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Neutron Diffraction Study of the Space Group 
and Structure of Manganese-Leonite, K2Mn(SO4)2.4H20 
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Bhabha Atomic Research Centre, Trombay, Bombay, India 

(Received 17 July 1967) 

A total of 542 neutron reflexions - three-dimensional up to (sin 0)/2 ~ 0.40 and in three zones, hO1, hkO 
and Okl, up to (sin 0)/2 ~ 0.70 - have been used to refine the structure of KzMn(SO4)2.4H20 in the space 
group C2/m to an R value of 0.092. One of the two non-equivalent sulphate groups appears to be 
disordered. All the hydrogen atoms of the water molecules are involved in normal O-H- - -O  hydrogen 
bonds. The water molecule H20,o(1) has a tetrahedral coordination; one of its lone pair orbitals is 
directed toward a potassium ion and the other toward a manganese ion. For the other two water mol- 
ecules, H2Ow(2) and H2Ow(3), the bisectors of their lone-pair orbitals are directed toward manganese 
ions. In addition, 0,o(2) has two potassium-ion neighbours at 3"09 A nearly normal to the plane of the 
water molecule leading to an approximately trigonal bipyramidal coordination for HzOw(2). Refinements 
of the structure in the alternative space groups C2 and Cm have provided no justification for choosing 
either of them in preference to C2/m. 

Introduction 

The crystal structure originally proposed by Anspach 
(1939) for K2Mn(SO4)2.4H20 was criticized by Wyckoff  
(1957) for its ' improbably  short K - O  separations of 
2.28 A'.  The p r o b l e m  was reinvestigated with the use 
of hOl and hkO X-ray data by Schneider (1961) who 
found a completely different but satisfactory structure 
for the crystal in the space group C2/m. However, in 
the absence of  a determinat ion of the hydrogen posi- 
tions, no hydrogen-bonding scheme for the water mol- 
ecules was proposed and, further, the possibility of  a 
lower space group symmetry was suspected. A neutron- 
diffraction study of this structure was therefore under- 
taken as part  of  our continuing investigations of hy- 
drogen-bonded hydrate crystals. 

Experimental 

Large crystals of  monoclinic  K/Mn(SO4)/.  4H20 could 
be grown by evaporating at room temperature a sat- 
urated aqueous solution containing equimolecular  pro- 
portions of potassium sulphate and manganous  sul- 
phate. All the crystals obtained were twinned across 
the (100) plane but  good single crystals could be sep- 
arated out by grinding. The neutron Bragg angles re- 
corded by us were found to be consistent with the unit- 
cell constants given by Schneider (1961), viz. 

a = 12.03 _+ 0.03, b = 9.61 + 0.03, c-- 9.98 + 0.04 A, 

f l=95 .0  + 0.3 ° , 

which were therefore used subsequently in our bond- 
length and bond-angle calculations. 
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Fig. 1. Projection of the nuclear scattering density along [001]. The contours are at intervals of 0-5 x 10 -12 cm./~-2. The negative 
contours are shown by broken lines and the zero contour by dot-dash lines. 
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All  the measurement s  were made  at  the Cirus reac tor  
in T r o m b a y .  The  hOl and  hkO data  were collected at  a 
wave length  of  0.953 A up to (sin 0)/2,- ,0 .70 f rom cy- 
l indrical  crystals o f  d iamete r  1.5 m m  and weights 0.082 
and  0.062 g respectively in the semi-au tomat ic  diffrac- 
tome te r  S A N D  ( C h i d a m b a r a m ,  Sequei ra  & Momin ,  
1967). Th ree -d imens iona l  da ta  up to (sin 0 ) / 2 ~ 0 . 4 0  
were recorded at  1.031 A on  the d i f f rac tometer  D C D  
( C h i d a m b a r a m ,  Sequeira  & Sikka,  1964) with a Gen-  
eral Electric Single Crystal  Or ienter  using a cylindrical  
sample of  d iamete r  1.5 m m  (weight 0-034 g), its length 
of  6 m m  being paral lel  to the c axis of  the crystal  and  
the ~0 axis o f  the or ienter .  The  lat ter  measurements  were 
ex tended for the Okl data  a lone  up to (sin 0)/2 ~ 0.70. 
A to ta l  of  542 reflexions were thus recorded.* 

The  l inear  abso rp t ion  coefficient was measured  and  
found  to be 1.25 cm -1 and  the abso rp t ion  correc t ions  
to the da ta  were appl ied  wi th  use of  the p rog ram 
O R A B S t  (Wehe,  Busing & Levy, 1962). 

