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P o l y t y p i s m  i n  P o t a s s i u m  C o b a l t i c y a n i d e *  
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(Received 13 November 1959 and in revised form 2 March 1960 and 20 June 1960) 

Pu re  and  doped (0" 1% Cr) c rys ta l s  of K3Co(CN)6, g rown f rom aqueous  solut ion,  were e x a m i n e d  by  
single-crystal X-ray methods. Four structural types were observed: Two-layer orthorhombic, and 
one-, three-, and seven-layer monoclinic, the latter two being new. The cells are related by stacking 
of (100) one-layer monoclinic lamellae; the mechanism, indicated from space-group considerations, 
is one of rotation about c and stacking on (100). The geometrical relationships demonstrate poly- 
typism in this complex cyanide. 

Morphological data and cell dimensions are given. Systematic extinctions other than space-group 
absences are explained. The 'cell twinning' of polytypism is discussed in contrast with 'twinning 
of crystals'. 

Introduction 

Interest in Cr-doped potassium cobalticyanide 

(K3Co(CN)6) 

as a single-crystal, dilute paramagnetic salt for use 
in solid state MASER (microwave amplification by 
stimulated emission of radiation) application has 
prompted crystallographic studies of the substance. 

Crystal growth  

Pure and doped (0.1% Cr; established by spectro- 
chemical analysis) crystals of K3Co(CN)6 were prepared 
by the following procedures: The starting materials, 
for pure crystals, were CoCl2.6 H90 and KCN, both 
reagent grade chemicals. Intermediate steps involved 
the formation of Co(CN)2 and K4Co(CN)6. The latter 
was converted to a solution of the desired compound, 
and the final crystals were obtained by precipitation 
in a vacuum desiccator for a period of 6-8 weeks. 

In order to obtain crystals doped with Cr, it was 
first necessary to prepare K3Cr(CN)6 from CrC13 and 
KCN as starting materials. Crystals of the Cr complex 
cyanide were crushed and added in required amounts 
to the KsCo(CN)6 solution before final precipitation. 
A detailed description of these crystal-growth proce- 
dures is given in a separate paper (Bramhall et al., 
1959). 

Crysta l  morphology  

Crystals obtained by the method described above 
were transparent, pale yellow-green. Doubly termi- 
nated prismatic and lath habits were observed. Single- 
crystal X-ray studies (see Unit Cell and Space Group) 
revealed four different structural types, apparently 
independent of doping (0.1% Cr) and with the same 

* Presented at  meeting of American Crystallographic 
Association, Cornell University,  Ithaca, N.Y., Ju ly  20-24, 
1959. 

morphology. For reasons discussed below, these are 
described by polytypic nomenclature (Ramsdell, 1947) 
as 1M (one-layer monoclinic), 20r (two-layer ortho- 
rhombic), 3M (three-layer monoclinic), and 7M (seven- 
layer monoclinic). In each case, c was taken parallel 
to the length of the crystal, which ranged from 1 mm. 
to 2 cm. Forms observed on crystals of the four 
varieties are given in Table 1; spatially equivalent 
forms are grouped horizontally. Observed interfacial 
angles agree well with those calculated from cell 
dimensions obtained from single crystals. 

Table 1. Morphological data: Forms observed 

20r 1M 3M 7M 

(~dopedxlS.)pure xls. (22d°pedxls'/pure xls.] (2 d o p e d x l s . ) ( I  purexl . )  

100 (S)* 100 (5) 100 (4) 100 (2) 
13,3,0 (2) 13,6,0 (2) 

210 (2) 
110 (17) 120 (16) 32O (2) 720 (3) 
340 (1) 
322 (2) 111 (2) 
111 (10) j 144 (7) _ _  

[ 344 (7) 21,4,4 (3) 
211 (2) 

111 (2) 
011 (2) 
722 (2) 
744 (3) 

122 (8) ~ 011 (4) 011 (2) 

011 (2) 144 (2) 

* Figures in parentheses indicate numbers of faces observed. 

All crystals were examined with a polarizing 
microscope, between crossed Nicol prisms. When 
viewed on (100), extinction was observed, as required, 
parallel to the traces of (010) and (001) in each case. 
Monoclinic crystals viewed on the major prism face 
(cf. Table 1) demonstrated extinction pseudo-parallel 
to the trace of (100), thus behaving optically pseudo- 
orthorhombic. In unpolarized light, several crystals 
showed fine, surface striations parallel to the trace of 
(100) on both prism and pyramid faces, this being 
manifest of a lamellar structure parallel to (100). 
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C ~ o r s  Gottfried & 
Nagelschmidt 

(1930) 

Table 2. H i s t o r i c a l  s u m m a r y  

Bfissem & Barkhatov & 0kaya & 
Gottfried Zhdanov Pepinsky* 

(1933) (1942) (1956) 
Okaya et al*. 

