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Abstract

The unit cell and the atomic parameters of carnallite were refined from three-dimensional
X-ray diffraction data (a : 1.6119(3) nm, b : 2.2472(4) Drr, c : 0.9551(2) nm, space group:
Pnna,Z: 12). The structural model proposed by Fischer (1973) is confirmed and extended by
determining the hydrogen positions and refining anisotropic temperature coeflicients. The
unique crystal structure of carnallite consists of a network of face-sharing KClu octahedra
and of isolated Mg(H2O)6 octahedra occupying the openings in the KCI network. The water
molecules act as charge transmitters between Mg2* and Cll- ions. The average interatomic
distances are O.2045 and 0.3238 nm, for Mg{HrO) and K-Cl, respectively.

Introduction

Leonhardt (1930) determined the unit cell dimensions
and the space group of carnallite (Table 1). Andress and
Satr(1939) confirmed Leonard's unit cell data but obtained
a different space group (Table l). In the same paper,
Andress and Saffe (1939) also reported on the investigation
of the unit cell, space group and structure of brom-
carnall ite: KMg(HrO)r(ClBr)., a: 1.351 and c:O.677
nm, space group P4ln. They found that magnesium in the
structure of brom-carnallite is octahedrally coordinated to
water molecules which transmit the magnesium's charge to
chlorine or bromine. Potassium is octahedrally coordi-
nated to the anions. They also speculated that the structure
of pure carnallite may be an orthorhombic-
pseudohexagonal variation of the brom-carnallite struc-
ture.

Fischer (1973) prepared a synthetic crystal of carnallite
by slow crystallization at25"C, from a solution containing
1.5 mole% KCI and 98.5 mole% MgClr'6H2O. He deter-
mined the lattice parameters and the space group of this
crystal (Table 1). The density calculated from these unit cell
parameters, 1.587 glcm3, compares well with that observed,
1$02 glcm}.

Using 2001 intensities collected by an equiinclination
Weissenberg camera and multiple film method, he deter-

mined the carnallite structure. The correspondence be-
tween the observed and calculated structure factors gave a
reliability factor (R) of 12.2%.

For the initial model, he constructed a complex close-
packed structure composed of an N-net (of Hermann's
1962 scheme, also known as Kagom6 net) of chlorines
which is complemented by the magnesium-water octahedra
to form a distorted hexagonal close-packed layer. The
layers are stacked in a hexagonal close-packed sequence,
with potassium occupying the large octahedral voids. He
compared the carnallite structure with the tetragonal
brom-carnallite structure of Andress and Saffe (1939) and
considered carnallite to be a "homeotype" of the hexagonal
perovskite structure of BaTiO. (Burbairk and Evans, 1948).
He reported the calculated interatomic distances as 0.2(X
to 0.209 nm for Mg-HrO and 0.317 to 0.331 nm for K-Cl.

Because of the high R factor and the absence ofaccurate
structural details we elected to refine the structure of a
natural carnallite crystal. We expected to obtain aniso-
tropic temperature factors, and to locate the hydrogen
atoms.

Experimental methods
The crystals used for this study were obtained frorn the Smith-

sonian Institute (specimen No. 88605, Wathlingen, near Celle,
Hanover, Germany). The sample contained several good prismatic
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Table 1. Crystallographic data of carnallite
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Table 3. Anisotropic temperature coellicients

Iffit€rdt
(  1930)

Imdress + Saffe Fischer presnt study
( 1939 ) (  1973 ) A t o n s  B ( 1 , I )  R l 2 t z t  B ( 3 , 3 )  B ( 1 , 2 )  B ( I , 3 )  B l Z , 3 \

sp.gr.t P2/b2/^2 /n p2/b2/a/n p2/b2/n2 /n p2/n2 /nz/a
I l I

z =  L 2  L 2  1 2  1 2

a -  0 .955 m 0 .954 m 0 .9599 m 1 .6119(3)  m
b =  I .505 nn  1 ,502 m 1 .5141 m 2 .2472{41 M
c =  2 .256 m 2 .252 m 2 .259 m 0 .9551(2)  m

crystals. A single crystal, measuring 0.2 x 0.25 x 0.30 mm, was
selected for the investigation. An automated nNnm-Noxlus CAD4
diffractometer with graphite monochromated MoKa radiation
was used for the determination of unit cell parameters and for the
collection ofintensities.'IJnit cell parameters were refined by least-
squares refinement of the diffraction angles of 24 interplanar spac-
ings. The intensities of over 3,000 diffractions, with theta valrtes
ranging from 0.1" to 26.5', were measured using a 6-20 scan tech-
nique. The 20 scan width was adjusted for dispersion by thc equa-
t ion,0: (A + B tar '  0), where A:0.6 and B:0.35. A rectangu-
lar receiving aperture with variable horizontal width (W in
mm : 4 + tan 0) and constant height (6 mm) was located at 173
mm from the crystal. Each Bragg reflection was scanned for the
maximum of 120 seconds. Two-thirds of that time was spent on
scanning the peak and one-third to determine the background on
the left (LB) and on the right (RB) side of the peak. The measured
intensities (1) were scaled as I : 0 - z(LB + RB). Three peaks

Table 2. Atomic coordinates (standard deviatiotrs) and isotropic
temperature coellicients

Atons

A n i s o t r o p i c  t e m p e r a t u r e  c o e f f i c i e n t s  a r e  d e f i n e d  a s :

e x p { a * h B ( l , I ) + b r k B ( 2 , 2 ) + c r l B ( 3 , 3 ) + 2 a ' b r h k x B 0 , 2 ) + 2 a ' c r h 1 B ( 1 , 1 ) + 2 b r c * k l g ( 2 , 3 ) )

