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The Crystal Structure of Sodium Fluosilicate™
- “'by Allan Zalkin, J. D. Forrester and David H. Templeton
Iawrence Radlatlon Laboratory and Department of Chemlstry,

Unlver51ty of Callfornla, Berkeley, Callfornia, U. s. A.

A study~by x-ray diffrection showed that Na SiF6 is hexagonal
(trlgonal) with a = 8.859, ¢ = 5.038 A (each + 0,002 k), 2 Z =3,
Qx = 2,74 g cm 3 The-space group is P321.‘ The SiF6 groups
are almost regular octahedral’ w1th Si-F = 1.695 A (corrected for
thermal motion). Each sodium has 6 fluorlne nelghbors at the
_corners of a considerably distorted octahedron. Twinning which
;'superimpoees-hgg and khé is common. The structure wae determined
_ : with‘data from a twinned specimen:whieh'conteined unequal amounts

of the two orientatione.

Sodium fiuoeilicate came to our attention as the result of hydrolysis of

a sample of:Xth in a Pyrex vessel. The hexagonal crystals were found with -

®dork done under the austices of the U, S. Atomic Energy Commission.



orthorhqmbié crystals of NaBFh as a residue after evaporation of the sdlution.

In seeking the identity.of these crystals we discovered ;ontradictions.in |

the litgraturé concerning sodium fluosilicate which lead us to undertake -

the determination of the structure. In this paper we report the result of

a three?dimensiohal xX~ray diffr#ction study of a twinned specimen of NaZSiFg.
According to x-ray powder diffréction data, sodium fluosilicate has

©. the same crystal structure as Na GeFg (Cox,.l95h; Cipriani, 1955) Na,TiFg,

Na,MnFg, Na,PtF¢, Li,SiF (Cox, 195L4), Na oPdFg, Na,RhF, (Cox et al., 1956)

and Na,IrFg (Hepworth et al., 1958). A determination of this structure

 _was reported by Cipfiani (1955), but we believe it tovbe,in error because of

I

~ incorrect choice of symmetry.

Crystals of Na251F6, found as crusts on lava at Vesuv1us, are known as _v.

the mineral malladrite (Palache et al., 1951)

~

"’,':Crystals of N3251F6 were prepared by dissolving (NHh)zsiFé'in water, addinglb

'. NaOH solution, and heating.briefly. On cooling, numerous well-formed émall |
crystals of sodium_fluosilicaté were obtained.
‘X—fay photographs ﬁsing the Wbisseﬁbérg technique and copper radiation
yielded prelimihary data. A "single crystal® (1ater found to be twinned)
‘with the shape oan hexagonal prism and of approximate dimensions 0.08 x
. 0,08 x 0.08 mm was used for éollecfing the inténsity‘data. The cell dimensions
" and intensities were measured with a General Electrlc XRD-5 goniostat equlpped '
with a sc1nt111at10n counter, using Mo Ka radiation (k = 0.70926 & for Wo Kal)
The 270'independent.reflections permitted by the space group in the sphere .
of reflection with sin6/A less than 0,596 (26 < 50°) weré measured with @ountihg
times of 20 sec each. Of these, only 2 were recorded as zero intensity,» No

corréctions were made for either absorption or extinction. We estimate the
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iinear"absorption coefficient to be pi= 8.2 em ™t for molybdenuh radiation. .

For the crystal used; f&R is less than 0.03, and the‘abeorption correction

» ~is unimportant. A correction for twinning is described later.

lCalculations were made using an IBM-7090 computef using our version

. of the Gantzel—Sparks—Trueblood full-matrix least squares program‘whieh {

minimizes Z:w(]F°|~[Fc|)2/§3w|Fol2: Atomic scattering factors ﬁere taken

as the values given by Ibers (1962) for Na*t and neutral Si and F. Dispersion

is unimpertant for these atoms with molybdenﬁm radiatien aﬁd was neglected.
After twinning was detected, another crystal was investigated in hope -

of finding iess twinning; In fact, 1t contalned the two orientations in

more nearly equal amount than did the flrst speclmen.

