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Crystal Structures of the Fluosilicate Hexahydrates

of Cobalt, Nickel and Zinc. |

By Siddhartha Ray, Allan Zalkin and David H. Templeton

™~

Lawrence Berkeley Laboratory and Department of Chemistry,

University of California, Berkeley, Califdrnia 94720 U. S. A.

Of seven fluosilicate h;xahydrates.supposedly isomorphous , o
with NiSnCl6 6H20 only CoSiF6 6H20 NiSiF6 6H20 and
»ZnSiF6-6H20 have the typical space group (R3) and cell

size (a = 9.366(2), 9.313(3), 9.363(3); c = 9.730(4),
9.623(2), 9.690(5) R, respectively, for the hexagonal cell).

These three crystal structures were refined with single-crystal

conventional R values of 0.033, 0.022 and O. 018. The
structures are essentially the same, and there is disorder
of F‘between two positions unrelated by any symmetry element
and with unequal occupancy. With either of the disordered
sites, the M(H 0)6++ (M = Co, Ni or Zn) and SiFG ~ octahedra
.are stacked alternately along the 3-fold axis in approx1mate1y
CsCl-type packing; The hydrogen atoms take part in hydrogen |
bonds with O-F distances ranging from 2.68 to 2. 88 K Other

bond distances are Co-O = 2.081, Ni-O = 2.047, Zn- o 2.078,
S1-F (average) = 1.676 &.

*Work‘done'under the auspices of the U. S. Atomic Energy

Commission.



Fluosilicate hexahydrates. of several bivalent metals
have.been.conSidered to be isomorphouS'with a lafge "
ﬁumbef of salts with the genéral formula MGBLRG’ where
M is a bivalent metal, G may be water or ammonia, L is
a quadrivalent element like Si, Sn, Ti or Zr, and R
may be Cl, F or CN. These crystals have a |
rhombohedrally-distorted CsCl-type.packing and similar
cell dimensions, exéept for possible doubling of axes
(Hassel, 1927 and 1931; Hassel & Richter-Salvesen,
1927) . |

Pauling (1930) determined a structuré in space
group R3 for NiSnClg-6H,0, and this result has beeh
widely regarded as typical for the entire series..
The oxygen and chlqrine atoms are arranged in nearly
regular octahedra with identical orientations and
dimensions, and this structure must be regarded as
approximate at best. In a neutron-diffraction study
*6H

of FeSiF O Hamilton (1962) deduced the space

6 2
group to pe R3m. Disorder was postulated to explain
this enhaAcement of symmetry because it gave better
agreemént with the data than did the alternative of
twinnihg of crystals of R3 symmetry.A The structure is
a superposition of two components, each 6f symmetry R3,

related to each other by a mirror. The component

structure resembles that determined by Pauling except




for sighificant diffefénces’in the'dimens;ons and
orientations of the two'kinds'of ocfahedra. |

A phase transition 6¢curs near 230°K in
MnSistGHéO (Tquikawa & Couture, 1955) and near
250°K in CoSiF,.6H,0 (Ray, 1964; MaJumdai- & Datta,
1965). While studying these transitions we became
1nterestéd in the room-temperature struéfufes of thié
series of_salts and learned that they are femarkably |
diverse in spite of the close isomorphism in the sense
of similar axial ratios. We have examined crystals
of fluosilicate hex;hydrates of Mg, Mn, Co, Ni, Cu
and Zn with the result that all are different from the
Fe saitvand only the Co, Ni and Zn salts have the
typical cell dimensions and space group. The Cu salt
also exhibits space group R3 but with a four-times

lafger cell. The Mn compound has a primitive hexagonal

cell rather than a rhombohedral one, a fact also
reported by Kodera, Torii & Osaki (1972).  In our wdrk
at 23°C we observed crystals of the Mg.éalt to be of
lowervsymmetry than trigonal, but twinned. Syoyami &
Osaki (1972) discove;éd a transition at about 25° in
this salt, with space group R3m above the_transifion;
They determined the structure of the low—ﬁemperature

form to be monoclinic, space group P21/c;




The present paper describes the structures. of the -

Co, Ni and Zn salts, they differ significantly from

‘6H O.

the structure reported by Pauling (1930) for NiSnCl6 o

Eggerimental

6°6H20, NiSiF6°6H20 and ZnSiF6°6H20

were prepared by dissolving respectively cobalt carbonate,

The salts CoSiF

nickel carbonate and metallic zinc in fluosilicic acid
and slowly evaporating the filtered solutions. Crystals‘
were selected from crops recrystallized'from aqueous
solution by slow evaporation.