K ( l )  3 . 4 2 ( 3 )
K ( 2 )  3 . 6 4 ( 3 )
M s ( 1 )  r . . 8 6 ( 4 )
M s ( 2 )  r . 9 0 ( 3 )
c r ( 1 )  2 . 7 5 ( 3 J
c r { 2 )  2 . 9 4 ( 3 )
c r ( 3 )  2 . 9 5 ( 3 )
c r ( 4 )  3 . 6 1 ( 3 )
c r ( 5 )  2 . 1 r ( 2 1
o w ( r )  I . 9 I ( 3 )
o w (  2  )  1 . 7 0  (  9  )
o w ( 3 )  4 . 5 1 ( 9 )
o w ( 4 )  3 . 3 4 ( 8 )
o w ( s )  3 . 3 1 ( 8 )
o w ( 6 )  2 . 0 8 ( 7 )
o l l ( 7 )  4 . 8 8 ( 9 )
o w ( 8 )  3 . 0 r ( 8 )
o w ( 9 )  2 . 1 4 1 7 ' t
o w ( 1 0 )  5 . 3 ( 1 )

3 . 6 7  ( 4 1  3 . 2 9  (  3  )
2 . 9 6 1 2 )  3 . 2 6 ( 2 ' )
2 . 1 8  {  4  )  r .  s 8  (  4  )
2 . 2 4 1 3 1  1 . 5 2 ( 3 )
3 . 3 6 ( 4 )  2 . 3 3 ( 3 )
3 . 0 7 ( 3 )  2 . 5 7 1 2 1
3 . 2 1 ( 3 )  2 . 5 2 1 2 1
3 . 2 1 ( l )  2 . 2 9 1 2 1
3 . 9 r ( 3 )  2 . 2 2 1 2 1
6 . 6 1 2 )  2 . 1 ( t )
s . 4 ( r )  2 . 3 ( r )
3 . 0 2 ( 7 )  r . 7 5 ( 5 )
3 . r 6 ( 8 )  4 . 2 2 ( 9 )
2 . 9 3  (  8  )  3 . 9 4  (  I  )
5 . 7  {  1 )  ) - . 4 8 1 7  |
3 . 1 5 ( 8 )  I . 7 5 ( 7 )
3 . 2 3 ( 8 )  4 . 6 3 ( 9 )
5 . 6 ( 1 )  2 . 2 7 1 7 )
3 . 0 7 ( 8 )  2 . O 1 l 7 l

- 0 . 0 9 ( 3 )  0  0
0 . 0 6 ( 2 )  - 0 . 0 9 ( 3 )  0 . 1 1 ( 2 )

0  0  - 0 . 0 8 ( 4 )
- 0 . 0 1 ( 3 )  - 0 . 1 4 ( 3 )  - 0 . 0 7 ( 3 )

0  0  - 0 . 4 5 ( 4 )
- 0 . s 0 ( 2 )  o . 2 2 ( 2 1  - 0 . 3 9 ( 2 )
- 0 . 4 0 ( 3 )  - 0 . 3 9 ( 2 )  0 . 3 9 ( 2 )

0 . 3 9 ( 2 t  - O . 4 0 1 2 t  - 0 . 4 2 1 2 1
- 0 . 0 r ( 3 )  - o  2 3 1 2 )  O . 2 2 l 2 l

0  0  0 . 2 ( 1 )
0  0  - 0 . 3 ( 1 )

- 0 . 5 s ( 8 )  0 . 0 4 ( ? )  0 . l s ( 7 )
0 . 6 2 1 7 )  - 1 . 2 9 ( 8 )  - I . 5 2 ( 7 )
0 . 6 8 ( 7 )  - 1 . 1 4 ( 8 )  - r , 4 3 ( 7 )

- 0 . 6 0 ( 7 )  - 0 . r 3 ( 7 )  - 0 . r 2 ( 8 )
- 0 . 8 4 ( 7 )  - 0 . 3 3 ( 7 )  0 . r t ( 5 )

0 . 6 5 ( 7 )  - r . 3 1 ( 8 )  - 1  5 0 ( 7 )
- 0 . 0 7 ( I )  - 0 . 1 9 ( 7 )  0 . 1 7 ( 7 )
- 0 . 5 9 ( 8 )  - 0 . 4 5 ( 7 )  0 . 3 0 ( 7 )

I s o t r o p i c  e q u i v a l e n C s  o f  a n i s o t r o p i c a l l y  r € f i n e d
c o e f f i c i e n t s  a r e  d e f i n e d  a s :

2 2
( 4 / 3 )  ( a  B (  I , r )  +  b  R l 2 . 2 l

*  R e f i n e d  i 6 o t r o p i c a l l y .

were selected and used as intensity standards for monitoring the
measurements at 7200 second intervals. The intensities of the stan-
dard peaks varied less than 3V. during data collection. Because of
the known deliquescent nature ofcarnallite, this small variation of
the standards was reassuring. The same standard peaks were used
to check the orientation of the crystal (after every 150 intensity
measurernents). If an angular error of more than 0.07' was ob-
served a new orientation matrix was automatically established by
recentering the original 25 diffraction maxima. A total of 3,046
peaks were scanned of which 2,015 (I 22ol were considered ob-
served.

Each squared structure factor was assigned a weight, given by
tn-t : {o"'o"n,,", + (0.05 FA'z}. The duantity of E wF(lFol - lF"l)'z
was minimized by full matrix least squares refinement. The scat-
tering factors for K, Mg O and Cl ions were taken from the
International Tablesfor Crystallography (1974) and for hydrogen
from Stewart et al. (1965). All calculations were done with the
crp4-spp progr:rms on a PDplllS4 computer. The crystallographic
data of carnallite are summarized in Table I, and the observed
and calculated structure factors are given in Table 6.r

Fischer's (1973) coordinates of K, Mg, O and Cl ions and their
temperature co€flicients were refined first with isotropic and later
with anisotropic temperature factors. The final R value obtained is
4.86'/o fior all observable (2,015) data. The hydrogen positions and
their isotropic temperature coelficients were detefmined from Fou-
rier diffcrence maps. The refinernent cycles were discontinued
when the maximum shift over error b@ame less than 0.13. The
final unweighted and weighted R factors for 2015 reflections were
0.026 and 0.036, respectively.

