataimistry and the phase transitions in
sodium and potassium disilicates we obtained siogistals of phase C. The aim of the
present work is to provide a description of thestalystructure of this compound and to
show the relationships with known silicate strueturPreliminary results obtained by
295i MASNMR spectroscopy are also included.

Experimental Details

The single crystals in this study were synthesfrah a glass of N&bi;Os

composition. The glass was prepared by fusingiatstanetric mixture of

NaCO;s (Fluka, 99%) and SigXfine grained quartz powder) in a covered

platinum crucible at 1000°C for 1 h and quenchimgir. The product was

crushed and then ground in acetone. The meltinggssowas repeated for two

times in order to increase the homaogeniety of thesg Approximately 0.19 g of

the glass and 2 ml of J@ were loaded and sealed in a gold capsule (abouh3

in diameter and 30 mm in height). The hydrotherexgleriment was performed in

an externally heated Morey-type autoclave. The samvps taken at room

temperature to a pressure of 1 kbar, and subsdguaken to a temperature of
750°C.The run duration at the final temperaturs 24 h. After quenching, the
recovered sample consisting of transparent, casyliglaty crystals up to 0.3 mm

in diameter was examined using a petrographic recape. Almost all crystals

showed a polysynthetic twinning.

For the structural investigations one of the rarevinned crystals (0.24 x 0.12 x
0.006mm in size) was selected. A total of 6124 reflatdiop to 24.28 were

collected at 20°C on a Stoe imaging plate detesststem IPDS (graphite-

monochromatized Mg, radiation). Table 1 contains a summary of the dert
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Table 1

Tables 2-4

for the data collection and of the subsequent &traaefinement parameters. All
the data were numerically corrected for absorpipunse of 9 indexed external
faces. Data reduction including intensity integratibackground corrections,
Lorentz and polarisation correction was performéti #he Stoe XRED program
package.

The diffraction symmetry of the crystal was coreigtwith Laue group 84. The
systematic reflection conditiom®I: | = 2n; 0kO: k = 2n unambiguously indicated
the space group w&®;/c (No. 14). The structure was solved by direct meésho
with the program SIR92 (Altomaet al., 1992) using a multisolution process.
The phase set with the maximum combined figure @fitmesulted in an E-map,
the most intense peaks of which could be.intergratea layer structure. Least
squares refinements were performed with the pro@hiaLXL-93 (Sheldrick
1993). Neutral-atom scattering factors and anonsatbspersion corrections were
taken from thénternational Tables for X-ray crystallography (Ibers and

Hamilton, 1974). The final calculations using amigpic diplacement parameters
converged at R1 = 0.026 for 1113 independent radies with | > 25(1). The
largest shift in the final cycle was < 0.001. Thsuiting fractional atomic
coordinates, equivalent isotropic and anisotroppldcement parameters, as well
as selected interatomic distances and angles\aa gi Tables 2 - 4. Drawings of
structural details were prepared using the proghdi®@MS (Dowty, 2000).
The?°Si MASNMR spectra of the powdered crystals weremed on a

BRUKER Avance 500WB spectrometer operating at 9918&. A 4 mm MAS
probe allowing stable spinning speeds of up toH5% for several days was used.
Since we obtained practically no signal after seMeundred scans under the

conditions used by Heidemasnal. (1992) in a recent NMR study of sodium

-5-



Figure 1

disilicates /4 pulses of 2is and a repetition time of 10 s), we performedreese
of measurements witk/4 pulses and repetition times of between 60 s1&0d s
(at least 48 scandyrom the dependence of the normalised intensityen
repetition time we estimated the longitudinal rel@gon time T to be of the order
of 3000 s for all the silicon sites. Hence, tharapim flip-angle to maximise the
signal intensity for a repetition time of 900 al®outr/4. These parameters were
applied for the measurements at different MAS feempies. The chemical shifts

were referenced to neat TMS in a separate rotor.