(1957) 

Kohn & 
Townes 
(1961) 

KaFe(CN)6 
a 

b 
c; Z 

KsCr(CN)6 
a 

b 
c; Z 

Kal~n(CN) 6 
a 

b 
c; Z 

KsIr(CN)G 
a 

b 
c; Z 

RbsFe(CN)6 
a 

b 
c; Z 

KsCo(CN)6 
a 

b 
c; Z 

/:'2~/c fl --- 90°t 
13.45, 
10-42 
8.40; 4 

P n c a  
13-58 
10.62 
8.62; 4 

P n c a  
13-59 
10.62 
8.52; 4 

.P nca 
13.73 
10-55 
8.36; 4 

.P21/c fl , ~  107 ° 
7.1 

10.4 
~.~ 8.4;2 

.P21/c ~ ~-, 90or 
13.77 
10.68 
8.65; 4 

P21/c fl ~ 107 ° 
,~ 7.2 
~-~ 10.7 
~-- 8.7;2 

P21/c ~ = 107 ° 20' 
7.1 

10.4 
8.4; 2 

* Settings transformed for comparison purposes. 
~: All dimensions in, or converted to Angstr6ms. 

P n c a  
13-45 
10.43 
8"40; 4 

P n c a  
13.58 
10.62 
8.62; 4 

Pnca 
13.59 
10.62 
8.52; 4 

P n c a  P n c a  P21/c fl = 107 ° 19' 
13.26 13-53 Pnca 
10.53 10-50 Polytypes 
8-32; 4 8.40; 4 (cf. Table 3) 

t Results in error; refer to text. 

Unit  cell  and space group 

A review of the  crystal lographic l i terature  on 
K3Co(CN)6 and  closely re la ted compounds shows a 
considerably confused situation. Table 2 summarizes  
the results of various workers.  Most of the  confusion 
stems from the original work on KsFe(CN)6 (Gott- 
fried & Nagelschmidt ,  1930) and RbsFe(CN)6 (Btissem 
& Gottfried, 1933). Al though these phases were 
accurate ly  described as monoclinic, pseudo-ortho- 
rhombic, erroneous a dimensions were given. The more 
simple, monoclinic cell, derived by  Ba rkha tov  & 
Zhdanov (1942) for isostructural  KsCo(CN)6, is shown 
in Fig. 1 (left). They  showed tha t  pseudo-orthorhombic 
a is equal to 4. monoclinic a .  sin fl ~--27 •, this being 
twice the  erroneous dimension given by  Gottfr ied & 
Nagelschmidt  and  Biissem & Gottfried.  The error 
apparen t ly  derives from scattering mass similarities 
a t  sites A and  B in Fig. 1 (left). 

I t  is unfor tuna te  t h a t  the  incorrect, pseudo-ortho- 

rhomble cells are almost identical in dimensions with 
their  corresponding, rigorously orthorhombic,  two- 
layer  s t ructures  (Fig. 1, right).  This fact  has effec- 
t ively hidden the  presence of polytypism in such 
complex cyanides and caused several workers to accept 
the val idi ty  of these early results while refuting more 
recent, accurate  studies. Okaya  & Pepinsky (1956), 
for example,  regarded the  monoclinic cell given by  
Ba rkha tov  & Zhdanov as erroneous, s tat ing t h a t  
'disorder probably  accounts for the  incorrect sym- 
metries repor ted . . . ' .  

1A 

(010) / 

Monoclinic Orthorhombic 
1M 20r 

Fig. 1. Relationship of the IM (one-layer monoclinie) and 2 0 r  
(two-layer orthorhombic) cells, as seen on (010). Note 
pseudo-orthorhombic cell for 1M. 

In  the  present  X- ray  study,  la th-shaped and pris- 
matic,  doped and pure crystals of K~C0(CN)6 were 
examined by Weissenberg and precession methods,  
using Me K and Co K radiat ion.  Both the monoclinic 
cell of B a r k h a t o v  & Zhdanov (1M) and the  ortho- 
rhombic cell repor ted by  Okaya  & Pepinsky (2Or) 
were found. Two addit ional  monoclinic cells were also 
observed, these being three and seven layers thick 
along a*, relative to the original (one-layer) monoc|inic 
cell. Data for the four observed cells are summarized 
in Table 3. 

