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Single-crystal diffraction photographs of K,Mn(C,0,),.2H,0 show superstructure as well as the main
reflexions. These satellite reflexions lie on rods parallel to b*, They cause an increase in the length of
the b axis according to the relation b(super)=4-7b(sub). The following results were obtained based on
the main reflexions: space group Cme2,,a=7-691 (1), b=12-137(1), c=10-659 (1) A, Z=4. The inten-
sities of the main reflexions were collected with a diffractometer and used for the determination of the
average structure (R=0-084). The main features of the average structure are layers perpendicular to
a consisting of C,03~ and Mn?* ions. The H,0O molecules and K* jons occupy sites between the
(C:0,-Mn) layers. Half the oxygen atoms of the C,0, groups occupy pairs of split positions. Mean
distances in the C,03~ ions with split atoms are C-C=1-564, C-O=1-256 A. The satellite reflexions
are caused by transverse distortion waves. The directions and amplitudes of these distortion waves are
parallel to b and a respectively. The split oxygens of the C,O, ions are displaced from their averaged

positions by these distortion waves. Their shifts are caused by O---H-O bonds.

1. Introduction

The crystal data given in the abstract were reported by
Matthies & Schulz (1968).§ The density at room tem-
perature is 2-:32 (1) g cm ™3, All the water of crystalliza-
tion is driven off between 120~180°C.

The intensities of the main reflexions were measured
on a Siemens off-line automatic single-crystal diffrac-
tometer with a scintillation counter, Zr-filtered Mo
radiation, and a 6/26 scan. The crystal was spherical
with a diameter of 430u. A quarter of the reciprocal
lattice was measured up to §=47°. A reflexion intensity
was set equal to zero if the net count rate (peak —
background) was less than three times the standard
deviation. The investigation was carried out with 1795
non-equivalent F values with F>0 corrected for ab-
sorption, and weights calculated from the counting
statistics.

The determination of the average structure was car-
ried out with the X-RAY System of Stewart, Kruger
Ammon, Dickinson & Hall (1972). Scattering curves
were taken from International Tables for X-ray Crys-
tallography (1962). The following ionic states were as-
sumed: K!*, Mn?*, O'2-, C, H,O.

The interpretation of the satellite reflexions (Fig. 5)
follows the satellite reflexion theory (Wilson, 1962;
Korekawa, 1967).

2. Average structure determination and refinement

The cell contains 4 Mn ions which must occupy the
special fourfold positions 4(a). Their coordinates were

T Present address: Institut fiir Kristallographie, J. W. Goethe
Universitdt, Senckenberganlage 30, D-6 Frankfurt a. M., Ger-
many.

§ In the paper of Matthies & Schulz the number of formula
units per elementary cell must be corrected to Z=4.

taken from a three-dimensional Patterson synthesis:
x=0, y=0-165, z optional.

These coordinates were used for refinement. The
initial R was 0-35. A difference synthesis showed the
K ions, C,0, ions and the oxygen atoms of the water
molecules. With these atoms in the refinement and with
isotropic and anisotropic temperature factors Rdropped
to 0-15 and 0-093 respectively.

The structure parameters, bond distances and angles,
and the values of the thermal vibrational ellipsoids are
listed in Tables 1-3. The structure is shown in Fig. 1.

The thermal vibrational ellipsoids of the atoms O(2),
0O(4), O(5) and O(7) have unusually large axes parallel
to a with lengths of 0-33-0-65 A [Fig. 2(a)] which can
only be explained by the presence of ‘split” atoms. This
means that these oxygens do not occupy the refined
positions (Oyz), but positions (+ 4x,y,z). Therefore,
the oxygens O(2), O(4), O(5) and O(7) were not refined
in the special positions 4(a) but in the general positions
8(b). Theatomic parameters of the non-splitatoms varied
by less than one standard deviation. R dropped to
0-084. The thermal axes of the split atoms parallel to
a are decreased {Fig. 2(b)] and are now comparable
with those of the non-split oxygens. Structure param-
eters of the split atoms are also listed in Tables 1-3.

The H atoms could not be located. The final dif-
ference synthesis showed a maximum and minimum
residual electron density of about +1 e A-3.

Observed and calculated structure factors are listed
in Table 4,

3. Description of the average structure

The structure is a layer type [Fig. 1(b)] consisting of
layers of C,0, and Mn ions, which occupy sites within
the mirror planes intersecting a at x=0-0 and x=0-5.
The K ions and H,O molecules are arranged between
the (C,0,~Mn) layers.
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P DA S XD AA D) IIES Table 2. Bond distances and angles
$58555523553588858 5888
233833333838383 32388 Superstructure
D OSSO0 0S00SSSdSS0O cooo Average structure Essential bond distances
' l P b b Bond distances and angles and angles which differ
of the model without split from those in the
—~ o~ o acca atoms average structure
~ — wy
< 2 o cmao  C1)-CQ) 1-552 (18) A
JoSoooo000030000 3598 C(1)-O() 1-237 (17)
R R R Ry g R R R RN R S5 C(1)-0(2) 1-203 (17) 1-261 (17) A
| C(2)-0(3) 1-280 (17)
C(2)-0(4) 14195 (19) 1-278 (18)
~ ~ ~m o~ 0O(1)-C(1)-0(2) 129 (1)° 127 (1)°
o ° < 2SI o(-C()-C) 117 (1)
- 00-0-00 -0 -t 223 0(3)-C(2)-0(4) 130 (1) 126 (1)
- OCOOOOO0O0O OO
Segeeeee . TT°°  0(3)-C2-C(1) 117 (1)
0(4)-C(2)-C(1) 113 (1) 112 (1)
—_ C(3)-C(4) 1-578 (19) A A
P P ~am~ C(3)-0(5) 1239 (13) 1-259 (13)
< —TIcTereorIceeT eeze C(3)-0(6) 1-233 (15)
;EZs2zogEozENgNs  ZEEZ qwom  Imway 1268 0
RR-P--G-G- P-4 3555  C4-060) 1-241 (16)
0O(5)-C(3)-0(6) 128 (1)° 127 (1)°
0O(5)-C(3)-C(4) 116 (1) 115 (1)
PN PR —~———  O(6)-C(3)-C(4) 116 (1)
< g olllIITICTILIY LTI O(7)-C4)-0(8) 127 (2) 126 (1)
TSR CRRnAdRRIRS8_]S 82%‘1‘" O(7)-C(4)-C(3) 117 (1) 116 (1)
QOO OOOCOCOOOOQ SO (=} - _
SZIS33333T3333E 383 0B-CMA-CB) 1161
Mn-0(8) 215(1) A
Mn-H,0 2:166 (1)
T s ~&a= .  Mn-HO 2:166 (1)
< FTeTeedededosee Xz Mn-0(6) 2-18 (1)
‘_"Rooooogoooooomgggg}g XoFL Mn-0(3) 2:20 (1)
SO833HZITSSe8SS 333 Mn-0O(1) 2:25 (1)
COOCOOODOOOCOOOOOO SO0 O