The Co crystal selected for study was a hexagonal
(almost triangular) prism of length 0.13 mm and maximum
thickness 0.10 mm. Thevcell dimensions were derived from
measurements of 26 for hoO, hhO and 00l reflections
wlth a manual Geheral Electric goniostat, using MoKa
radiation (A = 0.70926 & for al). The o doublet was
resolved in each case. Intensity data ﬁere collected
with Zr-flltered Mo. radiation and a card-controlled
General Electric automatic diffractometer which was
equipped with a scintillat%on counter and pulse-height
discriminator. The 6-26 sFén technique was used with
26 scanned at the rate of 1° min~!, starting 0.6° below

|

the a, peak and ending O.ST beyond the a, peak, for
all reflections with 1 zerd or positive and 26 <70°.

Backgfound‘was counted forilo sec each at 0.5° below the
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start and 0.5° beyond the end of eaéh scan. Four.

. reflections wére checked at regular intervais, and

no systematic variatlion was observed. The measureménts
included 2666 reflections of which 721 were
independent; 60 of these had observed intensity less
than the esﬁimated standard deviation.

The Ni crystal was of rhombohedral shape with‘heighf ~0.2 mm.
and maximum thickness ~0.2 mm. It showed all six faceé of the form
{0112}, three faces of the form {10T1}, and four of the
form {ll?b}. A computer-controlled Picker.four—circle
diffractometer with a scintillation counter and
pulse-height discriminator was used for the;diffracﬁion
experimenﬁs with‘Cugg radiation and an oriénted—graphite-
monochrometer. Cell dimensions were derived by least
squares from measurements of twelve high-angle
reflections (A = 1.54051 E for al); Intensities were
scanned as described above. The whole sphere of
reciprocal space out to 20 = 162°, except fbr certain
blind'regions, was explored. Abdve 128°,'the X circle
was in the parallel position. Standard'reflections were
checked periodically, and no systematic variation was
observed. A total of 1873 refléctions were measured,
of which 298 were independent. Only 4 of these had

intensity less than the standard deviation.

2 e



The Zn crystal was a regular hexagonal prism
of height 0.10 mm and thickness 0.10 mm. Cell aimensioné
were‘derived by least squares from measurements of 24
high-angle reflections with the manual goniostat, the
- a-doublet being resolved in each case, and using CuKa
‘radiation. Intensities were measured with the Picker
diffractometer as deécribed above,.except:that
monochromatized MoKa radiation was used. The whole
sphere out to 29 = 76° st explored. No significant
 variation Gf standard reflections was observed. N
Intensities}of 726 independent reflections, of which
92 were less than the standard deviation, were obtained
from 4336 reflections. |
Linear absorption coefficients of the Co and

Zn salts are respectively 20.4 cm™ - 1

and 27.8 cm™
for MoKa radiation. An estimation of absorption
correctioh factors for the first case indicated less
than 2% difference between maximum and minimum vélues,
and the other case is comparable. No corrections were
made for these two crystals. For the Ni compound,

4= 50.3 cm~1

for CuKa rad}ation, and a correction was
made by numerical integration. The correction factors
ranged from 1.40 to 2.19, and they sighificantly improved

measured in both the "bisecting" and ﬁparallei".positions

the agreement for cases in which the same reflection was

of the x circle. , <
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Intensities were corrected for backgrsund,
converﬁed_tO‘structﬁre factor magnitudes averaged |
for measurements of equivalent reflections, and assigned
standard deviations which included contributions for
counting statistics,; -excessive scatter, and systematic
effects'pr0portional to intensity as described by
Fischer, Templeton & Zalkin (1970). The factor p for
systemstic effects was chosen as 0.05; 0.06 and 0.025
respectively for th; Co, Ni and Zn salts.