* About a dozen more reflexions which were later discovered 
to have been recorded during a short period of 'bad electronics' 
were omitted from the analysis. 

t All the calculations in this article were carried out on 
the CDC-3600 computer in the Tata Institute of Fundamental 
Research, Bombay. 

Analysis and refinement of the structure: 
choice of space group 

The  hOl data  were first reduced to absolute  scale by 
the m e t h o d  of  Wi lson  (1949). A Four ie r  p lot  o f  the 
pro jec t ion  of  nuclear  scat ter ing densi ty a long  [010] was 
made  with the phases given by the heavy-a tom posi- 
t ions  as de te rmined  by Schneider  (1961). The  negative 
peaks in this  plot  could  be identified as the manganese  
and  hydrogen  a toms.  Analys is  of  the hkO data  in a 
s imilar  fash ion  gave the x and  y coord ina tes  o f  the 
hydrogen  a toms.  All the 542 pieces of  da ta  were then  
combined  and a ful l -matr ix  least-squares ref inement  of  
the s t ructure  on F was carr ied out  with indiv idual  iso- 
t ropic  t empera tu re  factors  and  uni t  weights for  all the 
reflexions by means  of  the p rog ram O R F L S  (Busing, 
Mar t i n  & Levy, 1962). After  several cycles, the R index, 
(ZllFol--IFcll)/SIFo I, converged to 0.174. I t  was 
found  at this stage tha t  the average <llFol- IFcll> could  
be represented as 0.52+0"0031Fol 2. Hence  a weight ing 
scheme 

w = (0.52 + 0.0031FolZ) -2 

was used and  the ref inement  then  converged at  an  R 
value of  0.167. 

Table  1. Comparison of  isotropic least-squares refinements in the various space groups 
Number of Ratio of R's Degrees of 
parameters [relative to Dimension of freedom 

Space group varied, m R C2/m (ord.)] the hypothesis*, b n -  m Nb, n-m.0.005 t 
C2/m (ordered) 63 0.1673 
C2 103 0.1390 1.203 40 439 1.076 
Cm 122 0.1470 1.138 59 420 1.107 
C2/m (disordered) 68 0.1347 1 "242 5 474 1 "018 

* Notation of Hamilton (1964). 
t The limiting value for the significance level of 0"5%. That is, if the ratio in column 4 exceeds this value, the space group 

C2/m (ord.) can be rejected in favour of the space group in column 1 at this significance level. See Hamilton (1964, 1965). 

Table  2. Results of  anisotropic least-squares refinement* in the various space groups 

Number of 
parameters, 

Space group rn R 
C2/m (ordered) 134 0.0997 
C2/m (disordered) 146 0.0924 
C2 230 0-0812 
Cm 257 0.0776 

Dimension Degrees 
Ratio of R's of the of 

^ 

relative Ratio" hypothe- freedom 
to value sis, b n -  m 

~ b ,  n -  m,o~ 

• ~'=0.005 ^ ~= 0.25" 

C2/m (ord.) 1.079 12 396 1.036 1.018 
C2/m (disord.) 1.138 84"t" 312 1.190 1.141 
C2/m (disord.) 1.191 l l l t  285 1.253 1.197 

* The weighting scheme used in the final stages of the refinement was w=(0.3 +0-0009 [Fol2) -2. 
I" Strictly speaking, comparison of C2 or Cm and C2/m (disordered) is perhaps not justified since the degrees of freedom 

involved in the disorder of the sulphate group in the latter are not fully available in the former. But the error in ~ on this account 
is likely to be negligible for our purpose. 