O(1)-Mn-0(3) 74-5 (4)°
O(1)-Mn-0O(6) 1747 (7)
O(1)-Mn-0O(8) 78:5(4)

Table 1. Structure parameters

P S S D A AR O(1)-Mn-H,0  92-5(4)
L Rt o ona T e 0(3)-Mn-O(6)  110-8 (4)
3588888398883 388 0(3)-Mn-0(8) 1530 (5)
EEESEEEEIEEEESS 0(3)-Mn-H;0 862 (6)
0(6)-Mn-0(8) 962 (4)
0(6)-Mn-H,0  87-9 (4)
P . ___ O(8)-Mn-H,0  950(4)
SSESA/ZTITEETETE =88 H0-Mn-H,0 1695 (6)
" 5853852882595 5238 fsico-  2nd co-
PASASHOARAD SASIASHEADNG NS} adas  K-0@3) 2-766 (8) A ordination  ordination
K-O(7) 2-856 (9) 3-080 (8) A 2653 (9) A
K-0(1) 2-866 (10)
P K-0(8) 2-874 (9)
SANL AL AR AR oo K-0(5) 2:910 (8) 2:760 (8) 3071 (7)
e iorCemCeacooSS IS kg 2999 (9)
TERFSRSRERESYTAE 883R K00 3-016 (9) 2778 (13)  3-280 (14)
- - - - - ) SSSS K-0O(4) 3-106 (15) 3-448 (16) 2846 (17)
O(1)-K-0(2) 1559 (4)°
_ 0(1)-K-0(3) 1266 (3)
< ~ aama O()-K-0(4) 110-8 (3)
v S < SSSS 0(1)-K-0()  835(3)
% 2 a8a3  O(1)-K-0(6) 95-3 (3)
2522283558823333 33EE O()-K-O() 763 (3)
O(1)-K-0(8) 58-0 (3)
SE SSSSSSSSSSESEEE | 8888 0-K-003) 73-8(3)
T O T TIITITI ST TOT T T goooooooo 0(2)-K-0(4) 485 (3)
o e g 0(2)-K-0(5) 94-4 (3)
= . 0(2)-K-O(6) 79-7 (3)
s S88ISCEEQc8/aT £8gac  0-K-0m 121-6 (3)
S¥330358353I000T0 43388  O0(2)-K-0(8) - 101:6 (3)

A C30B-13
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Table 2 (cont.) Table 3. Principal thermal axes and their directions
0(3)-K-0(4) 969 (3)° Length of Angle with Angle with Angle with
0(3)-K-0(5) 68-8 (3) main axes a axis —baxis  ~—c axis
0O(3)-K-0(6) 123-8 (3) A o o o
0(3)-K-0(7) 867 (3) (&) ©) ©) ©)
0(3)-K-0(8) 1754 (4) Mn 0130 (2) 90 175 (42) 95 (42)

0133 (2) 90 95 (42) 5 (42)
0(4)-K-0(5) 637 (3) :
R oD a3 0167 (2) 0 90 90
0(4)-K-0(7) 1670 (3) K 0162 (4) 419 (3)  115(5) 59:0 (2)
0(4)-K-0(8) 80-2 (3) 0189 (3) 69-9 (4)  25(5) 756 (3)
OG)K-O6) 1628 (4) 0245 (3) 551(2) 902 1451 (2)
0(5)-K-O(7) 1289 (3) o(1) 010 (2) 90 170 (44) 100 (44)
0(5)-K-0(8) 1127 (3) 013 (2) 90 100 (44) 10 (44)
0(6)-K-0(7) 668 (3) 0223) 0 20 20
0(6)-K-O(8) 53-8 (3) o) 012 (2) 90 4924) 139 (24)
O(7)-K-0(8) 95-4 (3) s 83 2 & eed
H,0-0(2) 287(2) A 2:66 (2) A o@3) 011 (2) 90 169 (36) 101
. - (36)
g;gzggg 59 B 0-13 (1) 90 101 36) 11 (36)
H,0-0(5) 2:98 (1) 2:85 (2) 019 (1) 0 20 20
H,0-0(3) 2:99 (1) 0W@) 011 (2) 90 167(35) 77 (35)
H,0-0(6) 302 (1) 014 (1) 90 7735 13 35)
H,0-0(8) 318 (1) 065 (2) 0 90 90
H,0-0(1) 319@) o(5) 011 (2) 90 156 (19) 114 (19)
O(1)-H;0-0(2) 1694 (5) 014 (1) 90 114 (19) 24 (19)
O(1)-H,0-0(3) 516 §3) 033 (1) 0 90 90
O(1)-H,0-0(4) 1064 (6) 0(6) 010 (2) 90 93(19) 117 (19)
88;:&8:8% e 83 014 (1) 90 3(19) 93 (19)
O(1)-H;0-0(7) 1010 (5) 0-20 (1) 0 90 2%
O(1)-H,0-0(8) 518 (3) o) 010 2) 90 113(18) 157 (18)
014 (1) 90 23(18) 113 (18)
0(2)-H,0-0(3) 132:0 (6) ,
0(2)-H,0-0() 697 (5) 043 (1) 0 90 90
0(2)-H,0-0(5) 1089 (2) 119:6 (4)° 0(8) 010 (2) 90 158 (23) 112 (23)
0(2)-H,0-0(6) 818 (4) 014 (2) 90 112(23)  22(23)
0(2)-H,0-0(7) 896 (3) 023 (1) 0 90 90
0(2)-H.0-0(8) 1177 (5) H,0 0-14 (3) 20(23) 99(13) 73 (19)
0(3)-H,0-0(4) 1580 (6) 017 (1) 109 (23)  125(16) 42 (18)
0(3)-H,0-0(5) 1043 (5) 0-20 (1) 87 (3)  143(16) 127 (16)
883:228:8%% g g; c( 014 (2) 90 7325 163 (25)
O(3)-H,0-0(8) 866 (2) 0% 8; 2 A A
O(4)-H,0-0(3) 649 (4) cQ) 012 (2) 90 148 (11) 122 (11)
QUi o W0 ciid) s iman  map
O(4)-H,0-0(8) 778 (3) 0-28 (1) 0 % 20
, cG3) 013 (1) 90 133 (10) 137 (10)
852;:3;8:8&% RN 017 (1) 90 43(10) 133 (10)
0(5)-H,0-0(8) 1027 (5) ) 017.() 0 %0 %0
c 013 (2) 90 142 (51) 128 (51)
0(6)-H,0-0(7) 1381 (6)
0(6)-H,0-0(8)  62:6 (3) o1 8; i e L 28 eh
O(7)-H,0-0(8) 150-4 (6)
Split atoms
The Mn atoms are coordinated octahedrally (Fig. 3). O 0-11 (2) 104 (7) 59(15)  145(13)
The base of this octahedron is formed by the non-split 8;; () 83 (8 32(15) 60 (15)
. @) 15 (8) 89 (7) 106 (9)
oxygens of the C,0, groups and the apices of the octa-
hedron are formed by the water molecules. 0 8'?2 (2) 74 (4) 164 (5) 89 (16)
; . . 15 (1) 80 (6) 86 (16)  11(5)
The K ions are coordinated by 8 oxygen atoms in 0-31 (1) 19 (3) 74 (3) 100 (4)
the form of a distorted cube (Fig. 4). 005) 0-10 (1) 100 (3) 156 (14) 112 (16)
014 (1) 80(4) 112315  22(15)
4. Features of the satellite reflexion pattern 019 (2) 10 (3) 99 (3) 95(2)
In Fig. 5 Weissenberg photographs of the (hkl) layers om 82}‘3’ 8; ;g ?8 1(1)§ 8,13; 133 8_:3
with £=0,1,2 are shown. In Fig. 6 the diffraction pat- 022 (1) 16 (3) 99 (2) 77 (2)
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tern is shown in a schematic way. The main features 3. The satellite reflexions are arranged around the
of the satellite diffraction pattern are: extinct main reflexions with A+k=2n+1.