A CDC-6600 computer was used for the salculations.
Refinement by least 'squares was done with a full-matrix

2

program which minimizes R," = Zw(AF)Z/ZW’FO'Z, where

W= [6(F)]'2. Temperature factors were of the form

exp(-BA'zsinZO) if isotropic or exp(-EZBinithihj/4)

1 is the magnitude of the ith |

reciprocal axis. Neutral-atom form factors of Cromer &

if anisotropic, where b

Waber (1965) were used for atoms other than hydrogen,

for which the values of Stewart, Davidsoh & Simpson

(1965) were used. Apomalous dispersion chrections

(Cromer, 1965) were, for MoKa, Co: 0.37 + 1 1.086,

Zn: 0.33 + 1 1.54, Si: 0.09; for CuKa, Ni: -3.20 + i 0.67,
Si: 0.23 + 1 0.36.



Csxstal Q%E% :
CoSiF6'6H20: reddish pink hexagonal prisms. o
Hexagonal cell: a = 9.366(2), ¢ = 9.730(4) A:.Z = 3.

Rhombohedral cell: a = 6.306(3) 2& a = 95° 55(4)', Z = 1.

o ' -3
Space.group: R3; Eh = 2.07, Qx = 2.08 g cm .

NiSiF6-6H20: apple green rhombohedra.
Hexagonal cell: a = 9.313(3), c = 9.623(2) &, z = 3.
Rhombohedral cell: a = 6.261(2) A, a = 96° 6(5)', 2 = 1.
Space gfoup: R3; D, = 2.12, D, = 2.13 g cm's.

ZnS1Fg +6H,0: colorless hexagonal prisms.
Hexagonal cell: a = 9.363(3), c = 9.690(5) &, z = 3.

Rhombohedral cell: a 6;297(3) R, o = 96° 3(6)', 2 = 1.

2.12, D= 2.13 g cm™2,

Space group: R3; D,

Determiﬁé%ion_bfufhéuétructurev
PN NIONNANY NN NNy NN

The structure was determined in much the same way in
each case, but we give’mo§e details for the Co salt:
Atoms were assigned coordinates similar to those,of'ohe
of the lower symmetry (Rgf components of FeSiFS-GHZO
(Hamilton, 1962). With isotropic temperature factors;
least-squares refinement'r;duced the conventional

R = ZLAF'/EIFO, to 0.16. With anisotropic,temperature
factors, R was reduced to 0.11, but B,, and By, for t
were unusually high.‘ A Fourier synthesis of AF showed

B e e o e i = o b <
. .



two prominent but unequal peaks, one on each side

(in the same x-y p%ane) of thevassumed-poéition of F..
The onl&,satisfactdry explénation of this was the
assumption of a disordered model. Fractional atoms;
referred to as F(1) and F(2), were assigﬁed to these

two positions with occupation fagtors adding to unity.
With equal occupancy, R was reduced to 0.07; with
F(1)/F(2) = 1/2, R = 0.05. Serious discrepancies
remained between F_|and F_ for the 004 reflections. |

A Ag‘map‘at‘this szége sh;ﬁed clearly‘the positions of
the two‘hydrégen atoms. 'introduction of these atoms
with isotropic temperature factors removed the above
'discrepancies‘and reducéd‘g to 0.033. Trial of various
values of the occupation factors yielded fhe best fit with
F(1)/F(2) = 0.43/0.57: " R = 0.033 (excluding data where
I<e(I)), R=10.038 (all data), R, = 0.038, estimated
standard deviation of an observation of unit weight = 1.03.
In the last cycle no parameter shifted more than 3% of its
standard deviation. | |

Iﬁ_the case of\NiSiFs-SHzo we introduced an empirical

extinction correction: Fo'é Fo(l + 1.3 X 1077 I), where
Fo'_is-the corrected structure factor. The correction
factor was 1.43 for the strongest reflection, 110,
and exceeded 1.13 for only three other reflections. With

occupancy factors F(1)/F(2) = 0.33/0.67, R = 0.022 (with



or without the four zero-reighted data), R, = 0.040,

2
and the standard deviation of an observation of unit .
weight_= 1.33. In the laet cycle, no parameter shifted
more ﬁhan 1% of its standard deviation. Slight variation
of the occupancy ratio did not result in any significant
improvement. '

