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nealing at and quenching (LN,) from different temper-
atures.

It should be mentioned that results obtained with
differential thermal analysis (DTA) did not agree with
those obtained by metallographic and X-ray diffrac-
tion methods. For example, with DTA, SmCos ., and
Sm,Co,; compounds were found to be peritectically
melting in agreement with the results of Lihl er al.
(1969) and Buschow & Van der Goot (1968). However,
with X-ray diffraction and metallographic methods,
these compounds were found to be congruently
melting. A shift in the composition of the alloys due to
oxidation, evaporation of Sm and chemical reactivity
of Sm with crucible materials at elevated temperatures
may lead to this discrepancy. In the case of metallo-
graphic and X-ray diffraction methods, this composi-
tional shift can be detected and interpreted directly,
whereas in the case of DTA this is not possible since
the change in composition occurs gradually. Even if
oxidation of the samples can be avoided by taking
special precautions, however, evaporation and reac-
tion (with crucible materials) of Sm are practically
unavoidable.

The Co-rich part of the Sm-Co phase diagram (Fig.
3) differs from that even very recently reported
(Buschow & Den Broeder, 1973) in the following
respects:

(a) the two polymorphic forms of Sm,Co, and
Sm,Co,;, have been inserted correctly,

(b) no peritectic has been observed in the composi-
tion range SmCos, . (—0-3<x<1),

(¢) one peritectoid and two eutectics have been
inserted,

(d) the new phases SmCos_, and SmCos,, have
been correctly inserted.
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It should be noted that SmCos,, and Sm,Co,,(%)
are isostructural (i.e. of the TbCu,-type with dis-
ordered substitutions). It means that we should obtain
a homogeneous region from SmCos,, to Sm,Co,, (/)
in the phase diagram, at least, at temperatures near to
the solidus. What we experimentally obtain is a eutectic
in the neighbourhood of SmCo,. An explanation for
this discrepancy is still being sought.

The author wishes to thank Professor E. Kneller for
valuable discussion, Mr B. Miiller for help in preparing
the alloys and Dr C. Herget from Th. Goldschmidt for
material help.
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Crystal Structure of Monoclinic NaCaHSiO,

By B.G.CoOKSLEY AND H.F. W.TAYLOR
Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland
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Monoclinic NaCaHSiO, has a structure based on Ca?* and Na* jons and HSiO}~ groups, which are
linked into chains by strong hydrogen bonds. The structure is similar to that of an orthorhombic form,
from which it differs in the orientation of the silicate tetrahedra and the arrangement of hydrogen bonds.

NaCaHSiO,, first synthesized by Thilo, Funk & Wich-
mann (1951), is important in relation to processes for
extracting alumina from aluminosilicate materials.
From chemical and other evidence, these workers sug-
gested that it contained separate HSiO3~ tetrahedra.
This conclusion was supported by the spectroscopic
studies of Stavitskaya, Ryskin & Mitropol’skii (1968),

who concluded also that the tetrahedra were linked by
strong hydrogen bonds. Gard, Ramsay & Taylor
(1973) reported crystal data; they found the crystals
to be monoclinic. In contrast, Lyutin, Kazak, Ilyukhin
& Belov (1972) reported a structure determination on
crystals that they had found to be orthorhombic, with
cell parameters closely related to those given by Gard.



B. G. COOKSLEY AND H. F. W. TAYLOR

Ramsay & Taylor (1973). They confirmed the presence
of separate SiO, tetrahedra, but the H atoms were as-
sumed to occupy general positions, which implied that
they were statistically distributed. The present paper
describes a determination of the structure of mono-
clinic material.

Material and crystal data

The sample was made by grinding together solid
NaOH, Ca(OH), and quartz (0-6 % Al,Os, 11200 cm?
g~1) in molar ratios 3:2:2 for a few minutes, without
taking any special precautions to exclude atmospheric
moisture, and heating the resulting powder in a sealed
stainless steel vessel for 11 days at 280°C. The presence
of a little water is essential to the reaction. The product
was washed with cold water. The powder pattern was
identical with that given by Gard, Ramsay & Taylor
(1973). A true single crystal of sufficient size could not
be found, and a twinned crystal was used for the work.
It was a prism elongated along b, of size 180 x 50 x 30
pm, twinned on (001), and contained equal amounts
of the two components. Crystal data (from rotation,
oscillation and Weissenberg photographs) agreed with
those given by Gard, Ramsay & Taylor (1973).

Crystal data

Monoclinic, P2, or P2,/m.
a=572, b=7-06, c=548 A, f=122-5°, V=1866 A3,
Z=2, Dy, =275, Dyyo=2-77 g cn 2,

Because the cell is geometrically nearly hexagonal,
an unconventional B-centred monoclinic cell can be de-
fined that has § nearly 90°, and there are three possible
choices of axes which are nearly but not quite iden-
tical both for the primitive and for the B-centred cell;
Gard, Ramsay & Taylor (1973) gave the parameters
for all these cells.
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Intensity measurement and structure determination

Intensities of 248 independent reflexions were estimated
visually from multiple-film Weissenberg photographs
of the 40/ to h4l layers, taken with filtered Cu radia-
tion. All reflexions were treated as observed. In gen-
eral, reflexions were measured for both twin compo-
nents and the results averaged; this provided a partial
correction for absorption, but no other absorption
correction was applied. For the 0kO reflexions, inten-
sities were obtained by powder diffractometry.