Results

NN

‘ Unit cell and space group
| * The prlmltlve cell contalns three formula units Na281F6 and is trlgonal
:with dimensions: | |
a = 8.859 + 0,002 &, ¢ = 5.038 £ 0.002 A.
The deﬁsity‘is calculated'as>2.7h g cmf3, compared with 2.755 measured bj
‘Stolba (1872). Axial dimensions and ratios are compared with other work
in Table 1. o -
An initiai inspectien of the film datatgave the impression that a
6-fold symmetryraxis was present. The superiqf precision of the counter
'measurements sﬁowed on the contrary that the crystal had Laue symmetryMBQ,'
in agreenent with Cipriani (1955). The mirror'symmetry of tnis Laue '
- group. is oriented w1th a plane perpendicular- to the primitive a axis, -

as indlcated by the. full symbol 3ml rathexr..than 31m.’ With no reflectlons

'systematically absent, we have a choice of the three space groups P321,
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| P3ml, and P3ml. ' The space groups P312, P3lm, and _125111 are excluded by
the orientation of the symmetry elements. .Ou.r final étmcture has the

symmetry of space group P321.

Determination of the structure . ‘ o o
" We noted immediately that the cell could be filled with close-packed L

“ fiuorine atoms arranged in octahedral (SiFé) groups. One 'such group was °

placed with Si at the origin and the other two with Si at x(1/3, 2/3, 1/2).

The three space groups give diverse possibilities for the sodium positions. .

We started refinement by least squares with the assumption (in this
case ill-advised) of a center of symmetry, with the following atomic

_ positions:

First (incorrect) trigl structure in space grgupv‘ 23_@_

si(1) in 1(a): 0, 0, O.
5i(2) in 2(d): (1/3, 2/3, 2); 3 = 0.5L.
Na in 6(g): (x, 0, 05 O, x, 03 X, %, 0); x = 0.3k
F(1) in 6(i): =*(x, X, 3} x, 2x, 2, 2%, X, 2); x = 0.091, z = 0.805.
F(2) in 6(1): x = 0.42k, z = 0.705. |

F(3) in 6(i): x = 0.242, z = 0.315.
This arrangement placed the sodium atoms in octahedral holes and all at
the same le.vel, z = 0. Four cycles of refinement using all the data, each
reflection with unit weight » and with an isotropic 'temperature factor -

‘ exp (-_Ig)\'zsinze) for each atom produced a conventional unreliability-factor
: 3 - 3 IEOI-IEC[ l/2|.'”19_‘ = 0.Lk. Various combinations of sign changes
."-for 2 para-x;etez_'; of the fluorine atoms and of moving the sodium atoms -t'o z = 0.5
only reduced R to O. 35. At this stage the thermal parameter for sodium was
larger than _anﬁr‘ other atom. | | |

The above trial structure is nearly the same as the structure reported

by Cipriani (1955) which came to our attention after our work was completed.



Cipriani reported R = 0.L1 for Na 81F6 and R = 0.31 for Na,GeFy (1n whlch
incorrect sodium positions have less effect).
Because of our lack of success, we went to the non-centric group

P321. In this space group the sodium‘atoms are in.twe independent 3-fold

y

i

~ sets, and each fluorine octahedron is free to rotate about its 3-fold
’_axis. Continued refinement of the structure with this greater freedom {
. reduced R to O. 28, aﬁdvthe thermal'paremeter'of one sodium atom became
very large. This result suggested that the offending sodium atom should
be moved toz = 0, 5, which is permltted in this space group. This change
‘lproduced dramatic 1mprovement with much Setter thermal parameters and
R = 0.16. o

At this poin£ we realized that we had considered only one of the

two independent'ways that the structure can be oriented with respect to

. . the coordinate system of the data. Rotatlon of the structure by 60°

~

about the ¢ axis gives the‘second structure. w1th thls ch“nge the atoms

- were distributed in the flnal sets of poslti0ns*

Space group P321

. si(1) in 1(a): 0, 0, 0.
si(2) in2(@: 1/3, 2/3, 33 2/3, 1/3, .

- Na(l) in 3‘(9_):' %X, X, 05 ‘%, 0, 0; 0, X, O. .
"Na(2) in 3(£): x, x, 1/2; X%, 0, 1/2' 05, %, _1/2. |
F(1), F(2), and F(3) each in 6(g): L5 by 3} yx, % z3
L% 5 % y% i oxn D 2- o .

Since refihement then reduced R to 0.136, we retained the secend
.  oriehtation. Tﬁevrelatively‘small difference in agreement for the two‘v
orientations.islrelated to‘ihe fact that the expefimental intensities

“ do.not show large deviations from 6-fold symmetry.
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Ve introduced anisotropic temperature factors of the form eip(-ﬁllh
2 2 o
Book” =B338" -2B; hk -2p3he -2p235£), vith h?ii =2 aJ ?_Q * being

the length of the ith reciprocal axis. With this notation, the anisotropic
thermal paramepers Eii are in;the units (Ré) which are used for isotropic |
thermal parametérs B in temperature factors of the form exp(—gk;zsinae).
Four cycles of least squares refinement with each atoﬁ having an anisotropic
temperature factor reduced R to 6.116,‘bu£ left serious discrepancies for
certain reflections. A refinement with isotropic temperature factors in
a space group of lower symmetry (P3), which provided considerably more
in&ependent coordinates, likewise had little effect on these discrepancies.