Description of the structure

The structure of C-N&i,Os consists of a sequence of layers of tetrahedra
perpendicular td. A single layer can be described as being buiktdrydensation
of unbranched zweier single chains running paralta vierer single chains
parallelc via common corners..Furthermore, each singlehethal sheet consists
of elliptically distorted rings composed of six (&]-tetrahedra in chair
conformation. The sequence of directedness fouph@J)) and down (D) pointing
tetrahedra within a single six-membered ring (S8RJDUDUD. The unit cell
contains four layers of tetrahedra; a projectioralpa b of a single sheet in the
unit cell of C-NaSi,Os is given in Figure 1(a). The spread in the indindSi-O
bond lengths follows the trend usually observesilinate structures: the bond
distances between Si and the terminal oxygens (Q@), O(9), O(10)) are
considerably shorter than the bonds to bridginggeryatoms. The values for <Si-
O>erm= 1.576 A and <Si-Ozg= 1.640 A are in good agreement with those
observed in the -, 3 - andd modifications of NgSi,Os. Mean Si-O distances of
the four tetrahedra given in Table 4 compare wéh the value of 1.617(6) given

by Baur (1978) as a mean Si-O distance in phyltzgis. While the average
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values of the O-Si-O angles for the four symmeligygadependent tetrahedra are
very close to the ideal value of 109.47°, the imdlial O-Si-O angles range from
104.8 to 115.0° for the Si@roups. This suggests that the distortion of palyhe
is not very pronounced. According to Robingbal. (1971) the distortion can be
expressed numerically by means of the quadratiogaliion (Q.E.) and the angle
variance(A.V.). The values of these parameters for theeddfit tetrahedra are
listed in Table 4. The Si-O-Si angles at the bndgdxygen atoms vary between
134.4 and 137.3°. Similar values have been obsdorgt#Na,Si,Os: 135.1 —
136.5° (Pant, 1968), whereas the correspondingesdhu the second known high-
pressure modificatios- N&Si,Os are considerably smaller: 127.0° - 129.3° (Fleet
and Henderson, 1995).

Linkage between the layers is provided by sodiutiooa. They reside between
the sheets in about 1.6 A wide slabs containiriieeiNa(1) and Na(4) or Na(2)
and Na(3), respectively. Within. a single slab tleddtions are located in rows
running paralleb. Na(1) and'Na(3) are surrounded by five oxygematat
distances varying between 2.30 and 2.58 A. Na(@dsdinated to six oxygen
anions. The Na(4) site shows a (5+1) coordinafldr five inner oxygen
neighbors have bond distances between 2.30 A &8df2.Extending the limit for
coordinating anions up to 3.0 A, an additionalfsiigand at about 2.98 A can be
found. Since typical Na-O bond lengths average b4 A (Wilson 1995) the
sixth Na(4)-O distance represents a weak bond.dwation polyhedra around
the sodium cations can be described as distoiggmhtal bipyramids and distorted

octahedra, respectively. (cf. Figure 2).

Figure 2

Bond valence sums (BVS) for the cations were catedl using the

parameterization for the Si-O and the Na-O bonémivy Brown and Altermatt
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(1985). The results range from 4.16 v.u. - 4.22 fouSi and 0.87 v.u. - 1.04 v.u.
for Na, close to the expected values of 4 v.uSicand 1 v.u. for Na, respectively.
The BVS values for the oxygen anions vary betwe8a ¢.u. for O(2) and 2.17
v.u. for O(7).