1. The satellite reflexions are only observable in 4. b of the supercell [b(super)] can be calculated
layers with ##0. (The diffuse streaks in Fig. 5(a) are from the distance d; between the reflexions of a satel-
caused by the grinding of the crystal sphere.) lite pair: b*(super)=d?*/2 A~! and therefore b(super)

2. The satellite reflexions lie on rods parallel to b*. =2/d? A. From 10 measurements it follows that
Only b is enlarged by the satellite reflexions. b(super)=57-5 (7) A. The ratio of b(super):b(sub)=

L, T

e K
. Mn
@ Ho

>—< C.0. group projected on (100)

sl C,0. group projected on (001)

©
Fig. 1. Structure projections. Schematic projection on (a) (100), (6) (001). (c) Central projection on (100). The designations
C(1)-C(4) and O(1)-O(8) refer to the corresponding atoms listed in Table 1,

A C30B - 13*
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57-5 (7):12-137 (1)=4-74 (6) is significantly different
from an integer.
5. Only one distance d; is observable, thus only
satellites of one order are observable.
6. More qualitative observations were made as fol-
lows:
(@) The intensities of the satellites are weak compared
with the intensities of the main reflexions.
(b) The satellite reflexions are diffuse.
(¢) No relations between intensities of main reflexions
and satellite reflexions are observable.

5. Elements of the satellite reflexion theory

Only so-called transverse distortion waves (Dehlinger,
1927) and phase shifts of distortion waves (Korekawa,

AVERAGE AND SUPERSTRUCTURE OF K,Mn(C,0,),.2H,0

1967) are used in the following. The corresponding
calculations are given in the Appendix, and the results
of these calculations are described in this section.

Fig. 7(a) and (b) shows an undistorted C face-
centred structure and the corresponding reciprocal
lattice. The atoms occupy so-called ‘ideal’ sites. In Fig.
7(c) the atoms are moved away from their ideal sites
to their real sites by a sinusoidal distortion wave. The
transverse distortion wave is characterized by
(a) its direction,

(b) its wavelength,

(c) its amplitude A,

(d) direction of its amplitude.

Thus Fig. 7(c) shows

(a) the direction of the distortion is parallel to b,
(b) its wavelength is 8 times larger than b(sub),

| om+lace

[ — Y0(8)
0(5)— l@%
C(3)Po(s)

©

Fig. 2. Atomic arrangement and anisotropic temperature factors of the symmetry-independent oxalate ions in relation to the axes
of the elementary cell of the average structure. The thermal vibrational ellipsoids are scaled to include 50% probability.

- Average. structure” (@) without split atoms, (b) with split atoms. (c) Superstructure (atomic arrangement in subcells 1 and 11
of Fig. 10b). The designations C(1)-C(4) and O(1)-O(8) refer to the corresponding atoms listed in Table 1.
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(¢) the amplitude A is about 1 of g,
(d) the direction of the amplitude is parallel to a
Fig. 7(d) shows the corresponding reciprocal lattice.
The observable ‘main reflexions’ (A+k=2n) are ac-
companied by satellite reflexions.

In our case the intensities of the main and satellite
reflexions I,, and I are a function of the product Ah.

Ly~Ji2nAh)
I~ J?2nAR)

k' is the h value of the satellite reflexions, which can
be written as A'=h + Ah

1323

Jo and J; are Bessel functions of order 0 and 1 re-
spectively.

The JZ and J? are shown in Fig. 8 as a function of
2nAh. An important fact is that Is=0 if 2n4h=0, that
is h=0 [see Fig. 7(d)]. This means that satellite reflex-
ions are not observable in the (0k/) layer if the direc-
tion of the amplitude A is parallel to a.