IL was noticed that we were calculating much larger differences
bétween‘z(ggﬁ) and F(khe) than were found in our experimental data.
This fact suggested twinning such that hké¢ and khé are interchanged in
position. This can be accomplished by rotation about c or by reflection
.: in.(iOO): Because of the possibility that the crystals may be optically
- active, these twin laws in principle are distinguishable by optical methods,_
but we have no evidence for choosing between them. For such tWinning we
have the relations: |

" x I(nke) + (1-x) I(khe) = J(hke),
(1-x) ‘I(nke) + x I(khe) = J(khe),

where x is the fraction of the specimen with the correct orientation,
‘I(hk¢) is the intensity for an untwinned crsrstal, and J(hk¢) is the
intensiiy for the twinned crystal.

If a value is assumed for x, the above equations can be solved to_wi‘.'
' give the intensity data for the hypothetical untwinned crystal. By |
trial of various values of X, starting with 0.75 and with refinement

"~ with isotropic thermal parameters, we decided that 0.59 gave the optimum -

agreemenx. This value of X causes some of the corrected intensities to
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.vanish, and a smaller value gives some corrected intensities which are
negative (i. e., physically‘impossible) By amounts which exceed the

estimated experimental uncertainty.

‘Withizln 0.59, R was 0.099. Four further cycles with anisoiropic | . ﬁ
‘tempefature factors reduced R to 0.085, using Lu parameters in all.l In
the last cjcle, no paramster shifted as mch as 3 percent of the-estimatedz
standard deviation. . |
While introduction of the correction for twinning made a substantial"
reduction in the largest discrepancies, it caﬁsed onlj small changéé_in
.the structure. No atom moved as much as 0.1 A as a reéult.of this
‘correc#ion,.'The change from isotropic to anisotropic témperatufe factors = -
made little improvément in the agreement and moved no étom more than 0.01 A.
The observed'structure factors, after this correction for twinning, |
are compared with‘the calculated structure factors in Table 2. Coordin#tes"

" for the atoms are listed in Table 3 and the thermal parameters in Table L. ._.

-fThe standard deviatipns of parameters were estimated assuming that the

~ . discrepancies of the structure factors represent random errors. Because -

- of the symmetries of the speciél positions, sevefai_of tHe coordinates

a 'J:and thermal parameters are subject to'cqnstraints;: €. g §11 = Bop = 2By

. for each Si atom,
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No attempt was made to refine the structure in space group P3ml
because this symmetry restricts the sodium atoms'tora single z coordinafe
if they are to be in suitable holes in the fluorine packing. The results

in group P321 show clearly that the sodium atoms are: not'so arranged..

e

The~¢£ysta1 strﬁcture is shown in Figure 1, and some of the interatomic
distances are listed in Table 5. There are two independent kinds of SJ'_FC)"2
ions, but their dimensions are equal and their shapesfare regul#r-octahédral
 within ﬂhé accuracy of the experimeﬁt. The mean Si~F bbnd distance‘is observed
as 1.68 h. Correction for thermal motion with the assumption that F rides on
Si increases this distance to 1~§95 :‘0.005 i. Severai measurements of ihis
" _bond distance in other crygtals have given‘valﬁes in the range 1.65 fo‘io75 A
(Gossner and Kraus, 193h§ ertelaar, 1935; Hoard and Vincent, 19L0; Hoard - .
| andIWilliams, i9h2). - I x | | -
The F-Si~F bond angles are 90° br 180° within 2° or less, with standard
deviations estimated as 1°.»' | | | : | |
Each sodium atom is in an "octahedral® hole, with six fluorine neighbdrs
. at distances which are only approximatély ééual.i These-distances range from
$2.18 to 2;&5 A with standard deviations of 0.0l A. ‘The'averﬁge Na-F distance
~ is 2.32 A. The F-Na~F angles déQiate by nearly as mich as BColfrom the 50° o
“or 180° values they would have if the coordination polyhedron'were a regular
.octahedron., . | .
- This structure of Na2SiF6 is remarkably similar to that found by
Stanley (1956) for K)S,06: 2= 9.785 A? c=6.295 A, ¢/a = 0.6L3, space’
 ~group P321. If the pair of S atoms in each dithionate ion is considered as’
a éingie atom, then the two structures have atoms in the same sets of
pgéitioné,'with K‘corréspbndihg to Na,vszxcorrésponding to Si, and 0

corresponding to F.
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‘Table 1. Axial dimensions'end'ratios,:NazsiFé