Table  3. Ranges o f  bond-length and bond-angle values in the various least-squares refinements 

Parameter C2 Cm C2/m (disordered) 
S-O 1-349-1.523/~, 1-324- 1.538 .~, 1.420-1.530 A 
/ O-S-O 103.7-115.8 ° 98.1 - 119.2 ° 105.1 - 113.4 ° 
Ow-H 0"867-1"090 A 0"817- 1"053/~ 0"908- 0"994 A 
Z H-Ow-H 103"8-111"4 ° 100"9-108"9 ° 104"4-108"8 ° 
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K 
Mn(1) 
Mn(2) 
S(1) 
S(2) 
o(1)  
O(2) 
0(2)* 
0(3) 
0(4) 
0(5) 
0(6) 
Ow(1) 
Ow(2) 
o~(3) 
H(1) 
H(2) 
H(3) 
H(4) 
H(5) 

T a b l e  4. Positional and thermal parameters in K2Mn(SO4)2.4HzO 
The expression for the Debye-Waller  factor is exp [ -  (Bi~h2 + B22k2 + B33l 2 + 2Blzhk + 2B~3hl+ 2Bz3kl)]. 

The least-squares standard errors are given in parentheses. 

Fractional coordinate × 10 4 Thermal parameter × 104 
- - , ,  ^ , ~ ^ 

• x y z Bll  B22 B33 B12 
1695 (5) 2632 (8) 2492 (7) 26 (3) 35 (7) 55 (6) - 8  (5) 

0 0 0 19 (8) 0 (11) 74 (20) 0 
0 5000 5000 16 (6) 31 (12) 52 (13) 0 

2065 (8) 5000 - 4 1 4  (11) 14 (6) 32 (11) 21 (9) 0 
2130 (11) 0 -4810  (15) 15 (6) 75 (20) 62 (14) 0 
1587 (3) 3750 (6) -1136  (4) 39 (3) 52 (5) 40 (3) - 1 1  (4) 
1509 (13) 970 (16) -4005  (15) 32 (7) 64 (15) 95 (15) 13 (10) 
1704 (13) 1442 (16) - 4 4 5 4  (17) 32 (8) 71 (17) 135 (25) 17 (9) 
1730 (5) 0 570 (10) 13 (3) 91 (13) 110 (13) 0 
1817 (8) 5000 951 (8) 71 (6) 72 (10) 30 (6) 0 
1692 (5) 5000 4336 (8) 14 (3) 60 (9) 55 (7) 0 
1935 (6) 233 (15) 3744 (8) 39 (5) 41 (16) 42 (6) - 1 4  (9) 

397 (4) 3346 (6) -3521 (4) 28 (2) 34 (5) 34 (4) 2 (3) 
0 2277 (8) 0 44 (5) 33 (7) 129 (13) 0 

90 (8) 0 -2219  (8) 45 (6) 89 (14) 44 (6) 0 
779 (8) 2549 (12) -3845  (9) 60 (7) 63 (10) 79 (9) 8 (8) 
848 (7) 3617 (10) -2699  (9) 50 (5) 62 (10) 60 (7) 12 (7) 
562 (8) 2896 (13) - 3 6 7  (10) 51 (5) 62 (13) 101 (9) - 7  (9) 
698 (16) 0 -2755  (23) 66 (13) 139 (28) 135 (28) 0 
554 (14) 0 2766 (15) 71 (11) 115 (23) 74 (14) 0 
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Fig. 2. Schematic projection of the structure along [010]. The fractional y coordinates ( × 103) of the atoms are given in parentheses. 
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Table  5. KzMn(SO4)z.  4 H 2 0 :  observed and calculated structure factors 
The nuclear scattering lengths used are (in units of 10-1l cm)" potassium 0.35; manganese -0-37; sulphur 0.31; oxygen 0.58; 
hydrogen -0-378. The four columns in each set contain respectively the Miller indices h and 1, 100 IFo] and 100 Ft. 
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Since this R value looked rather high, it was con- 
sidered worth while to try the alternative space groups 
C2 and Cm. Full-matrix least-squares refinements were 
therefore carded out in the latter two space groups 
with the above weighting scheme, and the results are 
given in Table 1. It appears f rom the Table that  at the 
significance level of  0.5%, the space group C2/m 
should be rejected in favour of both  C2 and Cm! Since 
both the latter space groups could not be simultane- 
ously correct, a careful analysis of  the posit ional and 
thermal  parameters obtained for the three space groups 
was carried out and the following points were noted:  

(i) One of the sulphate oxygen atoms 0(2) had a 
conspicuously high temperature factor of  5.85 A2 in 
the space group C2/m. (Also in all the three principal  
projections of nuclear scattering density, the peaks cor- 
responding to 0(2)  were low in height and highly dis- 
torted; see e.g. Fig. 1). 