In Fig. 7(e) both atoms of each elementary cell are
again influenced by the same distortion waves, but the
two distortion waves running through an elementary
cell have a phase shift of # relative to each other. This
means that if the atom at the origin of an elementary

Table 4. Observed and calculated structure factors
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Fig. 3. Coordination polyhedron and bonds of the Mn atoms.

cell is displaced in the positive direction of a by +4a
the atom at the centre of this elementary cell is shifted
in the opposite direction by —4a and vice versa. The
influence of this phase shift on the diffraction pattern
is shown in Fig. 7(f). The satellite reflexions are now
arranged around the extinct main reflexions with A4k
=2n+1. All other features of the diffraction pattern
agree with those of Fig. 7(d).

6. Distorted structure elements of the oxalate structure

A comparison of Figs. 6 and 7(f) shows that transverse
distortion waves are present in the oxalate structure.
They are of the same sort as in Fig. 7(e).

In contrast to Fig. 7(f), however, a relation between
the intensities of main and superstructure reflexions
is not observable. Furthermore, the intensities of the
satellite reflexions are weak compared with the main
reflexions (§4, Point 6). Therefore one can assume
that only parts of the structure are distorted and
that their scattering power is weak compared with the
scattering power of the whole structure. It is probable
that the four split oxygens produce the intensities of
the satellite reflexions. This assumption is supported
by the direction of the lines connecting the split atom
positions, which is parallel to a [Fig. 2(b)] and thereby
parallel to the amplitude of the observed distortion
waves.

7. Influence of O- . - H-O bonds on the superstructure

The Mn atoms occupy sites within the mirror planes.
They are coordinated by four oxygens and two water
molecules in the form of an octahedron. If all Mn
atoms were shifted parallel to a by a/2 they would

AVERAGE AND SUPERSTRUCTURE OF K,;Mn(C,0,.),.2H;0

again occupy sites within a mirror plane and would
again be coordinated by four oxygen atoms and two
water molecules in the form of an octahedron. These
two sorts of octahedra, occupied and unoccupied,
form the chains shown in Fig. 9. All oxygen atoms and
all water molecules participate in the construction of
these chains. Each elementary cell contains four oc-
cupied and four unoccupied octahedra. Four chains
run through each elementary cell. It is now an im-
portant fact that the non-split oxygens form the bases
of the occupied octahedra, whereas the bases of the
unoccupied octahedra are formed only by the split
oxygens (marked by arrows in Fig. 9).

b
a
4

Fig. 4. Coordination polyhedron and bonds of the K atoms.

. b'(sub)
- b" (stper)
M M
a.l / O—;
o
D)
o
O * N b

h

Fig. 6. Schematic presentation of the diffraction pattern of
K,Mn(C;0.), 2H,0 neglecting the influence of the structure
factor, scattering power and thermal motion on the diffracted
intensities. O main reflexions, @ satellite reflexions.
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Fig. 5. Weissenberg photographs with filtered Mo radiation.

no satellite reflexion observable.

diffuse satellite reflexions observable on
rods parallel to b*,

diffuse satellite reflexions observable on
rods parallel to b*,
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The hydrogen atoms have not been considered up to
now. As Fig. 9 shows, all water molecules are sur-
rounded by 8 oxygen atoms. Therefore each of these
oxygens may be used as a bonding partner for the

b (sub)

E\’
]
IGCSEC o a0,
— ’
o] o | o | o T
—o— o
ol o | o | o o e
::7‘._@%
o—| _ J_’/._,_,.o———o“—o\r\.
— o ¢
()
b (super)
Ve
o
a

S b 6 e b

1

R
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(e)

0-H,0-0 bonds. This leads to 8 O-H,0-0O distances
and 28 O-H,0-0 angles (Table 2). Only two of these
28 arrangements are in agreement with the known
distances and bond angles of O---H-O-H-.-O.

ﬂ)

Y
J

®

——~  b*(sub)

- b* {super)
) )
O O @, O~
a
O O O—
PO -0 09
J{ L.
h
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———— b*(sub)

- b* (super)

‘| ?j ) ‘O_rﬂ}k
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[ ]

[ d
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Fig. 7. Relation between distorted crystal structures and diffraction patterns. In the diffraction patterns, (), (d), (f), the influence
of scattering power and thermal motion on the diffracted intensities is neglected. (@) Undistorted C face-centred structure;
(b) diffraction pattern of structure a; (¢) C face-centred structure influenced by sinusoidal distortion waves. The phase shifts
of the distortion waves running through a subcell equal zero; (d) diffraction pattern of structure c; (e) C face-centred structure
influenced by sinusoidal distortion waves. The phase shifts of the distortion waves running through a subcell equal x; (f)}dif—
fraction pattern of structure e; @ atoms of the same sort, O O main reflexions of different intensities, @ @ satellite reflex-

ions of different intensities. The intensities are proportional to the diameters of the open and blocked circles.
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These combinations are:

1. H,0-0(2)=2-87A
H,0-0(5)=2-98 A
0(2)-H,0-0(5)=108-9°

2. H,0-04)=295A
H,0-0(7)=2-87 A
0(4)-H,0-0(7)=103-6°

It follows that only the split oxygens O(2), O(4),
O(5) and O(7) are included in O---H-O bonds. These
four oxygen atoms form O- - - H-O bonds with the two
water molecules at the tops of the unoccupied octa-
hedra (Fig. 9). Only two possibilities exist for arranging
these four O---H-O bonds. They are shown in Fig.
10(a) and are designated 4 and B. The superstructure
is generated by an ordered distribution of the 4 and
B arrangements. This can be demonstrated by the
superstructure model of Fig. 10(6). Each subcell of
Fig. 10(b) contains only the atoms forming unoccupied
octahedra. The unoccupied octahedra of Fig. 9 are
replaced in Fig. 10(b) by configurations A or B. For
clarity, only the O---H-O bonds of configurations A
and B are drawn. The atomic positions in Fig. 10(b)
are the average positions and therefore exactly C face-
centred.

The superstructure model of Fig. 10(d) is based on
the following assumptions:

(1) The superstructure cell consists of four subcells
which are situated behind each other in the b direction.
Therefore b(super)=4b(sub).

(2) If in a subcell one of the unoccupied octahedra
is replaced by configuration A, then the C face-centred
one is replaced by configuration B. For example, in
subcell I of Fig. 10(b) configurations 4 and B are pres-
ent in the lower left and upper right corners respec-
tively.

(3) The arrangement of the subcell I is repeated in
subcell 1T and reversed in subcells ITT and V.