All calculations were made on an ICL 4/70 com-
puter, with programs based on those kindly supplied
by Dr F. R. Ahmed of the National Research Council
of Canada, and adapted by Mr J. S. Knowles of the
University of Aberdeen Computing Centre. Form fac-
tors (for Ca?*, Na*, Si, O, O~, and H) were taken
from International Tables for X-ray Crystallography
(1962).

A trial structure, based on the orthorhombic struc-
ture reported by Lyutin, Kazak, Ilyukhin & Belov
(1972), was refined by block-diagonal least-squares
calculations, initially in P2,/m and later in P2,. In-
dividual, isotropic temperature factors were used. The
H-atom position was based on crystal-chemical con-
siderations, and no attempt was made to refine either
the coordinates or the temperature factor assumed for
this atom. In the final stages of refinement, the weight-
ing scheme used was w=1/[1+ {(|F, —10-0)/10-0}?],
and analyses against |F,, |, sin® # and & showed it to
be satisfactory. The final R was 0-114 on all reflexions,
and a final difference map showed no peaks outside
the limits +1-5 eA 3, the largest values being near the
Ca ions. Tables 1-3 give, respectively, the observed
and calculated structure factors, atomic parameters,
and the more important interatomic distances and an-
gles. Fig. 1 shows the structure projected along b.

Table 1. Observed and calculated structure factors ( x 10)
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Table 2. Atomic parameters (e.s.d.’s on last digits in

parentheses)

x/a yib z/c B (A%
Ca —0013(D) 0 —0-007 (2) 0-86 (5)
Na 0-640 (2) 0-271 (3) 0-379 (2) 2:2(2)
Si 0-340 (1) 0-259 (2) 0714 (1) 09 (1)
o(1) 0:670 (2) 0-261 (5) 0-870 (2) 1-:5(2)
0@2) 0233(3) 0-264 (5) 0-934 (2) 144 (2)
0@3) 0-214 (3) 0-073 (3) 0-501 (3) 1-6 (3)
0@4) 0-206 (3) 0-454 (3) 0-505 (3) 1-4 (3)
H 0-039 0-501 0-501 4-0

The deviation from the more symmetrical space
group, P2,/m, is small, and a final attempt was made
to refine in this space group; R was 0-122 on all re-
flexions. Application of Hamilton’s (1965) test, with
either conventional or weighted R values, showed that
the structure with space group P2,/m could be rejected
at the 0-005 level. The space group P2,/m implies that
the H bonds are symmetrical, and gives an O-H-O
distance of 2:51 A. The space group P2, allows them
to be unsymmetrical, and gives an O-H- - - O distance
of 2:53 A; this may be considered more probable on
crystal-chemical grounds. In subsequent references in
this paper to the monoclinic structure, that with space
group P2, is implied.

Discussion

The structure is based on Ca?*, Na* and HSiO3~
ions, and does not differ greatly from the orthorhombic
structure reported by Lyutin, Kazak, Ilyukhin & Belov
(1972). The most important differences are in the orien-
tation of the silicate tetrahedra and the system of H
bonds. In the monoclinic structure, the tetrahedra are
so oriented that there are two different O(3)-O(4) dis-
tances between atoms of adjacent tetrahedra; some of
these O-O vectors are 2:53 A long and are presumed
to contain the H atoms, while the others are 3-44 A
and do not. The H bonds link the tetrahedra into zig-
zag chains parallel to b. In the orthorhombic struc-
ture, the equivalent O-O vectors are all equal in length
at 299 A. Lyutin, Kazak, Ilyukhin & Belov (1972)
suggested that the H atoms were contained in them.
It follows from the space-group symmetry (C222,)

CRYSTAL STRUCTURE OF MONOCLINIC NaCaHSiO,

that the H bonds are symmetrical and that the H atoms
are statistically distributed over twice the number of
0O-0 vectors; the tetrahedra are linked by H bonds
into sheets.

The Si-O bond distances and O-Si-O angles agree
well with the suggested H atom position, the bond to
O(4), which carries the H atom, being relatively long
and those O-Si-O angles that include O(4) relatively
small. The Ca coordination is octahedral. The Na co-
ordination is best described as a distorted trigonal bi-
pyramid, with the two axial bonds much longer than

Table 4. Coordination of the oxygen atoms

Oxygen Coordinated Distance(s)

atom atoms A E.s.v. sum

o(l) Si 1-60
Na 2-61, 2-88 2-:07
Ca 2:38,2:42 |

0(2) Si 1-62
Na 2-30 1-87
Ca 2-25, 2:46

0(@3) Si 1-65
Na 2:25 2-03
Ca 2:41
H 1-5

0@4) Si 1-68
Na 2-37 2-03
Ca 2-35
H 1-0

Qo

00(2) o 7
it a 572A

Fig.1. The structure (space group P2,) projected along b.
Bond lengths in A.