Resultsand Discussion

Comparison with NayS 05

A common feature of almost all structurally chaeaizied sodium disilicates are
tetrahedral layers of six-membered rings formethieycondensation.of zweier
single chains. The translation periods along treenshis reflected in a short
lattice constant of about 4.8 - 4.9 A (see Kahlegh#999 and references cited in
there). Comparing the shape of the S6R's; GSN@s is closely related t3-
NaSi,Os (cf. Figure 1(a) and 1(b) both structures the rings exhibit an
elliptically distortion, whereas the rings in andd-Na:Si,Os have a ditrigonal
form. The close relationship in the ring geomesrglso responsible for the
similar Si-O-Si angles mentioned above. However rélationships between C-
andp-Na:Si,Os are not limited to the geometry and the conforaratf the single
layers. As can be seen from Figures 3(a) and (bdih structures identical blocks
containing two layers A and B can be identifiedjchhare related by inversion
centers. Furthermore, the number of oxygen ligarfidise two different Na-atoms
residing between the layers A and B are identifiak: and six, respectively. A
detailed comparison between the individual Na-Ododistances of the
corresponding sodium atoms reveals, that theréseamsalmost one-to-one
correspondence of the Na(2) and Na(3) atoms ingpBaand the cations Na(2)
and Na(1) in th@-phase. The main difference between the two madibos

results from the way in which the blocks are stdcke contrast t@-Na,Si>Os,
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Figure 3

Figure 4

where two adjacent blocks are translationally egjeint (resulting in a two layer
stacking sequence), two neighboring blocks | amd €@-N&Si,Os are related by
thec-glide planes at y = % and y = 34, respectively.réfoge, a four layer
stacking sequence is observed in this phase argbthiem atoms Na(1) and
Na(4) at the interface between the blocks shovifardnt coordination
environment compared to Na(2) and Na(3). Wherea&tcrew axes ifs-
NaSi;Os are located within the single layers, running patab the zweier single
chains, the corresponding symmetry elements ingpaare oriented
perpendicular to the layers.

Twinning

Twinning by pseudo-merohedry is a feature freqyestiserved in monoclinic
crystals wher@ is close to 90 Actually, under the petrographic microscope
almost all crystals of C-N&i,Os showed a polysynthetic twinning with
composition planes parallel to (001). The twinnifiggerved on a macroscopic
scale may be microscopically rationalized by thistexice of domains related by
twofold axes running parallel [100] or mirror plangerpendicular to [001]. The
resulting two types of twin individuals and the btfpetical twin boundary within
a single‘layer for a twinning according t@og; are shown in Figure 4. At the
interfaces between the domains ditrigonally shapeemembered rings in
UDUDUD conformation are formed. Twinning accordiogmooy; also results in
rings of ditrigonal shape at the domain boundaguweler, the conformation of
these rings would be UUDUDD. Since twinning ¢ is not involved with a
change the of sequence of directedness acrossithbdundary this twinning
model seems to be more appropriate.

9 MASNMR



Figure 5

Figure 6

The?°Si MASNMR spectrum in Figure 5 shows four well-riesal lines with

chemical shifts in the range between -86.0 ppm-88 ppm. It
can be fitted nicely using four Lorentzians withelwidths of 21 Hz and
24 Hz for the two low-field and the two high-fidides, respectively.

The relative intensities thus obtained are 1 : 0@92 : 0.89. The small
deviations from unity could easily be caused byitickvidual relaxation times in
the various sites differing by not more than 10&&freach other (cf.
Experimental). The chemical shifts fall in the rarapserved for. &groups in
other alkali disilicates (Heidemarhal. 1992, de Jongt al..1998). The signal-to-
noise ratio is sufficient to rule out any signifita@ontributions from amorphous

by-products.

Although there was not quite enough sample taH#él4 mm rotor we attempted
to determine the parameters describing the anppwbthe chemical shift (CSA),
i. e. the anisotropy and the asymmetry. These parameters contain valuable
information on the local geometry of differentsiln sites (Grimmer 1993). The
295i MASNMR ‘spectrum obtained at an MAS frequencg® @ kHz is given in
Figure 6. The spectral range in which the five spig sidebands are observed
indicates anisotropy values characteristic dLi@its (Heidemanet al. 1992,
Grimmer 1993). However, the signal-to-noise ratibiaved is too low for a
reliable determination of the CSA parameters, itigaar, to ascertain any subtle
differences between the non-equivalent sites. Taiolan adequate signal-to-
noise ratio in a reasonable time, the measurenhewesto be repeated with a
larger amount of sample using a 7 mm rotor.