(ii) When  an atom A in a general posit ion in the 
space group C2/m was split into two in the space 
group C2, the pair - A1 and (the mirror  image of) A2 
- moved away a lmos t  equally on either side of A. The 
'pair-splitt ing'  was generally small except for the atom 
O(2), being 0.21, 0.37 and 0.44 A for the three coor- 
dinates of  the latter. A similar effect was found in the 
space group Cm. 

(iii) Atoms on the mirror  plane in the space group 
C2/m moved out of  it in C2 only by small amounts ,  
ranging from 0.004 to 0.186/~ - the latter value being 
for 0(6). 

Now, both 0(2) and 0(6)  belong to the sulphate 
group containing S(2); in the space group C2/m, S(2), 
0(5) and 0(6)  are on the mirror  plane which also 
relates the other two oxygen atoms 0(2). It was there- 
fore suspected at this stage that  this sulphate group 
was disordered. Hence, in the space group C2/m, the 
a tom 0(2) was first split into two half-atoms, 0(2)  and 
O(2)*, and least-squares refinement continued with iso- 
tropic temperature factors. The R value fell quickly to 
0.143 and when (in view of point  (iii) above) the atom 
0(6) was also split into two half-atoms by moving it 
out of  the mirror  plane, R fell further to 0.135. This 
R value for C2/m (disordered) corresponding to only 
68 variable parameters is superior to the best R value 
for either C2 or Cm with more than  100 variable par- 
ameters. The disorder involves the addit ion of only 5 
parameters to C2/m (ordered); f rom Table 1 it can be 
confidently asserted that the postulated disorder* is 
highly significant (Hamil ton,  1964, 1965). 

However, refinement of  the data with anisotropic 
temperature factors was continued for all the four struc- 
tures and the results are given in Table 2. This Table 

Table 6. lnteratomic distances and bond angles 
The standard deviations are given in parentheses and do not include cell-parameter errors. 

(a) The Mn octahedra 
2 x Mn(1)-O(3) 2-109 (6) A 4 × Mn(2)-Ow(l) 2.193 (5) A 
2 × Mn(1)-Ow(2) 2.188 (8) 2 × Mn(2)-O(5) 2.195 
2 x Mn(1)-Ow(3) 2.227 (8) 

(b) The SO1 groups 
1 x S(1)-O(4) 1"420 (13)/~ 1 x S(2)-O(5) 1-455 (14) 
1 x S(1)-O(3) 1.472 (12) 1 x S(2)-O(6) 1.459 (16) 
2 x S(1)-O(1) 1.490 (8) 1 x S(2)-O(2) 1.475 (19) 

1 × S(2)-O(2)* 1.530 (17) 

(c) The water molecules and the hydrogen bonds 
Ow(1)---H(1) 0"964t (12)/~ H(1)----Ow(1)---H(2) 

0091 ~ (13) 0(2)* --- Ow(1)--- O(1) 
O,o(1)---H(2) 0.978t (9) 0(2) . . . .  Ow(1)--- O(1) 

0.995:~ (10) Ow(1)--H(1) . . . .  O(2)* 
Ow(1) --- 0(2)* 2.635 (17) Ow(1)--H(1) . . . .  0(2) 
O,o(1)---O(2) 2.711 (16) Ow(l)--H(2) . . . .  O(1) 
Ow(1)---O(1) 2.697 (6) 

2 × Ow(2)---H(3) 0"994t (11) ,~, H(3)----Ow(2)---H(3) 
0.994~: (13) O(1) . . . .  Ow(2)--- O(1) 

2 × Ow(2)--- O(1) 2.704 (6) Ow(2)--H(3) . . . .  O(1) 
O,o(3)---H(4) 0.942t ( 2 3 )  H(4)----Ow(3)---H(5) 

0.970~ (25) 0(2) . . . .  O,o(3) --- 0(6) 