The four cells thus far observed are obviously very 
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Table 3. Unit-cell data for K3Co(CN)6 

20r 1M 3M 7M 

a 13.31_+0.04 A* 7.00_+0.02/k 21.00_+0.06 A 49.00-+0.15 A 
b 10.37 -+ 0.02 10.38 -+ 0.01 10.38 _+ 0.01 10.38 _+ 0.01 
c 8.35 _+ 0.01 8.37 -+ 0.02 8.37 -+ 0.02 8.37 -+ 0.02 
fl - -  107 ° 19_+3' 107 ° 19_+3' 107 ° 19-+3' 
Z 4 2 6 14 
Sp. gr. Pnca P211c P21/c P21/c 

* The convent iona l  set t ing (Dormay & Nowacki,  1954) is no t  followed in order to show more clearly the  relat ionship among  
the ceils. 

closely related. The geometry of the one-layer mono- 
clinic and two-layer orthorhombic cells is shown in 
Fig. 1. It  can be seen that  a2or=2 sin fl'alM. The 
orthorhombic cell is geometrically derived from the 
monoclinic by alternate stacking (1.1) of 1M layers 
on (100). The stacking geometry is described in more 
detail below (see Stacking mechanism). Fig. 2 shows 
the geometrical derivation of the 3M cell from 1M. 
This is accomplished by a 2.1 stacking on (100). 
Note that, owing to the pseudo-orthorhombic sym- 
metry of the 1M lattice, f i lM= flSM. Whereas, in the 
case of 3M, there is but one possible stacking sequence, 
the 7M cell can be constructed with eight different 
stacking sequences.t The stacking relationships among 

(oIo) 

C1M---- C3M 

i \ A ,,\\o.. \ / i  VI,,~=A) \ \  
Stacking ~.--~-I11 k "x ~1 \j 

Monoclinic 
3M 

Fig. 2. Rela t ionship  of the  1M (one-layer monoclinic) and  3M 
(three-layer monoclinic) cells, as seen on (010). 

the four cells demonstrate the phenomenon of poly- 
typism in KsCo(CN)6. 

Three-dimensional diffraction data were obtained 
for each structural type. Precession (hll) patterns, 
however, proved clearest for demonstrating the layer- 
ing and discriminating among the various polytypes. 
Fig. 3 shows representative portions of the (hll) 
patterns for each of the four types. The a 'c*  nets 
depicted are identical in area. One can clearly see that  
a*l i = 2a *eor = 3a~M = 7 a* M. 

Diffraction patterns from the two-layer ortho- 
rhombic type showed, in addition to the systematic 

t Selection of the correct s tacking sequence will be incidental  
to s t ruc ture  de te rmina t ions  on the new polytypes ,  forming 
the  subject  of ano ther  paper.  

absences deriving from the space group Pnca,  other 
absences as follows: 

h2m+lkl4n , 

h2mkl4n+9 • 

Equivalent extinctions were also noted by Okaya & 
Pepinsky. These absences can be correlated with the 
'lattice point' introduced at 1, 0, ¼ by alternate stack- 
ing of 1M layers on (100) (cf. Fig. 1, right). Similarly, 
3M diffraction patterns showed systematic extinctions 
over and above the space group (P21/c) absences: 

h3m + ilcl2n • 

These are explained by the 'lattice points' at ~,1 0, ½ 
and 2 0, 0, introduced by virtue of the 2-1 stacking 3-, 
of 1M layers as shown in Fig. 2. 

Stacking mechanism 

Stacking customarily implies a random or systematic 
rotation of layers about their normal, i.e., about the 
stacking direction, as typified by SiC and ZnS. This 
does not appear to be the case, however, for 
K3Co(CN)6. Here the (100) stacking layers, instead of 
rotating about the stacking direction, are rotated 
about a vector normal thereto, namely c. Evidence 
for such a conclusion derives from space-group con- 
siderations. 

In Fig. 4, a 1M cell having the space group P21/c 
is rotated 180 ° about c and stacked on (100) to give 
a 20r  cell. The resultant two-layer orthorhombic cell 
has the space group Pnca,  in agreement with the 
space group observed for the 20r  polytype. On the 
other hand, if the same P21/c cell is operated upon by 
a rotation of 180 ° around the stacking vector, it can 
be shown that the resultant orthorhombic space group 
is Pmcn.  The latter conflicts with observed symmetry 
and refers to the first mechanism as the correct stack- 
ing device. 