(4) The positions of the oxygen atoms in the super-
structure depend on the position of the H,O molecule
to which they are bonded. The oxygens are displaced
from their average positions parallel to a as shown by
the arrows in Fig. 10(»). The O---H-O bonds are
thereby shorter in the superstructure than in the aver-
age structure.

The superstructure model of Fig. 10(b) meets nearly
all the conditions and features derived from the average
structure and the satellite pattern:

(a) By superposition of the four subcells of Fig. 10(b)
the average structure is derived. The H,O molecules
occupy equal positions in each subcell. Consequently
the superimposed water molecules do not occupy split
positions in the average structure. The same is true
for the K, Mn and the O(1), O(3), O(6) and O(3)
atoms, which have therefore already been excluded
from Fig. 10(b). Only the superimposed O(2), 04),
0(5) and O(7) atoms form split atom pairs. Their split
directions are parallel to a, and this agrees with the
experimental observations.

AVERAGE AND SUPERSTRUCTURE OF K.Mn(C,0.)..2H,0

In=Jg2(2 AR)

10 4

05 7 L=Jy2(2 Ah)

0 T T T T T T
5

21 Ah

Fig. 8. Squares of the Bessel functions J3and J3 as a function
of 2nAh.

Non-split oxygen atoms

Split oxygen atoms

@-O0-O0e

H,0

Fig. 9. Octahedra chains. Four of these chains run through
each subcell. The two chains in the figure are related to each
other by the C face-centring. The z coordinates of Mn ions
and H,O are about 0-5.
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(b) Only the split oxygens contribute to the satellite
reflexions. Their scattering power is small compared
with that of the whole structure. Therefore the inten-
sities of the satellite reflexions must be weak compared
with the main reflexions, which is in agreement with
the observed diffraction pattern.

(c) As shown in § 6 the general features of the pro-
posed superstructure model [Fig. 10(d)] and the super-
structure of Fig. 7(e¢) must agree. From Fig. 10(d) it
follows:

(i) Distortion waves

The distortion function can be read from Fig. 10(b)
by considering the same oxygen average position in
the four subcells. The corresponding oxygen shifts
(marked by the arrows) follow a sine curve. This is
shown in Fig. 11, in which the displacements for one
oxygen position are drawn.

(ii) Phase shift of the distortion waves

C face-centred oxygen positions of a subcell are
influenced by the same distortion waves but these two
waves have a phase shift of #. This can be read from
the corresponding oxygen shifts. C face-centred oxy-
gens in each subcell are shifted in opposite directions
by the same amount.
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(iii) Direction of the distortion waves
The direction of the distortion waves is parallel to b.
Only b is enlarged such that b(super) =4b(sub).

(iv) Directions and magnitudes of the amplitudes of the
distortion waves

The displacements of the oxygen atoms from their
average positions are parallel to a. The magnitudes of
the distortion amplitudes are equal for all oxygens in
Fig. 10(b). This is not required by the calculations in
the Appendix. Only those oxygen atoms which occupy
the same atomic position in the average structure must
have equal displacements.

As required in § 6, the general features (i)-(iv) agree
with those of Fig. 7(e).

The space-group symmetry of the average structure
Cmc2, is lowered by the superstructure. The calcula-
tions in the Appendix prove that the remaining sym-
metry of each subcell of a supercell is Plcl. By ap-
plication of Plcl to each subcell of Fig. 10(b) the
complete superstructure is generated. This super-
structure indicates which water molecule and oxygen
atoms arc bonded together, and from this result the
real arrangement of the C,0, ions within the super-
structure can be read. Tables 5 and 6 list the coordinates
of O-H,0-0 bonds and C,0, ions within the super-

Arrangements
A B
0(7
,O(7) 0w )
0(4) O...H-0 bonds
o(5) 0(5)
0(2) 0(2)/
(@)
E'
b (super)
Subcell 1 Subcell 11 Subcell T11 Subcell 1V
)

Fig. 10. Proposed superstructure model. The x coordinates of H,O are about 0-5. Symbols as in Fig. 9. (¢) The two possitle
arrangements of O-H,0-0 bonds. (b) Ordercd distribution of O-H,0-O bonds and related displacemeirts of the oxygens.
The deviations of the oxygens from their average position are shown by arrows. The tops of these arrows represent the

oxygen position within the superstructure,
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cell. These coordinates are derived in the following way:

1. The occupied oxygen split positions are read
from Fig. 10(5).

2. The coordinates of the split positions are taken
from the structure refinement with split atoms (Table
1.

3. The atomic coordinates of the non-split atoms
have equal values in each subcell and are also taken
from Table 1. They are only included in Tables 5 and
6 in order to give a convenient survey of the real
atomic positions within the supercell.

Two independent C,0, groups of subcells I and 11
are shown in Fig. 2(c).

Table 5. O-H,0-0O bonds of the superstructure

The atomic positions of the Table are taken from subcell 1 of
Fig. 6(b). The coordinates are related to axes of the subcell.
The + or — sign after an oxygen atom designation indicates a
position above or below the mirror planes cutting the a axis at
x=0and x=0-5. The remaining four O-H,0-0 bonds of sub-
cell I can be derived from the Table by the symmetry transfor-
mation Plcl (x, —y,z+0-5). The atomic arrangement of sub-
cell T is repeated in subcell II. The atomic arrangements of
subcell 111 and IV can be derived from the Table by inter-
changing the + and — sign of the oxygen atoms and their x
coordinates.

Atom
designation x y z

/0(2)—~ 0-5—0-051 0-095 0-705
,0 0-280 0-187 0514
\O5) - 0-5—0-031 0-254 0-297
S O(4)+ 0-5+0-060 0-010 0-409
,0 0-720 0-187 0-514
NO() + 0-5+0-041 0-378 0-505
L/ 02)+ +0-051 0-595 0-705
,0 0-220 0-687 0514
\O(5) + +0-031 0-754 0-297
S O4) - —0-060 0-510 0-409
H,0 0-780 0-687 0-514
\O(7)— —0-041 0-878 0-505

8. Infrared investigation

The superstructure model is derived only from the
average structure determination and from the features
of the satellite diffraction pattern, but the intensities of
the satellite reflexions are not considered. Therefore
infrared absorption was used to check the model.