Thefour well-resolved lines in th€Si MASNMR spectrum (Figure 5)
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Table 5

undoubtedly have to be attributed to the presehteedour non-equivalent sites.
However their actual assignment to the individual sitesisusut to be a problem.
Generally, the chemical shift-structure correlat®the main reason why the
combination of X-ray diffraction with solid-stateM\R spectroscopy is so
efficient. The close correlation betwe®8i NMR chemical shift and geometrical
properties such as Si-O bond lengths and Si-O-&il lamgles: was recognized
soon after the first paper on the applicatioA’8f MASNMR to silicates
(Lippmaaet al. 1980) was published. Basic concepts and the wanlly on the
theoretical interpretation 67Si NMR chemical shifts in‘zeolites and other
silicates and quantitative correlations betweemgbtal shift and structure

parameters has been reviewed by Engelhardt. andeMit887).

We have applied several correlation equations ksl for G units using either
the Si-O bond lengths or the bond angle$he results thus obtained are
inconsistent with each other (see Table 5). Thatgpus based on the Si-O
distances predict a much wider range of chemidétsshan actually observed in
the spectrum while those based on the bond angbelicpa significantly narrower
one thanis observed. Furthermore, the two typeswélations suggest
completely different sequences of the lines: Frbenliond-angle based
correlations the order Si(3), Si(2), Si(1), anddp{from low to high field) is
obtained, whereas the Si-O distance based cometagiroduce the opposite
sequence. Heidemamhal. (1992) have reported the similar discrepancyfor

N3Q8i205.

Using different siliceous zeolites for which highadjty structure data were
available, Fyfeet al. (1993) have critically evaluated several chemstuift-
structure correlations forQinits. Both the mean Si-Si distance, that is, the
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distance between the target silicon atom andrgs fiearest neighboring silicon
atoms, and the mean value of the edgcosa-1) function were found to have a
linear relationship with the isotropf¢Si NMR chemical shift with very high
correlation coefficients. The main limitation iretBtructure-chemical shift
correlations is the accuracy of the X-ray datatipaarly when refinements of
powder data are involved. Errors of 0.001 A in $#® bond lengths (Grimmer
and Radeglia 1984, Engelhardt and Michel 1987, @&m1993), 0.01 A inthe
Si-Si distances (Fyfet al. 1993) or 2° in the mean bond angles (Engelhardt a
Radeglia 1984, Engelhardt and Michel 1987) corredo comparatively large
shift uncertainties of the order of 1 ppm. Veryerity, Hochgrafest al. (2000)
have demonstrated that improved structural datdbeavbtained from lattice
energy minimization calculations compared to tHose Rietveld analysis,
provided that the topology of the framework is kmovihese authors pointed out
that they used Si-Si distances since the truealtygtaphic Si-O distances are
often obscured by static or dynamic disorder ofdkygen atoms, whereas a
similar disorder‘has never been observed for sileoms in zeolite framework
structures. Hence, the use of geometry data thabtildepend on oxygen

positions ' might be superior even if single-crysiaia are available.

To the best of our knowledge, no quantitative datien based on Si-Si distances
has been established fof @nits. Assuming the same slope of the chemicé# shi
versus mean Si-Si distance correlation (about -115 pprag\pbtained for ©

units by Fyfeet al. (1993), the difference of 0.015 A between the m®&Si
distances for Si(3) and Si(4) in the silicate urstady corresponds to a chemical
shift difference of 1.7 ppm. This value fits thgpermentally observed shift

difference of 2.2 ppm of the most separated lifggufe 5) much better than the
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rather large differences derived from the Si-O blemgjths or the rather small
ones derived from the Si-O-Si bond angles. Sineeatiove given slope is
negative, the resonance line at the lowest fietnikhbe assigned to Si(3) and that
at the highest field to Si(4), giving the same s#me as the correlations based on
the bond angles (cf. Table 5). However, this argunerather tentative and
further work is necessary to put the assignmera fairm footing. Considering the
great similarity of the environments of the fodrcsin sites it might be a difficult

problem to solve.
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Figure captions

Figure 1. Single layer of tetrahedra in (a) G:8ig0s and (b)B- N&Si,Os. The numbers
within the tetrahedra of phase C correspond tdabels of the central Si atoms
in Table 2.