Description of the structure

In spite of Fischer's (1973) relatively high discrepancy
between observed and calculated intensities (R : 12.20/")
his atomic coordinates were confirrned in this study. The
difference between corresponding coordinates are less than

1 To receive a copy of Table 6 order Document No. AM-85-288
from the Business Olfice, Mineralogical Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$5.00 in advance for the microfiche.

K { I )
x ( 2 )
l 1 9 ( 1 )
M q ( 2 )
c 1 ( I )
c r ( 2 )
c l (  3  )
c 1 ( 4 )
c r ( 5 )
o w ( t )
o w ( 2 )
o w ( 3 )
ot , l (4)
ov. | (5)
o w ( 5 )
o 1 { ( 7 )
o w ( 8 )
or , r (9 )
o w ( r 0 )

r / 4
0 . 0 8 8 6 0 ( 4 )
0 . 2 5 6 5 7  ( 6 1
0 , 4 2 0 9 4  (  4  )
0 . 2 3 9 3 9 ( s )
0 . 1 6 s 8 3 ( 4 )
0 . r 5 9 2 8 ( 4 )
0 . 4 1 4 6 2 ( 4 )
0 . 0 1 9 8 7  (  4  )
0 . 1 3 0 8 ( 2 )
0 . 3 8 3 1 ( l )
0 . 2 5 5 4 ( I )
0 . 2 5 7 3 ( r )
0 . 4 4 5 5 ( 1 )
0 . 2 9 6 7 ( r )
0 . 4 2 5 9 ( t )
0 . 3 9 5 5 ( r )
0 , s 4 4 8 ( r )
0 . 4 I 7 9 ( 1 )
0 . 6 0 4  (  2  )
0 . 4 1 2 ( 1 )
8 , 7 3 7 l 2 ' )

0
0 . t 5 5 6 8 ( 3 )

r / 4
0 . 0 8 9 8 r ( 3 )

L / 4
0 . 0 ? 5 2 5 ( 3 )
0 . 0 8 r I 3 ( 3 )
0 . 0 8 1 7 6  (  3  )
0 . 2 1 9 5 7  l 3 l

L / 4
r / 4

0 . 2 0 7 0 4 ( 8 )
0 . r 5 9 3 5 ( 8 )
0 . 0 I 0 4 1 ( 7 )
0 . 0 7 r 1 7 ( 9 )
0 . 0 4 5 6 2 ( g )
0 . I 5 9 I 2 ( 8 )
0 . 1 0 ? 6 9 ( 9 )
0 . t 3 1 s 5 ( 8 )
0 . 2 5 0 ( 1 )
0 . 2 5 r ( 1 )
0 . 1 7 3 ( 1 )
0 . 2 2 2 ( t l
0 . 3 4 8 ( 1 )
0 . 3 1 5 ( r )
0 . 0 0 9 ( 1 )
0 . 9 9 4 ( r )
0 . 0 7 2 ( l )
0 . 4 3 4 ( 2 )
0 . 4 9 0 ( 1 F
0 , { 4 2 ( r }
0 . 3 r ?  (  1 )
0 . 3 r r ( l )
0 . 4 0 r ( 1 )
0 . r 0 4 ( r )
0 . r 5 0 ( 1 )
0 . r I 5 ( l )

0 , 2 4 8 6 ( 1 )
0 , 7 4 9 9 s ( 7 )

r / 4
0 . 7 4 7 7 0 ( 8 )

3 / 4
0 . 9 s 5 2 5 ( 5 )
0 . 4 8 8 3 { ( 6 )
0 . 2 5 2 3 5 1 7  |
0 . 9 7 6 S 5 ( 5 )

r /4
r /4

0 . 4 3 8 4 ( 2 )
0 . I 5 0 5 ( 2 )
0 . 5 5 0 0 ( 2 )
o . 1 3 4 9 1 2 1
0 . 9 3 s 4 ( 2 )
0 . 8 4 4 4 1 2 1
0 . 7 6 3 1 ( 2 )
0 . 5 5 8 0 ( 2 )
0 . 5 7 9 ( 3 )
0 . 3 r 3 ( 3 )
0 . 5 4 3 ( 3 )
0 . 5 0 s ( 3 )
0 . 5 8 ? ( 3 )
0 . 3 3 s ( 3 )
0 . 3 2 5 ( 3 )
0 . 5 0 6 ( 3 )
0 . 3 4 5 ( 3 )
0 . 6 8 2 ( 4 )
0 . s 5 8 ( 3 )
0 . 5 0 0 ( 3 )
0 . 6 7 3 ( 3 )
0 . 6 2 3 ( 3 )
0 . 6 7 9  (  3  )
0 . 6 9 5 ( 3 )
0 . 5 5 1  (  3  )
0 . 4 ? 5 ( 4 )

3 . 4 6 ( 2 )
3 . 2 9 ( r )
I . 8 7 ( 2 )
1 . 8 9 ( r )
2 . 8 2 ( 2 )
2 , 8 6 t t  l
2 . 8 9 ( r )
1 . 0 4 ( r )
2 . 9 4 ( r )
3 . 5 4 ( 5 )
3 . 1 5 ( 5 )
3 . 1 3 ( 4 )
3 . s 7 ( 4 )
3 . 3 9 ( 4 )
3 . 4 1 ( 4 )
3 . 2 6 ( 4 1
3 . 6 2 ( 4 )
3 . 3 2 ( 4 )
3 . 4 8 ( 4 )
4 . 1 ( 5 )
4 . 6 1 1  |
4 . 5 ( 7 1
4 . 3 ( ? )
4 . 4 ( 9 )
3 . 9 ( 5 )
s . r ( 7 )
3 . 2 ( 6 )