The following O- - - H-O bond lengths were obtained

from the average and superstructure (see Table 2):

Average

structure Superstructure
H,0-0(2) 2:87 A 2:66 A
H,0-0(7) 2:87 2:70
H,0-0(4) 2:95 2:70
H,0-0(5) 2:98 2-85
Mean 292 273

The infrared absorption spectrum is shown in Fig. 12.
The O-.-H-O stretching absorption at 3250 cm™!

AVERAGE AND SUPERSTRUCTURE OF K;Mn(C,0,),.2H,0

Table 6. C,0, molecules of the superstructure

The coordinates of the C,0, groups correspond to the atomic
arrangements of the C,0, molecules in subcells I and 11 of Fig.
6(b). The coordinates are related to the axes of the subcell.
The coordinates of the non-split atoms C(1)-C(4) and O(1),
0O(3), O(6) and O(8) are taken from Table 1 of Part I, and those
of the split oxygens O(2), O(4), O(5) and O(7) are taken from
Table 1 of this paper. A + or — sign after an oxygen atom
designation indicates a position above or below the mirror
planes cutting the a axis at x=0 and x=0-5. The arrangements
of the C,0, molecules of subcells 111 and 1V can be derived
from the coordinates of this Table by interchanging the + and
— signs of the oxygens. The coordinates of the remaining four
C,0, molecules of each subcell are generated by the symmetry
transformation Plel (x, —y,0:5+2).

Atom
designation x y z
First C,0, molecule
o(1) 0-0 0-246 0305
0(2)+ +0-051 0-405 0-205
C(1) 0-0 0-348 0-297
C(2) 0-0 0-413 0423
C(3) 0-0 0-357 0-524
04)— —0-060 0-510 0-409
Second C,0, molecule
Oo(5)— 0-5-0-031 0-254 0-297
0(6) 05 0-406 0181
C(3®) 05 0-355 0-281
C(4) 0-5 0-428 0-404
o)+ 0-5+0-041 0-378 0-505
O(8) 0-5 0-529 0-388
Third C,0, molecule
o(1) 0-5 0-746 0-305
0(2) - 0-5—0-051 0-905 0-205
C(1) 0-5 0-848 0-297
C(2) 05 0-913 0-423
0(3) 0-5 0-857 0-524
o)+ 0-5+0:060 0-010 0-409
Fourth C,04 molecule
O(S)+ +0-031 0-754 0-297
0o(6) 00 0-906 0-181
C(3) 0-0 0-855 0-281
C4) 0-0 0-928 0-404
o — —0-041 0-878 0-505
0O(8) 00 0-029 0-388

corresponds to an O---H-O distance of 2:78 A
(Hamilton & Ibers, 1968). This spectroscopic result
agrees better with the superstructure bond distances
than with those of the average structure.

9. Degree of simplification

The superstructure model of Fig. 10() is not in full
agreement with the average structure and with the
satellite diffraction pattern.

t AR AR
Y ONY

Fig. 11. Distortion wave of the proposed superstructure model.
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Fig. 2(b) shows the thermal vibrational ellipsoids of
the C,0, groups with split atoms. The largest thermal
axes for the split oxygens are sometimes larger than
for the non-split oxygens. This is probably caused by
further splitting and means the oxygen split positions
are again only average positions. On following the
directions of the largest axes of the split oxygens in
Fig. 2() it appears that these oxygens occupy positions
on a circle which has its centre at the C atoms, to which
the split oxygens are bonded. The occupation possibility
is different at different positions. It probably reaches a
maximum at and nearly at the split positions calcu-
lated by the average structure determination.

b(super)=4b(sub) holds for the superstructure model
of Fig. 10(b). However, for the diffraction pattern of
the satellite reflexions n=4-7 (§ 4). Furthermore, the
diffraction photographs (cf. Fig. 5) show that the
satellite reflexions are diffuse. The direction of dif-
fuseness is parallel to b*. It follows that n=4-7 is only
the mean of different values and that the long-range
order is not very well developed. The best formulation
for the main features of the superstructure is therefore
as follows.

The arrangement of O- - - H-O bonds is close to the
arrangement shown in subcells T and II of Fig. 10(5)
or close to those of subcells IIT and IV. In the direction
of b one of these two arrangements is present in two to
three subcells, then it changes to the alternative ar-
rangement.

10. Discussion of average and superstructure

10.1. C,0, ions

Average and superstructures contain two symmetry-
independent C,0, ions. In the average structure all
atoms of the C,0, groups occupy the special positions
4(b); this means that they lie in mirror planes, and the
C,0, ions are thus planar [Figs. 1(), 2(a)]. The C,0O,
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Fig. 12. Infrared absorption diégram of K,Mn(C,;0,),.2H.0
at various concentrations (Nujo!l film technique). Absorp-
tion at 3250 c¢m~! corresponds to H,O absorption and
that at 2900 cm~* to Nujol absorption.
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groups are no longer planar when the split atoms are
considered [Fig. 2()]. Tt is not possible to determine the
real arrangement of atoms in a C,0, ion from the
average structure because each molecule contains two
split-oxygen positions, which leads to four different
combinations of oxvgen arrangements in each C,0,
ion.

The true arrangement of the C,0, ions as determined
by the superstructure is shown in Fig. 2(c) and listed
in Table 6. The CO, groups of the C,0, ions are now
twisted by 24 and 14° (Table 7). The corresponding
C-C distances are 1-55 and 1-58 A (Table 2). Compar-
able values of 27° and 1-569 (8) A were reported for
ammonium oxalate monohydrate (Robertson, 1965).
From the superstructure investigation it follows that
the split oxygens form C-O and O-:.-H-O bonds,
whereas the non-split oxygens form only C-O bonds
(Table 2, additional oxygen bonds to Mn and K ijons
are described in §§ 3 and 10-2). The mean C-O dis-
tances in the superstructure are 1:267 (9) A for the
split oxygens and 1-248 (8) A for the non-split oxygens.
The differences of 0-019 (12) A may be considered as
significant: the C-O bonds are enlarged by formation
of O- - -H-0O bonds.