Table 3. Interatomic distances (A) and angles (e.s.d.’s on last digits in parentheses)

Ca-0(1) 2:42 (3) Na-0O(1)
Ca-0(1) 2:38 (3) Na-0(1)
Ca-0(2) 2:46 (3) Na-0(2)
Ca-0(2) 2:25 (3) Na-0(3)
Ca-0(3) 2:41 (2) Na-0(4)
Ca-0(4) 2:35(2)
0-0 within SiO, tetrahedra: min,
max.

0(3)-0(4) (H-bond)
Other O-O between tetrahedra: min.
Si—-O-H angle (assuming linear H-bond):

2:61 (1) Si-O(1) 1-60 (2)
2:88 (2) Si-0(2) 1-62 (2)
230 (2) Si-0(3) 1-65 (2)
2:25(3) Si-0(4) 1-68 (2)
2:37(3)
Angles at Si
2:64 (3) O(1)-0(2) 114 (1)°
2:71 (2) 0(1)-0(3) 109 (1)
2:53 (3) 0(2)-0(3) 110 (1)
305 (2) O(1)-0(4) 109 (1)
112 (1)° 0(2)-0(4) 106 (1)
0(3)-04) 108 (1)
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the three radial ones; for the orthorhombic structure
Lyutin, Kazak, Ilyukhin & Belov (1972) described the
coordination of this atom as tetrahedral. Table 4 gives
the coordination of the oxygen atoms. Pauling’s elec-
trostatic valency rule is approximately satisfied if the
Ca, Na, Si and H atoms are assumed to form bonds
of strength %, 1, 1 and I respectively; the resulting
underbonding of O(2) would explain the relative short-
ness (225 A) of its bond to Ca.

Stavitskaya, Ryskin & Mitropol’skii (1968) con-
cluded from the infrared spectrum that NaCaHSiO,
contains strong H bonds, with an O-H- - - O distance
of about 2:59 A. Broad line n.m.r. gave a second
moment of 1:5 Oe? at 77° K for the proton band;
the authors concluded that the compound contained
HSiO3~ groups linked by the H bonds into zigzag
chains. The present results agree reasonably well with
these data; the second moment, calculated by van
Vleck’s formula [see, for example, Andrew (1955)] and
assuming either of the space groups P2, or P2,/m, is
about 1-0 Oe?.

Fig. 2 gives various sets of X-ray powder data. The
observed data for the present sample (Gard, Ramsay

Monoclinic NaCaHSiO4

Thilo et al. I
1951
NSO | |

Stavitskaya
et al.

1068 l I

| 1
L

Ca ]
Tl

Gard et al.
973 W Ilr 1 “I In || T ” I nl.l ! I?Hll
Cateutated .II T ||| j “I —L [ '“ 1 “ | I} '.“I 1 '1h HII
20° 30° . 40° 50° 60°
26 CuKa

Orthorhombic NaCaHSiO4

Lyutin et al.

S R O 1 [ T I T |

Calculated " II L 1 ‘l ]l‘“ L 1I [fJ—JLH—L

20° 30° 40° 50° 60°
°26 CuKa

* from the unit cell and atomic coordinates given by Lyutin et al

Fig.2. X-ray powder patterns.
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& Taylor, 1973) agree closely in both spacings and in-
tensities with those calculated from the parameters
found in the present work. They also agree well with
the observed data of Stavitskaya, Ryskin & Mitro-
pol’skii (1968) and moderately well with those of Thilo,
Funk & Wichmann (1951). We have also prepared a
sample by one of the methods used by these workers,
namely, treatment of Na,CaSiO, with saturated water
vapour at 180°C; the powder pattern of the product
showed it to consist of the monoclinic phase studied
here mixed with a semi-crystalline calcium silicate hy-
drate. It thus seems clear that this monoclinic phase is
identical with the compounds described by these earlier
workers.

Lyutin, Kazak, Ilyukhin & Belov (1972) stated that
their sample was prepared hydrothermally at 300-
700°C and 1000-3000 atm with an alkali concentra-
tion of about 30%, and that their crystals had been
identified by single-crystal and powder examination;
they considered them to be the same as those studied
by Thilo, Funk & Wichmann (1951) and by Stavit-
skaya, Ryskin & Mitropol’skii (1968). However, their
observed powder data do not agree with those of any
of the other workers, and are moreover incompatible
with the unit cell and atomic coordinates that they ob-
tained from their structure determination (Fig. 2).
NaCaHSiO, thus appears to exhibit polymorphism,
but further work is needed to define the conditions of
formation and powder pattern of the orthorhombic
phase.
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