Ow(3)---H(5) 0-908t (18) 
0.931~ (20) 

0,o(3) --- 0(2) 2.738 (18) 
O,o(3)--- O(6) 2.767 (12) 

O w(3)mH(4) . . . .  0(2) 
Ow(3)--H(5) . . . .  0(6) 

104"4 (0"6) 
97"2 (0"4) 
92-7 (0"4) 

165-7 (1"1) 
165"5 (1"0) 
168"1 (0"9) 

106.5 (1"5) 
116.8 (0-4) 
171.4 (1.1) 
108.8 (1.8) 
103.8 (0.4) 
100.6 (0.4) 
147-5 (0.9) 
171.4 (1-0) 

t Uncorrected for thermal motion. 
:~ Corrected for thermal motion, assuming that the hydrogen atom 'rides' on the water oxygen atom (Busing & Levy, 1964). 

This correction is somewhat uncertain since there might be some small residual disorder in parts of the structure other than 
the sulphate group and this would affect the anisotropic thermal parameters of the atoms. This point is perhaps valid in particular 
for Ow(2)-H(3) (See Table 4). 
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shows that while C2/m (ordered) can be rejected in 
favour of C2/m (disordered) at a significance level 
lower than 0.5%, the latter cannot  be rejected in 
favour of either C2 or Cm even at a significance level 
of  25%. t  Further,  an examinat ion revealed some poor 
bond-length and bond-angle values for both C2 and 
Cm, as shown in Table 3. Therefore, it was concluded 
that the space group C2/m represents the true sym- 
metry of the structure, which contains a disordered 
sulphate group.,t The complete list of  positional and 
thermal  parameters is given in Table 4. The stretched- 
out contours enveloping 0(2)  and 0(2)* in the pro- 
jection of nuclear scattering density along the c axis 
(Fig. 1) vividly illustrate the disorder of  the sulphate 
group. [It is worth noting that in the X-ray Fourier  
maps  given in Figs. 1 and 3 of Schneider 's paper as 
well as in the other projections of nuclear scattering 
density calculated by us, the peaks for 0(2)  are much 
more diffuse and distorted than for, say, O(1)]. The 
observed and calculated structure factors are compared 
in Table 5 and the bond lengths and bond angles, cal- 
culated using the program ORFFE (Busing, Mart in  & 
Levy, 1964), are given in Table 6. 

Discussion 

A schematic projection of the structure along [010] is 
shown in Fig. 2. The heavy-atom positions are in gen- 
erally good agreement with those in Schneider 's (1961) 
structure, except for the disordered sulphate oxygen 
atoms. The two manganese ions are octahedrally co- 

t For a discussion regarding a choice between C2/m, C2 
and Cm for the structure of thortveitite (Cruickshank, Lynton 
& Barclay, 1962), see Hamilton (1965). 

:I: The disorder seems to correspond very roughly to a 
rotation of the sulphate group by about 20 ° around the 
S(2)O(5) line - 0(2) going into 0(2)* and vice versa and 0(6) 
going into its mirror image. Recently, Cromer, Kay & Larson 
(1967) have interpreted the large anisotropic thermal motion 
of sulphate oxygen atoms observed in NaAI(S04)2.12H20 in 
terms of coupled translational and rotational oscillations. A 
similar interpretation of the present results on K2Mn(SO4)2. 
4H20 (in lieu of the disorder) seems to be ruled out by the 
significance tests described above. 

* It was suggested by the referee that it might be worth 
while to consider a model in the space group C2 in which the 
sulphate group which appears to be disordered in the space 
group C2/rn is 'frozen' into one of the two possible orientations 
while the other atoms are allowed to be in the positions cor- 
responding to the holosymmetric space group (of course, 
such a model is not rigorously valid because the sulphate 
group alone cannot have a symmetry lower than the symmetry 
of the crystalline field surrounding it; however, one can 
conceive of small shifts of the other atoms enough to destroy 
the mirror symmetry and to make one of the sulphate orienta- 
tions energetically more favoured). Isotropic least-squares 
refinement of 16 parameters in this way in the space group 
C2 - 4 scale factors and the positional parameters and isotropic 
temperature factors of O(2), 0(2)* and 0(6) - reduced the 
R value to 0.1482, starting from 0.1492. A comparison with 
the R indices given in Table 1 clearly shows that this 'hybrid' 
model can be rejected. It may be mentioned that the few 
parameters refined here converged close to the values found 
in our earlier more complete refinement in the space group 
C2 referred to in the text. 