9 ( r )
7 . 2 ( 9 1
2 , 9 ( 6 1
3 . s ( 5 )
4 . 3 ( 7 )
2 . 9 ( s )
s . 3 ( 7 )
4 . 7 1 1 1
8 ( r )

H
H
H
H
H

o w 3 )  0 . 2 5 0 ( 2 )
o w 4 )  0 . 7 3 4 1 2 1
o r { 4 )  0 . 3 0 3 ( 2 )
ow5 )
or{5 )
ow6 )
ow6 )
o$l7 )
o"{7 )
ow8 )
ow8 )
ow9 )
ow9 )
o w l 0 )  0 . 4 3 8 ( 2 )
o w t 0 )  0 . 4 1 r ( 2 )

0 . s t 4 ( 2 )
0 . 1 L 7  ( 2 1
0 . 7 6 8 ( 2 )
0 . 2 6 4 ( 2 )
0 . 3 9 9 ( 2 )
o  . 4 2 2 1 r )
0 . 3 s 9 ( 2 )
0 , 4 2 9 ( 2 1
0 . 5 6 s ( l )
0 . 5 7 3 ( 2 )

E emPe raEu re

2
+  c  B ( 3 , 3 ) l
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Fig. l. c-axis projection of the carnallite structure. (Mg medium size, K large dots and circles at or near z:314 and z:U4,

respectively; Cl small, O large open circles; and H small dots. Elevation (z x 100) shown in first quadrant.

3 percent. As expected, there are more significant changes
in the anisotropic temperature coefficients'

Figure 1 illustrates the positions of the atoms in the
c-projection of the structure. Figure 2 is a stereoscopic
drawing of a unit cell of the structure and illustrates the
3-dimensional network of K-Cl octahedra (shaded) and
isolated Mg-water octahedra.

The most unusual features of the carnallite structure are
(1) the magnesium's octahedral coordination with neutral
water molecules and (2) the unique linkage pattern of the
K{l octahedra. In the following these two features are
discussed in more detail.

l. The water molecules at the corners of the magnesium
octahedra act as charge-transfer agents and by increasing

the effective cation/anion radius ratio allow twice the

number of chlorine anions to coordinate around the mag-

nesium (CN: 12) than the Mg-Cl radius ratio would

otherwise allow (CN :6). The interatomic distances and

angles of the isolated Mg octahedra are listed in Table 4a'

Both symmetrically distinct octahedra are reasonably regu-

lar, although Mg(2) is more distorted.
The average Mg-water distance (0.2045 nm) is shorter

than the usual Mg-O distance (0.208 nm)' The 0.2045 nm
Mg-H2O distance is not unusual' however. The corre-
sponding distance ranges from 0.2056(1) to 0.2062(1) nm in

Mg(HrO)uCl, (Argon and Busing, 1984). By comparison it
is 0.2065(2) nm in MgSO4'7H2O (Baur, 1964)' and 0.204
nm in Mg(HrO)S2O3 (Nardelli et al, 1962), and 0.206 nm

Fig. 2. Stereoscopic drawing of the carnallite structure. (Origin at bl2 of Fig. 1. KCl6 octahedra shaded, Mg(HrO)u octahedra

unshaded. Hydrogen not shown.)
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-  o ( 4 )  =  0 . 2 0 5 3 ( 2 )
o ( 2 ) - l ' l q ( 1 ) - o ( 3 )  =  9 0 . s 2 ( 6 )

- o ( 3 )  =  9 0 . 5 2 1 6 )
- o ( 4 )  =  8 5 . 1 7 ( 6 )
- o ( 4 )  =  8 5 . 1 7 ( 6 )

o ( 3 ) - M s ( 1 ) - o ( 4 )  =  8 9 . 4 6 ( 1 )

0 ( 1 ) - M s ( I ) - o ( 2 )  =  1 8 0 . 0 0 ( 6 )
- o ( 3 )  =  8 9 . 4 8 ( 5 )
- o ( l )  =  8 9 . 4 8 ( 5 )
- o ( 4 )  =  9 4 . 8 3 ( 6 )
- o ( 4 )  =  9 4 . 8 3 ( 5 )

o ( 3 ) - M s ( 1 ) - o ( 3 )  =  1 7 8 . 9 7 ( 9 )
- o ( 4 )  =  8 9 . 4 6 1 - , ,
- o ( 4 )  =  9 0 - 6 2 1 ' 7 )

o ( 4 ) - M 9 ( 1 ) - o ( 4 )  :  1 7 0 .  3 4 ( q )

Table 4a. Interatomic distances (nm) and angles (.) in Mg(HrO)"
octahedra

M g ( 1 )

nm) are within the range of K-Cl distances reported by
Wyckoff(1965, p. 555-559) for KrHgCln'HrO.

The K-Cl octahedra form a 3-dimensional network with
large openings, resembling the open frame of the perovskite
structure. However, in perovskite the octahedra are linked
by sharing only one corner between adjacent octahedra. In
carnallite 213 of the K-cl octahedra share faces (that is,
have three common corners). The openings around the
face-shared octahedra are two octahedra wide and are
large enough to accommodate the Mg-water octahedra.
Consequently, the carnallite structure is fundamentally dif-
ferent from that of perovskite and the two structures can
not be considered isostructural pairs or derivatives.

The cation and water coordination around Cl is also
octahedral. There are five different chlorine anions and
each is coordinated to two potassium cations and to four
water molecules (transmitting the charge of magnesium
cations). The Cl-P and Cl-H20 interatomic distances and
angles are listed in Table 4c.