In the otherwise straightforward refinement of the
structure‘of ZnSiFS-BHZO we were confronted with the
interesting fact that in this centric space group (R3)
different values of the coorainates must.be assigned
to identical structures if opposite choices are made for

the positive direction of the unique axis. By chance,

the same choice was made for the Co and Ni crystals, but

the opposite choice for the Zn crystal. Thus the Zn structure

was determined without the knowledge that it was so nearly
the same as the others. The coordinates and indices had

to be transformed by the matrix

0O 1 o
1 0 O
0O 0 -1

to yield the results réported here. No meaningful
i .

improvement was gained 'when the occupancy ratio was chanqu
l
from F(1)/F(2) = 0.33/0.67, and with this ratio R = 0.018

excludihg reflections with I < ¢(I)), R = 0.023 (all

reflections), R, = 0.021, standard deviation of an observation

1

2
|

of unit weight = 1.07.° In the last cycle no parameter

shifted by more than 4% of its standard deviation.
: - 1 L |
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The final parameters are given in Table 1.
Observed and calcul#ted structure factors are listed
'in Table 2. Some interatomic'distanées and angles

appear in Tables 3, 4 and S.
Discussion
ANNNANNNONN

Excepﬁ for minor numerical details the three salts

have the same crystal structure. An unusual feature

of this structure, for>which we have no satisfactory
explanation, is the diéorder of F betweéen two sites,
unrelated.by any symmetry element and with unequal
occupancy factors. The distances between alternate
sites are 0.71, 0.60 and 0.66 3, respectively, in the -
Co, Ni and Zn salts. We assume that allvﬁhe F atoms

in a particular SiFsz' ion are in the same type of site
because.otherwise there would be unsatisfactory F-F
distances. According to this model, the disorder involves
two orientations of the fluosilicate ion about 30° apart
with respect to rotation about the 3-fold axis. The F
atoms are at the corners of regular or nearly regular

' |
octahedra; for the F(1l) sites in the N1 and Zn compounds
|

the octahedra are regular within the experimental accuracy,

while in the other cases there is a slight elongation

in the direction of ghe 3-fold axis of two to four standard
deviations. All six results are within'about one standard
deviation of an avefage shape with F-Si-F = 89.7°, as is

also the result found by Hamilton (1962)'for the Fe salt.
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The ﬁater molecules are also at théICOrners of
nearly #egular oétahepra,but these octahédra are nbt .-
sO consistent in shape. 1In the Z2n salt the octahedron'
is regular, while for Co it is elongated and for Ni it is
compressed, but by amounts which change bond angles /

only about half a degree. Hamilton (1962) observed
a greater elongation (0-Fe-O = 88.6(3)°) in the Fe salt.
These octahedra are packed according to a |
rhombohedrally-distorted CsCl-type structure. The
densest packing is in columns of alternate cations
and anions along the 3-fold axis (Fig. 1). Three hydrogen
bonds connéct each pair of adjacent octahedra in a cdlumn,
"while one hydrogen bond connects an'octahedron to each
of its six neighboring octahedra in other columns.
This topology of hydrogen bonding is the same for either
F site and is also the same as that which}Hamilton
(1962)_deduced for each component of his structure. It
would not exist in the Pauling (1930) stfuCture because
in that érrangement'each O would have two equidistant F -
neighbors in the same column (Fig 2). This latter
arrangemenﬁ permits clgser packing of spherical atpms,
but provides too many gcceptors for hydrogen boﬁds.l Any
rotation of one kind of octahedron relative to the other

makes one neighbor closer than the other, with a

- rotation of 60° giving’the maximum difference. 1In the

l
|




FeSiFs-SHZO structure, the oxygen atoms are twisted
about 40° from the! Pauling (1930) structure, in each
component' of the disorder model. 1In ﬁhe 'present.
structures it is the fluorine atoms which are twisted,

F(1) about 50° and F(2) about 20°.
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~ Table 1. Coordinates and thermal parameters,.with‘estimatéd

- For atoms with site symmetry 3,'B11=B22=2B12; B

(a)

Co
Si
F(1)
F(2)

(H(1)
H(2)

Co 
Si

F(1)
F(2)

H(1)
H(2)

standard deviations.ingparéntheses

CoSiF6

.6H

11

2.00(1)
1.88(2)
3.1(1)
2.30(7)
3.84(6) 

4.6(6) B

4.3(86)

2

B or,B1‘

!