Figure 2. The two principally different coordinatipolyhedra for Na observed in C-
NaSiOs : (a) distorted trigonal bipyramids (shown for Baés an example)
and (b) distorted octahedra (for Na(2)).

Figure 3. Stacking sequences of the layers in {8p£5i,05 and (b)B- NaSi,Os. Dark
grey circles correspond to the Na-atoms linkinggheets. The labeling of the

sodium cations in th@-phase follows the choice of Pant (1968)

Figure 4. Possible twinning model for C-4$&0s with'2100; Selected as the twin

element.

Figure 5. 29Si MASNMR spectrum of C-N&i,Os recorded at an MAS frequency of
12 kHz (232 scang/4 pulses, repetition time: 900 s, cf. Experiméntal

Figure 6. 29Si MASNMR spectrum of C-N&i,Os recorded at an MAS frequency of
2.2 kHz (360 scang/4 pulses, repetition time: 900 s, cf. Experimental
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Table 1. Data collection and refinement parameters

(A)

(B)

Crystal data

a(A)

b(A)

c(A)

B(°)

V (A?)

Space group

Z

Chemical formula

Deatc (9 cm®)

W (mniY)

Intensity measurements
Crystal shape
Diffractometer
Monochromator
Radiation

X-ray power

Detector to sample distance
Rotation width ing (°)
No. of exposures
Irridation time / exposure (min. )
0 -range (°)

Reflection range

No. of measured reflections

4.8521(4)
23.9793(16)
8.1410(6)
90.15(1)
947.2(2)
P 2i/c
8

N£5i>0s
2.56

0.86

Plate
Stoe — IPDS
Graphite
Mo-Kq, A = 0.71073 A
50 kV, 40 mA
80 mm
1.0
200
5.00

1.45° - 24.2°

|h|5;|kg27;|1<9

6124
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(C)

No. of unique reflections in 2/m

Rint in 2/m after absorption correction

No. of observed reflections (| >&]) )

Refinement of the structure

No. of parameters used in the refinement

R1 (R >40(Fy)); R1 (all data)
WR2 (R >4 o(Fy))

Weighting parameter a
Goodness of Fit

Final Apmin (e / A)

Final Apmax (€ / A2)

R1 =% ||R| - [Rl[ / Z |l

w =1/ (F) + (aPf)

1495
0.0354

1113

163
0.0261 ; 0.0391
0.0658
0.0427
0.931
-0.26
0.39
WR2 = E(W(Fo’ -F)?)  Z(W(F.2)?))*

P = (2% + max(R%0)) / 3
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Table 2. Atomic coordinates and equivalent isotapsplacement factors.ciis defined as

one third of the trace of the orthogonalizedtehsor. All atoms occupy general positions.

Atom X y z Usq
Si(1) 0.2961(2) 0.36325(4) 0.1966(1) 0.0146(2)
Si(2) 0.6843(2) 0.34077(4) 0.6429(1) 0.0145(2)
Si(3) 0.1831(2) 0.40821(4) 0.5373(1) 0.0145(2)
Si(4) 0.7948(2) 0.38941(4) -0.0185(1) 0.0152(2)
Na(1) 0.2299(3) 0.26138(6) 0.5247(2) 0.0244(3)
Na(2) 0.2743(3) 0.51408(5) 0.3548(2) 0.0215(3)
Na(3) 0.2534(3) 0.47281(5) -0.1019(2) 0.0225(3)
Na(4) 0.7548(3) 0.28108(5) 0.2783(2) 0.0229(4)
o(1) 0.1210(4) 0.3844(1) 0.0352(3) 0.0195(5)
0Q) 0.2339(4) 0.3015(1) 0.2523(3) 0.0199(6)
0(@3) 0.6209(4) 0.3690(1) 0.1429(3) 0.0184(5)
0(4) 0.2440(4) 0.4105(1) 0.3392(3) 0.0182(5)
0(5) 0.7431(4) 0.3414(1) -0.1590(3) 0.0192(5)
0(6) 0.7456(4) 0.2819(1) 0.5655(3) 0.0184(5)
o(7) 0.3573(4) 0.3561(1) 0.6162(3) 0.0182(5)
0(8) =0.1423(4) 0.3920(1) 0.5597(3) 0.0180(5)
0(9) 0.2452(4) 0.4667(1) 0.6166(3) 0.0183(5)
0(10) 0.7336(4) 0.4511(1) -0.0767(3) 0.0195(5)
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Table 3. Anisotropic displacement parameterd.(Rhe anisotropic displacement factor