Table 4c. Interatomic distances (nm) and angles (') in
ClKr(H2O)4 coordination

-  o ( 1 )  =
-  o ( 2 )  =
-  o ( 3 )  =
-  o ( 3 )  =
-  o ( 4 )  =

- o ( 4 )  =  9 0 . 6 2 1 7 )
M 9 ( 2 ) - o ( s ) = 0 . 2 0 5 6 ( 2 )

-  o ( 6 )  =  0 . 2 0 5 0 ( 2 )
-  o ( 7 )  =  0 . 2 0 4 0 ( 2 )
-  o ( 8 )  =  0 . 2 0 4 9 ( 2 )
-  o ( 9 )  =  0 . 2 0 4 2 ( 2 1
-  o ( 1 0 ) =  o . 2 0 4 I ( 2 )

o ( 6 ) - M s ( 2 ) - o ( 7 )  =  8 9 . 6 5 ( 8 )
- o ( 8 )  =  9 0 . 5 9 ( 8 )
- o ( 9 )  =  1 7 9 . 1 8 ( 9 )
- O ( 1 0 ) =  9 r . 0 0 ( 6 )

o ( 8 ) - M s ( 2 ) - o ( 9 )  =  8 9 . 4 9 ( 8 )
- o ( 1 0 ) =  8 9 ' 7 4 ( 6 )

o ( s ) - M q ( 2 ) - o ( 6 )  =
- o ( 7 )  =
- o ( 8 )  =
_ o ( 9 )  =
- o ( 1 0 ) =

q ( 7 ) - x s ( 2 ) - o ( 8 )  =
_ o ( 9 )  =
- o ( I 0 ) =

o ( 9 ) - M s ( 2 ) - o ( 1 0 ) =

8 9 . 5 4 ( 8 )
8 8 . 7 1 ( 7 )

t ' t 9 . 7 ' t  \ 1 3 )
9 0 . 3 9 ( 8 )
9 0 . 0 7 ( 5 )

9 r . 4 8 ( 8 )
8 9 . 5 3 ( 8 )

1 1 4 . 6 2 ( 6 )

8 9 . 8 2 ( 6 )

in Mg(SOn).6H2O (Zalkin et al., 1964\. A similar metal-
water coordination is known for other cations, especially in
transition metal hexahydrates, for example, Cr3* (Andress
and Carpenter, 1934), Co2* (Mizuno, 1960, and Shchu-
karev et al., 1963) and Ni2* (Mizuno, 1961, and Kleinberg,
1969).

The interatomic distances and angles around the water
molecules are listed in Table 5. The 0.3087(2,S438ael nm
range in H2O-CI distances is in reasonable agreement with
the corresponding range of 0.3160-O.3499 nm reported for
Mg(HrO)uCl, by Argon and Busing (1984). In AlCl..
6HrO Buchanan and Harris (1968) found the O-Cl dis-
tances to range between 0.302 and 0303 nm, and Mizuno
(1960, 1961) found the same distances to average 0.317 nm
and 0.322 nm, respectively in NiCl, . 6H2O and in CoCl, .
6H2O.

2. The interatomic distances and angles of the two sym-
metrically non equivalent K-Cl octahedra are listed in
Table 4b. Both K-Cl octahedra are distorted, although
K(2) is more distorted than K(l). The K-Cl distances (0.294

rable 4b. Interatomic.::llff:g*, and angles (") in KCt.

K ( 1 )  -  c l ( 2 )  =  0 . 3 3 2 1 ( l )
-  c l ( 2 )  =  0 . 3 3 2 I ( r )
-  c I ( 3 )  =  0 . 3 2 0 3 ( 1 )
-  c I ( 3 )  =  0 . 3 2 0 3 ( l )
-  c 1 ( 4 )  =  0 . 3 2 2 8 ( t )
-  c l ( 4 )  =  0 . 3 2 2 8 ( 1 )

c l ( 1 )  -  K ( 2 )  =  0 . 3 2 1 I ( 1 )
-  x ( 2 )  =  0 , 3 2 I r ( I )
-  o ( 3 )  =  0 . 3 1 3 9 ( 2 )
-  o ( 3 )  =  0 . 3 r 3 9 ( 2 )
-  o ( 8 )  =  0 . 3 2 3 4 1 2 1
-  o ( 8 )  =  o . 3 2 3 4 1 2 \

K ( 2 ) - c r ( r ) - o ( 3 )  =  8 0 . 2 0 3 ( { )
- o ( 3 )  =  1 0 5 . 2 8 ( 4 )
- o ( 8 )  =  1 0 0 . 2 8 5 ( 4 )
- o ( 8 )  =  1 5 0 . 3 0 8 ( 4 )

o ( 3 ) - c I ( 1 ) - o ( 8 )  -  8 1 . 0 6 ( 5 )
- o ( 8 )  =  9 1 . 5 6 ( 5 )

c r ( 2 ) - K ( 1 ) = 0 . 3 3 2 1 ( I )
-  K ( 2 )  =  0 . 3 1 s 4 ( l )
-  o ( 4 )  =  0 . 3 1 0 5 ( 2 )
-  o ( 6 )  =  0 . 3 1 9 0 ( 2 )
-  o ( 7 )  =  0 . 3 I 4 9 ( 2 )
-  o ( 9 )  =  0 , 3 1 8 0 ( 2 )

K ( 2 ) - c 1 ( 2 ) - o ( 4 )  =  r 0 0 . 0 7 ( 4 )
- o ( 6 )  =  7 5 . l s ( 4 )
- o l 1 l  =  L o o . 2 2 2 1 4 l
- o ( 9 )  =  9 9 . 3 9 ( 4 )

o ( 6 ) - c r ( 2 ) - o ( 7 )  =  9 9 . 9 2 ( s )
- o ( 9 )  =  1 6 8 . 1 . 6 ( 5 )

c l ( 3 ) - x ( r ) = 0 , 3 2 0 3 ( 1 )
-  K ( 2 )  =  0 . 3 2 8 9 ( 1 )
-  o ( 3 )  =  0 . 3 1 8 8 ( 2 )
-  o ( 5 )  =  0 . 3 r 7 9 ( 2 )
-  o ( 6 )  =  0 . 3 1 3 2 ( 2 )
-  o ( 9 )  =  0 . 3 1 8 6 ( 2 )