ordinated by sulphate and water oxygen atoms and 
the M n - O  distances are in agreement with those found 
in Mn(NH4)2(SO4)2.6H20 (Montgomery,  Chastain & 
Lingafelter, 1966)and MnCI2.4H20 (Zalkin, Forrester 
& Templeton,  1964). The potassium ion has nine 
neighbours at distances ranging from 2.63 to 3-26 A, 
the average being 2.96 A. The (weighted) mean S-O 
distance of 1.478 A in this structure compares well 
with the value of 1.473 A given by Baur (1964) after 
examinat ion of a large number  of sulphate structures. 

All the three non-equivalent  water molecules are 
involved in normal  O - H - - - O  hydrogen bonds. It is 
interesting to note that in C2/m (ordered), the hydro- 
gen H(4) attached to Ow(3) would be perforce involved 
in a bifurcated hydrogen-bond interaction of  the type 

0(2)  
/ /  

Ow(3)-H(4) , the two Ow-- -0(2)  distances being 

0(2)  
3.04 A and the two Ow(3)-H(4)---O(2) angles 145.2 °. 
But the disordering of the sulphate groups has reduced 
one of the distances Ow(3)---O(2) to 2 .74A while 
Ow(3)---O(2)* has increased to 3.38/~, thus eliminat- 
ing the possibility of  a bifurcated hydrogen bond. How- 
ever, this disordering leads to two alternative hydrogen 
bonds involving H(1), viz. Ow(1)-H(1)---O(2) and 
Ow(1)-H(1)---O(2)*, both of which are seen to be sat- 
isfactory from Table 6. 

The coordination of the three water molecules is 
shown in Fig. 3. H2Ow(3) has a trigonal coordinat ion;  
the bisector of  its lone pair  orbitals is directed toward 
the manganese ion Mn(1) and, therefore, it belongs to 
Type D of our classification (Chidambaram,  Sequeira 
& Sikka, 1964). H2Ow(1) has a tetrahedral coordina- 
t ion;  one of  its lone pair orbitals is directed toward 
the potassium ion and the other toward the manganese 
ion Mn(2). The bisector of  the lone pair orbitals of  
H2Ow(2) is directed toward the manganese ion Mn(1); 
but  Ow(2) has, in addition, two potassium neighbours 
at 3.09 A nearly normal  to the plane of the molecule 
leading to an approximately trigonal bipyramidal  co- 
ordinat ion for H2Ow(2). Somewhat similar coordina- 
tions, though with different types of neighbours,  have 
been observed recently in sodium perxenate octa- 
hydrate (Ibers, Hamil ton  & Mackenzie,  1964). The 
coordinat ion types of H2Ow(1) and H2Ow(2) are rel- 
atively rare and no examples of these were known to 
us at the t ime of our classification referred to above. 

While we have introduced disordering in only two 
of the sulphate oxygen atoms, it is inconceivable that  
this disorder is not propagated to other atoms in the 
structure to a small extent. For example, S(2) might  
be slightly off the mirror  plane but attempts to move 
S(2) from the mirror  plane led to a negative tempera- 
ture factor for it and hence were dropped. Similarly, 
an inspection of the thermal  parameters in Table 4 
indicates that Ow(2) is probably a little off the twofold 
axis and that the atoms 0(3) and O(4), as well as the 
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water molecule H(4)Ow(3)H(5) are a little off the mirror 
plane. But it does not seem possible to isolate these 
displacements from the thermal parameters in a sig- 
nificant manner. It may also be mentioned that some 
of the strongest reflexions are affected by secondary 
extinction; but omission of twelve of the former from 
the least-squares refinement did not lead to any sig- 
nificant improvement in the thermal parameters like B2z 
of Mn(1). It is probably the small unallowed residual 
disorder in the structure discussed above that accounts 
for the unsatisfactory thermal parameters. 

We are grateful to Shri S.N. Momin and Shri H. 
Rajagopal for experimental assistance. 
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