exponent takes the form: # [ h* a** Uy + ... + 2 h k a* b* Y, ]

Atom
Si(1)
Si2)
Si(3)
Si(4)
Na(1)
Na(2)
Na(3)
Na(4)
o(1)
0(2)
0(@3)
0(4)
o(5)
0(6)
O(7)
0(@®)
0(9)

0(10)

Ui
0.0136(4)
0.0134(5)
0.0132(5)
0.0135(5)
0.0240(8)
0.0215(7)
0.0219(7)
0.0211(7)
0.0165(12)
0.0196(12)
0.0172(12)
0.0204(12)
0.0220(12)
0.0194(12)
0.0160(12)
0.0189(12)
0.0196(12)

0.0198(12)

U2z
0.0166(5)
0.0156(5)
0.0156(5)
0.0183(5)
0.0246(7)
0.0208(7)
0.0248(8)
0.0266(8)
0.0243(12)
0.0195(12)
0.0221(12)
0.0182(12)
0,0189(12)
0.0179(12)
0.0187(12)
0.0172(12)
0.0203(12)

0.0192(12)

Uss

0.0135(5)
0.0145(5)
0.0147(5)
0.0137(5)
0.0247(8)
0.0221(8)
0.0208(8)
0.0209(8)
0.0176(13)
0.0206(14)
0.0159(12)
0.0159(13)
0.0166(13)
0.0179(14)
0.0199(13)
0.0180(13)
0.0149(13)

0.0195(13)

Uz

-0.0002(4)
0.0000(4)
0.0003(4)
-0.0003(4)
0.0049(6)
0.0024(6)
-0.0031(6)

-0/0027(6)

Uiz

02E)
-011@)
081D
0024)
-0816)
0516}
0216)

0316)

0.0021(10)0000(9)

-0.0018(0)0002(10) -0.0007(9)

0.0006(10).0001(9)

-0.0002(1MP022(9)

0.0015(10).0006(9)

-0.0002(1MP0O02(9)

0.0020(10).0601(9)

0.0012(10)0001(9)

-0.0005(1MP002(10)

-0.0006(£0)0002(9)

Uiz
0.0002(4)
0.0002(4)
0.0002(4)
-0.0001(4)
20.0009(8)
-0.0001(4)
-0.0018(6)
0.0006(6)

-0.0006(10

-0.0002(9)
-0.0002(9)
-0.0005(10
0.0001(9)

-0.0004(9)
0.0004(9)

-0.0004(10

0.0022(9)
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Table 4. Selected bond distances (A) and angles)(de

Si(1)

Mean

Si(3)

Mean

Na(1)

Na(3)

-0(2)

-0(3)
-0(4)

-0(1)

-0(9)

-O(8)
-O(7)

-0(4)

-0(2)

-0(2)
-0(6)
-0(7)

-0(6)

-0(9)
-0(10)
-0(10)
-0(1)

-0(10)

1.578(3)
1.642(2)
1.642(3)
1.643(3)
1.626

1.573(3)
1.637(2)
1.639(3)
1.641(3)

1.623

2.389(3)
2.417(3)
2.425(2)
2.468(3)

2.571(3)