K ( 2 ) - c l ( 3 ) - o ( 3 )  =  8 0 . 0 7 ( 4 )
- o ( s )  =  ? 4 . 5 0 ( 4 )
- o ( 6 )  =  1 4 . 0 6 ( 4 1
- o ( 9 )  =  1 0 0 . 3 1 0 ( 4 )

o ( 5 ) - c l ( 3 ) - o ( 6 )  =  8 8 . s 1 ( 5 )
- o ( 9 )  =  9 5 , ? 3 ( s )

c r ( 4 )  -  K ( 1 . )  =  0 . 3 2 2 8 ( 1 )
-  K ( 2 1  =  0 . 3 2 ? I ( 1 )
-  o ( 4 )  =  0 . 3 2 3 4 ( 2 1
-  o ( s )  =  0 . 3 1 8 8 ( 2 )
-  o ( 7 )  =  0 . 3 1 3 3 ( 2 )
-  o ( I 0 ) =  0 . 3 1 2 6 ( 2 )

K ( 2 ) - c l ( 4 ) - o ( 4 )  =  1 0 8 . 3 r ( 4 )
- o ( 5 )  =  1 4 . 6 3 ( 4 )
- o ( 7 )  =  9 4 . 2 L ( 4 ' )
- o ( r 0 ) =  ? 8 . 9 0 ( 4 )

o ( s ) - c I ( 4 ) - o ( 7 )  =  9 4 . 4 6 1 r ,
- o ( 1 0 ) =  8 7 . 0 I ( 5 r

c I ( s ) - K ( 2 ) = 0 . 3 2 1 8 ( 1 )
-  K ( 2 )  =  0 . 3 2 0 6 ( L )
-  o ( l )  =  0 . 3 I 6 2 ( I )
-  o ( 2 1  =  0 . 3 0 8 7 ( 2 )
-  o ( 8 )  =  0 . 3 1 9 3 ( 2 )
-  o ( 1 0 ) =  0 . 3 2 3 r ( 2 )

K ( 2 ) - c l ( 5 ) - o ( 1 )  =  1 1 r . 3 5 ( 3 )
- o ( 2 )  =  1 6 . 9 4 ( 2 )
- o ( 8 )  =  I 0 0 . 2 0 8 ( 4 )
_ o ( 1 0 ) =  1 s l . 1 9 ( 4 )

K ( 2 ) - C 1 ( l ) - K ( 2 )
- o ( 3 )
_ o ( 3 )
- o ( 8 )
- o ( 8 )

o ( 3 ) - c 1 ( r ) - o ( 3 )
- o ( 8 )
- o ( 8 )

o ( 8 ) - c I ( 1 ) - o ( 8 )

K ( r ) - c I ( 2 ) - K ( 2 )
_ o ( 4 )
- o ( 6 )
_ o ( 7 )
- o ( 9 )

o ( 4 ) - c t . ( 2 ) - o ( 6 )
- o ( 7 )
_ o ( 9 )

o ( 7 ) - c r ( 2 ) - o ( 9 )

K ( 1 ) - c ] ( 3 ) - r ( ( 2 )
- o ( 3 )
_ o ( s )
_ o ( 6 )
- o ( 9 )

o ( 3 ) - c r ( 3 ) - o ( s )
-o (  6 )
- o ( 9 )

=  8 I . 5 8 ( 2 )
=  1 0 s . 2 8 ( 4 )
=  8 0 . 2 0 3 ( 4 )
=  I 6 0 , 3 0 8 ( 4 )
=  r 0 0 . 2 8 s ( 4 )

=  I ? 0 . s 5 ( 5 )
=  9 1 . s 5 ( 5 )
=  8 1 . 0 6 ( s )

=  1 7 . 7 I ( 5 1

=  1 7 s . 1 2 ( 3 )
=  7 5 . 3 2 1 4 )
=  1 0 5 . 4 3 ( 4 )
=  8 0 , 2 I s ( 4 )
=  7 8 . 1 8 ( 4 )

=  9 0 . 3 0 1 ( 5 )
=  1 5 6 . 4 6 ( 5 )
=  7 7 , 4 5 ( 5 \

=  9 I . 4 7 ( s )

=  1 7 5 . 9 7 ( 3 )
=  1 0 0 . 2 8 0 ( 4 )
=  1 0 0 . 2 s 5 ( 4 )
=  r 0 0 . 3 3 0 ( 4 )
=  7 9 . 8 6 ( 4 )

=  I 5 4 . 5 6 ( 5 )
=  8 0 . 3 7 0 ( s )
=  8 9 . 7 3 ( s )

c l ( 3 ) - K ( r ) - c I ( 4 )  =  8 8 . 9 9 ( 2 )  c l ( 3 ) - K ( I ) - c l ( 4 )

c l ( 2 ) - K ( 1 ) - c I ( 3 )  =  1 7 s . 7 8 ( 2 )  c l ( 3 ) - K ( I ) - c t ( 3 )

o ( 6 ) - c r ( 3 ) - o ( 9 )  =  1 7 0 . 3 1 9 ( s )

K ( 1 ) - c l ( 4 ) - K ( 2 )  =
- o ( 4 )  =
- o ( s )  =
- o ( 7 )  =
- o ( I 0 ) =

o ( 4 ) - c r ( 4 ) - o ( s )  =
_ o ( ? )  =
- o ( I 0 ) =

o ( 7 ) - c I ( 4 ) - o ( r 0 ) =

x ( 2 ) - c ] ( 5 ) - K ( 2 )  =
- o ( 1 )  =
_ o ( 2 )  =
- o ( 8 )  =
- o ( I 0 ) =

o ( 1 ) - c ] ( 5 ) - o ( 2 )  =
- o ( s )  =
- o ( 1 0 ) =

- c r ( 4 )  =  9 0 . 1 I ( 2 )
K ( 2 )  -  c r ( I )  =  0 . 3 2 1 1 . ( 1 )