The 3M cell presents more of a problem in this 
respect. A similar approach shows that  both stacking 
mechanisms operating upon 1M P21/c to give a 3M 
cell (Fig. 2) result in the same space group, P21/c. 
An unequivocal solution will develop only from the 
structure determination (see footnote p. 619). Similar 
arguments apply also to the 7M cell. 

Barkhatov (1942) located the K + and Co 3+ ions in 
the 1M polytype and inferred general (CN)- positions 

A C 14--40 
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$$ 

C ~ 

A, 

~ ~  / 

! 

: ~ ~ "  
~ ~ : ~  - -  

J 

2 Or 

3a* 7a* 

Fig. 3. Equivalent ,  representat ive port ions of (hl/) precession pat terns  for the 1M, 2Or, 3M, and 7M polytypes;  
Co K,  30-40 hr. (4 × ,  relative to the s tandard  precession film). 
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c ~ 

~,~ ~ ~ : "  

1 ~  , 

2 Or 

2o 

3 a  ~ 7a ~ 

Fig. 3. Equivalent ,  representa t ive  port ions  of (hl/) precession pa t te rns  for the  1M, 2Or, 3M, and  7M polytypes;  
Co K, 30-40 hr. (4 × ,  relative to the  s tandard  precession film). 
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- "  " 

Fig. 4. Derivation of Pnca (20r) from P21/c (IM) by rotation 
around c and stacking on (100). 

from spatial considerations. Recently, Curry & Runci- 
man (1959) refined the 1M structure by neutron 
diffraction, confirming the 'main features' of Barkha- 
tov's structure and locating the carbon and nitrogen 
positions (two alternative sets). 0kaya  & Pepinsky 
determined the structure of the orthorhombic poly- 
type. They noted one-dimensional disorder in the form 
of diffuse streaks linking/-odd reflections parallel to a*, 
with integral k indices. An explanation for the disorder 
was given on the basis of their structure. Their 
arrangement, relative to Barkhatov's configuration 
for 1M, is consistent with the stacking mechanism 
proposed herein and refutes the more normal stacking 
device. 

D i s c u s s i o n  

The ever-growing list of crystalline materials dis- 
playing polytypism, beginning with the prototype SiC 
and including ZnS, mica, CdI2, etc., is extended to 
include the complex salt KsCo(CN)6. I t  takes little 
imagination to predict that  many more crystalline 
materials will show this phenomenon when sufficiently 
detailed X-ray studies are conducted. A likely prospect 
is KsFe(CN)6, since a cell of the 1M type was given 
by Barkhatov & Zhdanov and one of the 20r variety 
by Okaya et al. An obvious hunting ground for 
seekers of polytypes is in tetrahedral structures having 
polymorphs analogous to wurtzite and sphalerite, 
especially if they wish to delve into the many possible 
solid solution series. I t  would not be surprising to find 
such systems replete with structures having the 
peculiarly repetitive 'cell twinning' inherent in poly- 
typism. 

Ito (1950) has studied various groups of polymor- 
phous phases, showing that  in several cases the rela- 

tionship is one of repetitive 'twinning' of cells. The 
structures derived by virtue of this 'cell twinning' are 
termed 'polysymmetric', their symmetries being de- 
scribed by a 'twinned space group'. Such 'twinning 
of cells' is differentiated from 'twinning of structures', 
in which sense twinning is most commonly used. 
They can both be described by the same operations 
of geometry, but their diffraction effects are different: 
'Structure twinning' gives additive diffraction effects; 
'cell twinning' yields diffraction results definitive of 
a new, distinctive lattice. KsCo(CN)6 is an excellent 
case in point bearing upon Ito's studies. 'Structure 
twinning' is shown by a 1M crystal twinned on (100) 
to give a diffraction pattern which is seemingly ortho- 
rhombic but actually derives from two twin-related 1M 
lattices. The pure 20r polytype, on the other hand, 
gives a pattern which is strictly orthorhombic, develop- 
ing from 'cell twinning' of 1M on (100) via a 1.1 
stacking sequence. K3Co(CN)6 in particular, and 
polytypic structures in general, present clear evidence 
for the usefulness of the concepts of 'cell twinning' 
and 'twinned space groups' in crystallography. 

The authors are grateful to Mr P. Bramhall, who 
grew the excellent crystals used in these studies, and 
to Mr J . W .  Mellichamp, for the spectrochemical 
analyses. 
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