2.297(3)
2.334(3)
2.396(3)
2.481(3)

2.584(2)
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Si(2)

Mean

Si(4)

Mean

Na(2)

Na(4)

-0(6)
-0(8)
-0(5)

-O(7)

-0(10)
-0(3)
-0(5)

-0(1)

-0(9)
-0(10)
-0(9)
-O(8)

-0(4)

-0(9)

-O(6)
-0(6)
-0(2)
-0(3)

-0(2)

-O(5)

1.575(3)
1.637(3)
1.637(3)
1.643(2)
1.623

1.581(3)
1.638(3)
1.642(3)
1.645(2)

1.627

2.387(2)
2.413(3)
2.420(3)
2.443(3)
2.491(3)

2.574(2)

2.299(3)
2.339(3)
2.386(2)
2.465(3)
2.583(2)

2.982(3)



O-T-0 angles

0(2)-Si(1)-0(4)
0(3)-Si(1)-0(2)
0(3)-Si(1)-0(4)
0(1)-Si(1)-0(2)
O(1)-Si(1)-0(4)
0(1)-Si(1)-0(3)
Mean

0(8)-Si(3)-0(9)
0(7)-Si(3)-0(9)
0(7)-Si(3)-0(8)
0(4)-Si(3)-0(9)
0(4)-Si(3)-0(8)
0(4)-Si(3)-0(7)

Mean

T—-0-T angles

Si(3)-0(8)-Si(2)
Si(4)-0(1)-Si(1)
Si(2)-0(7)-Si(3)
Si(1)-0(3)-Si(4)
Si(4)-0(5)-Si(2)

Si(1)-0(4)-Si(3)

114.48(13)
109.86(12)
106.25(12)
114.87(13)
105.79(13)
104.82(12)
109.35

110.48(12)
114.90(13)
105.78(12)
109.80(13)
107.08(12)
108.46(13)

109.42

136.18(15)
136.89(15)
136.02(15)
137.32(15)
135.95(16)

134.43(16)

0(6)-Si(2)-0(8)
0(5)-Si(2)-0(6)
0(5)-Si(2)-0(8)
0(7)-Si(2)-0(6)
0(7)-Si(2)-0(8)
0(7)-Si(2)-0(5)

Mean

O(3)-Si(4)-0(10)

O(5)-Si(4)-O(10)

O(5)-Si(4)-0(3)

O(1)-Si(4)-O(10)

O(1)-Si(4)-0(3)
O(1)-Si(4)-0(5)

Mean

11%(13)
111(73)
108(23)
108(82)
105(92)
100(12)
109.41

103(13)
174(13)
105(73)
103(12)
108(22)
108(22)

109.35



Table 5 Compilation of geometry data of the silisites and calculated isotropic chemical

shifts using established empirical correlations

Parameter Si(1) Si(2) Si(3) Si(4)
<d(Si-0)> (A) 1.6263  1.6230 1.6225  1.6265
>(EN)? 15.1974 15.1938 15.1827 15.2085
<[Si-O-Si> (°) 136.21 136.05 135.54 136.72
<d(Si-Si)> (A) 3.047 3.040 3.036 3.051

5o = 844.2 <d(Si-O)>/A - 1450.5 (ppm)  -86.58  -89.36 -89.79  -86.41
(Smithet al. 1983)

diso = 1187 <d(Si-O)>/A - 2014 (ppm) -83.58 -87.50 -88.09 -83.34
(Grimmer and Radeglia 1984)

Oiso = -24.3362(EN) + 279.27 (ppm) -90.57 -90.49 -90.22 -90.84
(Janes and Oldfield 1985)

diso = -0.725 €1Si-O-Si> + 9.054 (ppm) -89.70 -89.58 -89.21 -90.07,
(de Jonget al. 1998)

2Sum of bond electronegativities calculated accaydinJanes and Oldfield (1985): EN(Si-O)
= [Si-0-Si/ 136.79° + 2.9235 and EN(O-Na) = 3.4395.
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