0
X
0
0.
.1536(4)
.1673(3)
_.1745(2)
.187(4)
.191(3)

Boo

2.00-
1.88
4.0(1)
4.9(1)
3.52(4)

] ‘ i

y
0
0
.1356(4)
.0679(3)
i .1860( 2)
.172(4)

- .278(4)

Bsz Bip Bis
1.45(2) 1.00 O
1.35(3) .94 | 0
2.16(8). .5(1) ..46(8)
2.58(7) 1.42(8) .s0(5)

2.f6(4) .94 (4) —-66(45

!
[

137723

0.

e
.4001(3)
.3997(2)
.1247(1)

212(3)
.114(2) o

Bog

0.

;5(1) |

.23(9)
-.28(3)




(b)

Ni
Si
F(1)
F(2)

H(1)
H(2)

Ni
Si

F(1)
F(2)

H(1)
H(2)

NiSiF,-6H,0

11

1.

L N & I o I I

6

or B

79(3)

.T1(3)
.9(2)

.20(7)
.02(5)
.2(5) |
-3(6)

2

X

0

0
l

.1610(8)

.1681(3)
.1772(2)

.181(3)
.184(3)

Boz

1.79
1.71
4.4(3)
3.8(1)
2.17(5)

17-

y - z
0 0
o | - 1/2
.1258(8) | | .3999?7)
.0647(3) - .3981(3)
.1830(1) - .1218(1)
164(3)  .209(5)
.262(3) .116(2)
Bz P2 Bis  Bpz |
1.34(4) .895 0 0 |
1.22(5) .855 0 0
2.0(2) -.8(2) .6(1) .1(2)
2.46(9) 1.22(9) .49(5) -.1(1)
2.20(6) .88(4) -.48(4) -.15(4)



(c)

Zn
Si
F(1)
F(2)

H(1)
H(2)

Zn
Si
F(1)
F(2)

H(1)
H(2)

ZnSiF.. *6H.0

y
0

0
.1326(4)
.0685(2)
.1853(1)
.169(2)
.274(2)

Byo

.984
.84
-2(1)

6 2
X
0
0
.1555(4)
.1676(2)
.1766(1)
.184(2)
.192(2)

Bjyor B By B33
1.968(9) 1.968 1.49(1)
1.68(1) 1.68 1.23(2)
2.8(1) 3.8(1) 2.08(8)
2.25(4) 4.56(8) 2.36(4) 1.33(5)
3.47(4)

4.0(4)
4.

13

0

0
.52(7)
.59(3)

2.35(3) 2.18(3) .95(3) -.62(2)

18,

z

0
- 1/2
.4001(3)
.3992(2)
.1240(1)
.202(2)‘
.117(2)

Bosz

Oi‘
0
.53(9)
.14(5)

-.21(2)
| ,
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Table 2. Observed and calculated structure factors,i

|

Data where I < ¢(I) are marked with an asterisk.

(Table to be reproduced photographically.)
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Table 3. Interatomic distances, A

Values in parentheses are corrected fcr'thermal motion,
assuming that the lighter atom rides on the heavier atom.
Distances involving disordered positions F(1) and

F(2) are designated by (1) and (2) respectively.