-  c I l 2 l  =  0 . 3 1 5 4 ( 1 )
-  c l ( 3 )  =  0 . 3 2 8 9 ( 1 )
-  c I ( 4 )  =  0 . 3 2 7 1 ( I )
-  c l { 5 )  =  0 . 3 2 0 6 ( 1 )
-  c l ( s )  =  0 . 3 2 1 . 8 ( r )

- c 1 ( 3 )  =  9 4 . 8 9 ( 2 )
- c 1 ( 4 )  =  8 7 . 8 4 1 2 1
- c L ( 4 )  =  9 0 . 3 1 . r ( 2 )

- c r ( 4 )  =  9 0 . 2 5 s ( 2 )
- c l ( 5 )  =  9 r , 8 8 ( 2 )

c l ( r ) - K ( 2 ) - c ] ( 2 )
_ c 1 ( 3 )
_ c r ( 4 )
_ c 1 ( 5 )
- c t ( 5 )

c r ( 2 ) - K ( r ) - c 1 ( 2 )
- c t ( 3 )
_ c 1 ( 3 )
- c 1 ( 4 )
_ c 1 ( 4 )

8 1 . 5 3 ( 2 )
9 4 . 8 9 1 2 )

r 7 5 . 7 8 1 2 )
9 0 . l r r ( 2 )
8 7 . 8 4 ( 2 )

8 8 . 7 6 ( 2 )
9 0 . 1 r . ( 2 )
8 8 . 9 9 ( 2 )

r 1 8 . ' t  4 ( 2 1

9 , 1 . 5 0 ( 2 )
9 0 . 2 1 8  (  2  )

1 7 0 . I 8 ( 2 )
8 0 . s 7 ( 2 )
8 0 . 3 9  (  2  )

9 0 . 3 9 1 ( 2 )
1 7 0 . 4 5 ( 3 )

8 7 . 8 8 ( 2 )

8 4 . 8 0  (  2  )

1 7 5 . 1 4 ( 3 )
7  4 . 9 I ( 4 ' )

1 0 0 . 2 r 3 ( 4 )
8 0 . 3 9 0 ( 4 )

1 0 0 . 3 1 8 ( 4 )

1 7 5 . 9 6 ( 5 )
8 4 . 6 0 ( s )
9 4 . 3 0 ( s )

1 7 0 . 2 3 3 ( 5 )

8 t ,  s 3  (  2  )
1 r r , 0 0 ( 3 )

1 6 . 1 7  ( 2 1
1 6 1 . 1 7 ( 4 )

7 8 . 7 7 ( 4 1

1 6 8 . 9 8 ( 3 )
8 s . r s ( 4 )
9 s . 0 1 ( 4 )

- c 1 ( 4 )
- c 1 ( 4 )

- c l ( 5 )
- c r ( 5 )

c L ( 2 ) - R ( 2 ) - c 1 ( 3 )  =  9 4 . 9 0 ( 2 1  c I ( 3 ) - x ( 2 ) - c 1 ( 4 )  =

- c l ( 5 )  =  1 7 4 . 3 7 ( 3 )
c r ( 4 ) - K ( 2 ) - c l ( s )  =  9 0 , 2 4 9 ( 2 \  c l ( s ) - K ( 2 ) - c r ( 5 )

- c 1 ( 5 )  =  9 0 . 2 I 4 ( 2 \
o ( 2 ) - c I ( 5 ) - o ( 8 )  =  8 s . 9 8 ( 4 )  o ( 8 ) - c l ( s ) - o ( 1 0 )  =  9 1 . 2 I ( s )

- o ( 1 0 ) =  7 8 . 6 s ( 4 )
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hexahydrate. Acta CrYstal-

o ( r )  q ( r )  c l ( 5 )
o ( 2 )  H ( r )  c t ( 5 )
o ( 3 )  H ( 1 )  c r ( 3 )
o ( 3 )  H ( 2 )  c r ( 1 )
o ( 4 )  H ( 1 )  C r ( 1 )
o ( 4 )  H ( 2 )  C l ( 4 )
o ( 5 )  H ( r )  c r ( 4 )
o ( 5 )  H ( 2 )  c r ( 3 )
o ( 5 )  r { ( r )  c ] ( 3 )
o ( 6 )  H ( 2 )  c l ( 2 )
o ( 7 )  8 ( r )  c r ( 2 )
o ( 7 )  H ( 2 )  c l ( 2 )
o ( 8 )  i r ( r )  c l ( l )
o { 8 )  H ( 2 )  c l ( 5 )
o ( 9 )  H ( 1 )  c r ( 2 )
o ( 9 )  H ( 2 )  c l ( 3 )
o ( 1 0 )  B ( r )  c 1 ( 5 )
o( r0 )  H(2)  c1( -4 )

0 . 8 0 ( 3 )  0 , 2 3 5 9 ( 2 )  0 . 3 1 5 2 ( 1 )
o .75 l2 l  0 .2344(2)  0 .308?(2)
0 . 8 5 ( 3 )  0 . 2 1 4 7 ( 3 )  0 . 3 1 8 8 ( 2 )
0 . 7 3 ( 3 )  0 . 2 4 2 3 ( 3 )  0 . 3 1 3 9 ( 2 )
0 ,9q l3 l  o .226113)  0 .3105(2)
0 . 5 7 ( 3 )  0 . 2 5 8 4 ( 2 )  0 . 3 2 3 4 ( 2 )
0 . 8 0 ( 3 )  0 . 2 3 9 5 ( 3 )  0 . 3 1 8 8 ( 2 )
o . - t3 l2 t  0 .246212)  0 .3179(2)
0 . 9 0 ( 3 )  0 . 2 2 5 4 ( 3 )  0 . 3 1 3 2 ( 2 )
0 . 9 6 ( 4 )  0 . 2 2 5 0 ( 4 )  0 . 3 1 9 0 ( 2 )
0 . 9 4 ( 3 )  0 . 2 2 3 1 ( 3 )  0 . 3 1 4 9 ( 2 )
o .67 t3 l  0 .241213 )  0 .3133(2)
0 .69(?1 0 .2541121 O.3234(21
0 . 7 7 ( 3 )  0 . 2 4 3 5 ( 3 )  0 . 3 1 9 3 ( 2 )
o . 6 1 l 2 l  o . 2 5 L 6 \ 2 )  0 . 3 1 8 0 ( 2 )
0 . 8 0 ( 3 )  0 . 2 3 9 3 ( 3 )  0 . 3 1 9 6 ( 2 )
0 . 7 2 (  3 )  0 . 2 5 4 8 ( 3 )  0 . 3 2 3 r ( 2 )
0 . 8 8 ( 4 )  0 . 2 2 s 9 ( 4 )  0 . 3 1 2 6 ( 2 )