Table 7. Twist of the C,0, molecules in the super-
structure
First and third C,0, molecules of Table 6

Angle between the planes O(1)-C(1)-0(2)
and  O(3)-C(2)-04)

Angle between the line C(1)-C(2) and a
perpendicular line on the plane O(1)-C(1)-O(2)

Angle between the line C(1)-C(2) and a
perpendicular line on the plane O(3)-C(2)-0(4)

22:2°

69-5

66-3

Twist of the C,0, molecule defined as the angle be-
tween the planes given by the line C(1)-C(2) and
the perpendicular lines on the planes O(1)-C(1)-
0O(2) and O(3)-C(2)-0(4)

Second and fourth C;O; molecules of Table 6

Angle between the planes O(5)-C(3)-O(6)
and O(7)-C(4)-0O(8)

Angle between the line C(3)-C(4) and the
perpendicular line on the plane O(5)-C(3)-0O(6)

Angle between the line C(3)-C(4) and the
perpendicular line on the plane O(7)-C(4)-O(8)

238

141
776

74-1

Twist of the C,0, molecules defined as the angle be-
tween the planes given by the line C(3)-C(4) and
the perpendicular lines on the planes O(5)-C(3)-

O(6) and O(7)-C(4)-O(8) 14-1

The bond angles O-C-O range from 127 to 130°in the
average structure and from 126 to 127° ia the super-
structure. The bond angles O-C-C range from 113 to
117° ia the average structure and from 112to 116° in the
superstructure.
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10.2. H,O molecules, Mn and K ions

O-H,0-0 bonds are discussed in §§ 7 and 8.

The coordinating atoms of the Mn atoms are not
influenced by the superstructure. The mean distances
are Mn-O 2-20 A, and Mn-H,0 2:17 A.

Only one coordination exists for the K atoms in the
average structure, but two slightly different coordina-
tions exist in the superstructure. The K-O distances
range from 2:76 to 3-45 A with a mean of about 2-8 A.

APPENDIX

Calculation of satellite reflexion intensities

In the following it is assumed that the special positions
4(a) of space group Cmc2, are influenced by the same
type of distortion waves, but that these distortion
waves have phase shifts relative to each other. The
phase relations between the distortion waves in the
investigated crystals are known, if the main features of
the observed and calculated satellite reflexion pattern
agree.

The following assumptions are made:

(1) In the average structure atoms of scattering
power f occupy the special positions 4(a):

(@ 0, y, =z
b Li+y, =z
(¢) 0, =y, 3+z
@) Hi-»i+z. (1

(2) The orthorhombic subcells are characterized by
the axes a, b and c. The crystal volume is V= Ma Nb Oc.
The running indexes in the following summations are
m, n, o.

(3) G(h), G(k) and G(/) are the Laue factors. The
derivation of G(/) is shown in the following:

M-

G(ah)= Zlfexp 2niHa(x +m)

m=0

—fexp 2niHax 1 —exp 2niHam

1 —exp 2niHa
=fexp 2niHax exp 2rni(M — 1)Ha
_sx_n_nNHa
sin nHa

G(ah)G*(ah)=f*M? for h=aH =integer.

Similar relations hold for G(k) and G(/).

(4) A superstructure is generated by sinusoidal
distortion waves. Their directions are parallel to b with
the relation

b(super)=pb(sub) p>2.

Only the x coordinates are influenced by the distortion
wave according to

x=4 sin 2n(z)A<<1. (2)

AVERAGE AND SUPERSTRUCTURE OF K,Mn(C,0,),.2H,0

From (1) and (2) the coordinates within the supercell
can be written as

(a) Asin2n (;) Iz
(b) ++Asin2n (; +q),%+y,z
(¢) Asin2x (; +r),)7,—}+z

(d) $+A sin2n (; + s) A-yi+z (3)

0<gq,r,5s<1 (coefficients of the phase shift).

These relations mean: The positions (a)-(d) of (1) are
influenced by the same distortion wave, but the four
distortion waves may have phase shifts relative to each
other. Compared with position (a) these phase shifts are
2rq for position (b), 2zr for position (c), and 2xs for
position (d).

The wave diffracted by the superstructure is desig-
nated as F(hkl), where h, k,/should be considered at the
moment as variable coordinates of reciprocal space,
which change into fixed values during the following
calculation given by the argument of the corresponding
Laue factors.

M-1,N-1,0-1

Fhk= S

m,n,0=0

+kn+iz+ o)

Sf{exp 2ni[hA sin 2zn/p+ hm

+exp 2ni[h/2+hA sin 2n(nfp+q) +hm+k[2
+ky+kn+1z+ lo]

+exp 2ni[hA sin 2n(n/p+r)+hm—ky +kn
+1/2+1z+ lo)

+exp 2ni[h/2+ hA sin 2r(n/p +5)+ hm+k/2
+ky+kn+12+1z+ o]}

=/G(h)G() IE exp 2nikn
n=0

N-1
x {exp 2nilky+1z] > exp 2nilhA sin 2zn/p]
0

+exp 2nilh/2+ k[2+ ky+Iz]
N-1

x > exp 2nilhA sin 2n(n/p+ )]
n=>0

+exp 2ni[lj2—ky+ Iz]

N-1

x > exp 2ni[hA sin 2n(n/p +r)]

n=0

+exp 2milh/2+ k[241/2—ky+iz]
N-1

x > exp 2ni[hA sin 2n(n/p+5)]} . 4)

n=0
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(4) contains exponential functions which have a sine
function in their argument. These exponential func-
tions can be transformed by the relation

@O

exp 2ni[hA sin 2zn/pl= > J.(2nhA)

x exp [2rimn/p]. ®)
Using only the Bessel functions with m=0 and m=
+1 (5) reduces to (6)
exp 2ni[hA sin 2zn/p]=Jy(2rhA)
+J,(27hA) exp 2nin/p]
+J_1(2nhA) exp 2mi[—n/p].
Q)
From (6), equation (4) can be transformed into (7):
Fhkz=f- G(h)G(l)
x [G(k)Jo(2mhA) {exp 2nilky + [z] + exp 2ni[h/2
+k[2+ky+iz]+exp 2ni[l2 - ky+1Z]
+exp 2ni[h/2+ k[2+1[2—ky+ 2]}
+G(k + 1/p)J(2nhA) {exp 2milky+1z]
+exp 2ni[h[2 + k2 + ky +Iz] exp 27ig
+exp 2ni[lj2— ky +Iz] exp 2zir
+exp 2mi[h/2 + k2412 — ky +Iz] exp 2mis}
+G(k—1/p)J _1(2rhA) {exp 2nilky + Iz]
+exp 2ni[h/2 + k/2+ ky + Iz] exp 27i[—q]
+exp 2ni[l/2— ky+Iz] exp 2ri[—r]
+exp 2ni[hf2+k[2+ 12— ky+Iz] exp 2ri[—s]}] .
Q)

For the diffracted intensities
Ihkl = Fhkl FhTu

I, is observable if the products of the Laue factors
GG*#0. Therefore the main reflexions are only
observable if 4, k,/=integer. The satellite reflexions are
only observable if A=integer, k'=k+1/p with k=
integer, /=integer.