(a) CoS1iF +6H,0 | ,
Co -0 2.081 + .001 (2.092)
Si - F (1) 1.674 + .001  (1.695)
(2) 1.678 + .002  (1.697)

0 - H(1) - 0.874 +-.026 (0.888)
0 - H(2) 0.805 + .032  (0.822)
(v) NiSiF-6H,0 |

NiL -0 2.047 + .001  (2.055)
SL - F (1) 1.671 + .006 (1.701)

(2) 1.683 + .003  (1.698)
0 - H(1) 0.862 + .029  (0.881)
0 - H(2) | 0.709 + .026  (0.737)

(c) ZnS1iF g -6H,0

Zn - O  2.078 + .001 (2.088)

+
Si - F (1) 1.671 + .005  (1.693)
(2) 1.680 + .003 (1.698)
0 - H(1) 0.778 + .020  (0.790)

0 - H(2) : 0.775 .020 (0.797)

| +

o e o ol
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‘Table 4. Distances involved in hydrogen bonds

F|| and Flrefer respectively to bonds approximately parallel

and perpendicular to the 3-fold axis.

(a) CoSiF..-6H,0

6 2

0 - Fil (1) 2.711 + .003 (2) 2.888 + .003

H(1) - Pl (1) 1.861 + .026 (2) 2.037 + .029

o' -F (1) 2.721 + .004 (2) 2.759 + .003

H(2) - FJ (1) 1.961 + .031 (2) 1.957 + .033
(v) NiSiFg -6H,0

o -FIi (1) 2.718 + .007 (2) 2.863 + .004

H(1) - Fi (1) 1.862 + .031 (2) 2.017 + .031

0 - Fy (1) 2.683 + .007 (2) 2.782 + .003

H(2) - FL (1) 2.021 + .028 (2) 2.082 + .027
,(c) quiFs-GHZO

0 - FIl (1) 2.710 + .004 (2)_‘2.868 + .002

H(1) - FII (1) 1.948 + .020  (2) 2.104 + .021

o ' -FL (1) 2.713 + .003 (2) 2.766 + .002

H(2) - Ff (1) 1.979 + .020  (2) 1.995 + .021



(a)

(b)

CoSiF6'6H20

0-Co-0
O-Co;O'
F-Si-F
F-Si-F'
H(1)-0-H(2)
0-H(1)---F
0-H(2)---F
F---0---F

NiSiFG'GHZO

0-N1i-0
0-Ni-0'
F-Si-F
F-Si-F'
H(1)-0-H(2)
o-H(l);--F

0-H(2)-~-F

JEY

Bond angles, dég
89.4 + 0.1
90.6 + 0.1
(1) 89.6 + 0.2 (2) 89.6
(1) 190.4 + 0.2 (2) 90.4
108.7 + 3.0
(1) 163.7 + 1.0 (2) 162.7
(1) 157.0 + 1.0 (2) 174.0
(1) 110.7 + 0.1  (2) 123.5
90.5 + 0.1
89.5 + 0.1
(1) 90-1'i 0.4 (2) 89.4
89.9 + 0.4 (2) 90.8
~ 107.4 + 3.0
(1) 171.9 + 1.0 (2) 166.4
(1) 155.6 + 1.0 (2) 169.5
(1) 111.5 i_o.z (2) 123.1

22.v
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(¢) ZnSiF_.*6H,O0.

6 °Hz
0-Zn-0  89.9 4 0.1
 0-2n-0' | 90.1 + 0.1
F-Si-F . (1) 89.8 + 0.2 (2) 89.6 + 0.1
F-Si-F' - (1) 90.2 + 0.2 (Az) 90.4 + 0.1
H(1)-0-H(2) 108.1 + 2.6
0-H(1)---F. (1) 166.3 + 0.7 (2) 167.0 + 0.5
0-H(2)---F (1) 157.8 + 0.7 (2) 170.8 + 0.6
F-=-0---F (1) 110.9 + 0.1 (2) 123.2 + 0.1
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Figure Captions

Fig. 1. Two neighboring columns in the structure of

Fig. 2.

CoSiF6-6H20. Fluorine atoms are shown in

(a) according to the F(1) positions and in

(b) according to F(2).

Relative orientation of oxygen atoms on the
‘ | : ' '
top face of a water octahedron and halogen

atoms on the bottom face of the adjacent

octahedron in (a) NiSncCl *6H,0 (Pauling, 1930),

6
(b) FeSiFg-6H,0 (Hamilton, 1962) and

(c) CoS1iF -6H,0 (this study). The numbers
indicate values of the z coordinates (x 100),
and broken circles Endicate the alternate sites

according to the disorder models. ‘

-2
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of ‘any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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