1 7 ? . 8 ( 0 . 2 )  r 1 4 . 0 ( 5 )
1 5 9 . 5 ( 0 . 3 )  r o 5 . o ( 5 )
1 7 0 . 2 ( 0 . 2 )  r 0 1 . 9 ( 0 . 3 )
1 5 5 . 1  (  0 . 3 )
1 5 5 . 0 ( 0 . 3 )  r 1 5 . 8 ( 0 . 3 )
1 6 4 . 8 ( 0 . 3 )
1 6 9 . 6 ( 0 . 3 )  1 1 4 . 2 ( 0 . 3 )
1 5 5 . 1 ( 0 . 2 )
1 6 6 . 2 ( 0 . 2 )  r 1 5 . 2 ( 0 . 3 )
1 6 0 . 4 ( 0 . 3 )
1 6 4 . 7  (  0 . 3  )  1 0 9 . 6  (  0 . 3  )
1 6 8 . ?  ( 3 . 3 )
1 7 0 . 5 ( 0 . 3 )  I 1 5 . 1 ( 0 . 3 )
1 5 9 .  r (  0 . 3 )
L69.210,2J  r r0 .6 (0 .3 )
r 7 1 . 8 ( 0 . 3 )
r 5 8 . s ( 0 . 3 )  r 1 8 . 0 ( 0 . 3 )
r 5 9 . 7 ( 0 . 3 )

Table 5. Interatomic distances (nm) and angles (') around
hydrogen

H - C l  o - c I  o - H - c I  H - O - H

Buchanan, D. R. and Harris, P' M.

diffraction of aluminum chloride

lographica, B.24, 953-960.
Burbank, R. D. and Evans, H. T. (1948) The crystal structure of

hexagonal barium titanate. Acta Crystallographica, 1, 330-336'

Fischer, W. von (1973) Die Kristalstruktur des Carnallits KMgO.
'6H2O. Neues Jahrbuch ftir Mineralogie, Monatshefte, 100-

109.
Hermann, C. (1960) Zur Nomenklatur der Gitterkomplexe'

Zeitschrift fiir Kristallographie, I I 3' 142-154.
Kay, H. F. and Bailey, P. C' (1957) Structure and properties of

CaTiO3. Acta Crystallographica, l0' 219-226.
Kleinberg, R. (1969) The crystal structure of NiClr' 6HrO at room

temperature and 4.2 K by neutron diffraction. Journal of

Chemical PhYsics, 50, 469H696.
Leonhardt, J. (1930) Uber die r<intgenographischen Struktur Ge-

fungeuntersuchungen und ihre Answendung auf die Kalisalzla'

ger, in Verbindung mit einer Mitteilung tiber die Carnallitstruc-
tur. In Kali und verwendte Salze, 24, 22G229' 245-249, 264-266

and 277-280.
Mizuno, J. (1960) An x-ray study on the structure of cobalt di-

chloride hexahydrate. Journal of the Physical Society of Japan'

15, t412-1420.
Mizuno, J. (1961) The structure of NiOr'6HrO. Journal of the

Physical Society ofJapan, 16, 157'{-1580'
Nardelli, M., Fava, G., and Giraldi, G. (1962) The crystal structure

of magnesium triosulfate hexahydrate. Acta Crystallogaphica'
15,22't-231.

Pauling, L. (1933) The Nature of Chemical Bond. Cornell Univer-

sity Press, Ithaca, N.Y.
Shchukarev, S. A., Stroganov, E. W., Andreev, S. N. and Pur-

vinskii, C. F. (1963) The crystal structure of the crystalline hy-

drates of transitional metal salts. The structure of CoIr'6HrO'
(in Russian) Zhumzl Strukturnoi Khimii.' 4, 5G59.

Stewart, R. F., Davidson, E. R. and Simpson, W' T. (1965) Coher-

ent x-ray scattering for the hydrogen atom in the hydrogen

molecule. Journal of Chemical Physics, 42,31'15-3187.
Wyckoff, R. W. G. (1965) Crystal Structures. Vol. 3' J. Wiley and

Sons, New York, N. Y.
Zalkin, A., Ruben, H. and Templeton, D. (1954) The crystal struc-

ture and hydrogen bonding of magnesium sulfate hexahydrate'

Acta Crystallographica, 17, 235-240.

Manuscript receiued, January 7, 1985;

acceptedfor publication, July 2, 1985.

Hydrogen bonds the water molecules to Cl anions. The
0.2231(31'14.2584(25) nm range of the H{l distances and
the 155.0(26F177.8(2.4)" range of the G-H{l angles are in
good correspondence with distances, 0.22O6{2'54.29W3)
nm, and angles, 122.3(2Y179.1(3)", found by Argon and
Busing (1984) in Mg(H2O)5Clr.

Pauling's (1933) principle of electrostatic valency is satis-
fied in carnallite. Each chlorine anion receives two 116
positive charges from potassium and four 1/6 positive
charges from magnesium (transmitted through the water
molecules). Thus the six 1/6 positive charges of P and Mg
balance the - I valency of Cl.
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