Instead of considering the expressions for the inten-
sities of the main and satellite reflexions, it is more
convenient to consider only the expressions for the
corresponding F values:

Main reflexions:

Fua=fG(h)G(k)G(1)Jo(2nhA)
x {exp 2milky+1z] [14+(=1)"*"]
+exp 2ni[lj2—ky+ ] [1+(—1)"*¥]}. 8)
Satellite reflexions:
Fu=fG(h)G(k")G(1)J,(2nhA)
x {exp 2mi[k'y +1z] [1 +(—1)"**" exp 2nmiq]
+exp 2mi[lj2—k'y +Iz] [exp 2mir + (— 1)+
x exp 2mis]} . 9)
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Fu; can be derived from (9) by replacing (£, g,r,s) by
(k”, —q,—r, _S)'
Discussion

For the main reflexions from (8)

if h+k=o0dd, then F,,;=0
if A+ k =even, then

Fua=fGW)G(kYG(I)Jo(2rhA) {2 exp 2nilky+ IZ]
+2 exp 2nifl2—ky+ 2]} .

Tt =Fus Fu =f2M2N202J§(27ZhA)

x {8+8 cos (//2—2ky)}. (10)

This means: main reflexions are present at the places
expected from the space-group symmetry of the aver-
age structure, but the diffracted intensity is given by
(10), which contains the term J2(2zhA), by which the
diffracted intensity is weakened with increasing 4. The
consequence is that the atoms which provide intensity
for the satellite reflexions have a pseudo-anisotropic
thermal vibrational ellipsoid with an unusually large
principal thermal axis parallel to a, if the structure
investigations are based on the main reflexions only.

For the satellite reflexions from (9)
if h+k’'=even, then
Fur =fGWG(K")YG()],(2rhA)
x {exp 2zni[k'y +Iz] [1 +exp 2nig]
+exp 2ni[lj2—k'y +IZ] [exp 2mir +exp 2mis]} .
an
if h+k’'=o0dd, then
Fu1=fG(h)G(k")G(1)],(2mhA)
x {exp 2ni[k'y +Iz] [1 —exp 2miq]
+exp 2mi[lj2—k'y+ 2] [exp 2mir —exp 2mis]} .
(12)
A similar result can be derived for Fy;..;.

As described in §4, the satellite reflexions appear
only around the ‘extinct’ main reflexions with A+ k=
odd. It follows that (11) has to be equal to zero This
is only possible if g=4 and s=r+1. With these values,
(12) transforms into (13):

Fur=fG(N)G(k")G(/)J1(2nhA)

x {2 exp 27i[k'y+ 2]+ 2 exp 27i[lj2—k'y + IZ]
(13)
Fig. 5(b) shows that the satellite reflexions, which
appear around the ‘extinct’ main reflexions with A=1,
k=0, /=o0dd, have very weak intensities. Let us assume
that these satellite reflexions are exactly zero. Then (13)
has to be zero, if k'=0 and /=o0dd. This is only pos-

sible, if r=0. The same results can be derived for
Fygenr.

X exp 2mir} .
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In this way the values of ¢, r,s are determined: g=13,
r=0,s=1. Putting these values for ¢,r,s into (3) gives

(&) Asin2n (g).y,z
(b) +—Asin2rn (—Z—),%+y,z
(¢) Asin2n (;1—)) Jy+z

(d) —Asin2n (;),—%—y,%wtz. (14)
By this atomic arrangement all symmetry elements of
the space group of the subcell Cmc2, are destroyed
except the ¢ glide plane. The remaining symmetry of
the subcells of a supercell is therefore Plcl.

I am indebted to Professor H. Saalfeld, Dr H. Siems
and Dr Wedde of the Mineralogisch-Petrographisches
Institut, Universitdt Hamburg, for their helpful discus-
sion, to Dr Siems for his calculation of the values of
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Table 7, and to Dr Wedde for his careful inspection of
the manuscript. The single-crystal diffractometer used
for the measurement was made availaole by t.e Owens
Ilinois Co., Toledo, Ohio, USA, who also supported
the work financially.
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The Crystal Structure and Molecular Conformation of 3,7-Dichlorophenoselenazine
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The crystal structure of SeCl,NC;,H, has been solved by Patterson and Fourier methods and refined to
an R of 7-5% by full-matrix least-squares methods. The unit cell is orthorhombic, with a=7-995 (3),
b=123-808 (1), ¢=6-028 (2) A and four moleculesin the cell. The space group is Pnma. The structure
contains layers of molecules centred on the mirror planes at b/4 and 3b/4.

Introduction

The structural analyses of several phenazine deriva-
tives have been carried out, especially of compounds
including the phenothiazine heterocycle, but until now
there has been no information about the structural de-
tails of the analogous selenium compounds. The struc-
ture determination of 3,7-dichlorophenosclenazine was
undertaken as part of a series of structural analyses of
organoselenium compounds. The determination of the
Se-C bond lengths and the C-Se-C bond angles will
provide information on the bonding characteristics of
the selenium atom.

Experimental

Crystals of 3,7-dichlorophenoselenazine were supplied
by Professor Pino of the Departamento de Quimica

Analitica of this University. Single crystals used in this
work were obtained by slow evaporation at room tem-
perature from solutions in chloroform. The crystals are
yellow-green and have laminar shape, the b axis being
perpendicular to the plate. In spite of considerable
effort it was not possible to grow crystals much wider
than 0-1 mm. The density was determined by the flo-
tation equilibrium method in an aqueous solution of
zinc bromide.

Preliminary unit-cell dimensions were determined
from rotation and Weissenberg photographs. The dia-
grams indicated orthorhombic symmetry and the
systematic absences were consistent with either Pnma
or Pn2a space groups. Accurate cell parameters were
measured with Mo K« radiation on a Philips PW 1100
four-circle diffractometer. The crystal data are sum-
marized below.