/ A e ez
| This work 8.859F  5.038K 05687
Cox (195L) . 8.86 502 :_ 0.567 |
Cipriani (1955) ' 8.87 801 . 0.572 !
“Groth (1906) I o 0.5635
Palache et al. (1951) - 1.333%

3This value is calculated from a polar angle 56° 59.5' for (1011).
Ve -think that a blunder has been made, since the complement of this

angle corresponds to E/Ev‘ 0.5626, in agreement with the other values.

.~

Tabie 2. Observed structure factor magnitudes (FOB) and calculated
structure factor magnitudes (FCA), each multlplled by 10. The obeeived
' values have been corrected for twinning as descrlbed in the text The,

phase angle (PHI) of the calculated structure factor 1s glven as a fractlon

: of a clrcle, multlplled by 1000,

(Table tclbe‘reprcduced'photographicaily) :»
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.'1f_Table 3. Flnal coordlnates and estlmated standard dev1at10ns 2

| | x o(x) r c(z) oo oo(z)
51 () - fr. (o),-*i*j*--=_T" (0) B 4--7"f‘v,
"s«:"Si(2);”f (1/3) - (2/3)1-nt_;-- . 0;5062 ‘0;0012 o
 Na@) 0.37%  0.0010 (o;379o)'; — @ - o

G AT

' Na(2)  0.7143 . 0.0009 (0.71L3) e (1f2) e
F(1)  0.0870 = 0.0018 -0.0918 = 0.0017 0.8099 0.00Ll
F(2)  o.lk2 0.0012 -0.4006 0.0013 0.7007 0.001L
F(3)  0.2299 10,0015 -0.2599 0.0015 0,309 ~0.00LL -
éParentheses‘indiCate coordinates which are not independent parameters. f_"'
| .Tablebh Flnal thermal parameters and estlmated standard deviations.?
| },jsl(l) ..81(2)'v Na(1) . Na(2)  F(1) - F2) F(3)
‘ft _gii : :1.3‘__ ;'l.'?.. 2.h “‘, 1°6, f{j 3.6 ) 1.6 - 1.9
S 0.2 201 0.3 0 0,27 050 . 0h ol
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Table 5. Interatomic distances andvstandard deviations in NaZSiFs,' :
. - (

Atom o

si(1) -

si(2)

al12- '

B Neighbors

6 F(1) .

‘3 Ma(1) -

3 F(3)

| 3 F(2)

3 Na(2) o

mean corrected Si-F

Na(i) | i

va(2)

LN

F(2)

2 F(2)

| 2 F(3)
2 F(l)

si(1)

2 F(1)

2 F(3)

- {_ - (1,694 corrected) -

aR()

2 51(2)

R,

2 F(l)f.'

F(1)

- F(2) :'

- F(3)}';f_'

P

FG)

i ‘;.:2 oy

FG3)

F(2)

| Distance, A

1.673 + 0.012

(1.690 corrected®)

3.357.% 0.009
1,685 1+ 0.011

1.693 + 0.099 |

(1.701, corrected)

13.185 0.005

1,695 + 0.008

' 2;30 + 0.0l |
2.36 + 0.01L
2.5

i+

0.02

r .

. 3.357 £ 0.009

2,18 # 0.01

2,31 £0.01

2.31 + 0.01

©3.185 % 0.005

2.3L. £ 0.02
- 2.38 % 0.02
'2.38 £ 0.02

- 3.15 % 0.02

3,28 £ 0.02

3.35 +0.02

2.37 = 0.01

=+

2.39 + 0.02
2,43 + 0.01

3.12 + 0.02

£

Ele



Cre e

F2)
R(2)
F(2)
PG
F(2)
:F(z)

3.15

"+

0.02

+

33001
R 0.02
2,36 £ 0.02
2.37 £ 0.01
2.3  0.01
3,23 £ 0,02

3.28 ¢ 0.02

" 3.3k £ 0,01

+

3,38 * 0.02

0.02

i fr e e eb D

-+ 3Corrected for thermal motion with assumption that F rides on Si.
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- Figure caption:
Fig. 1. Crystal structure of Na,SiF¢. The z coordinates (x 100)

- are indicated for some 6f the atoms, and thé lengths (in i) arg'giveh

for some of the interatomic distances.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
_such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



