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Pal, 1977), A T=15 K (Chevrier & Saint-James, 
1990)]. Another important effect of the deuteration is 
the temperature width of hysteresis: 3.6 K for a 
67 (1)% deuteration compared with 10-30 K for 
MnSiF6.6H20. 

Concluding remarks 

From Table 1 it can be seen that the atomic positions 
are perfectly determined in the average structure 
(space group R3m). Therefore the bond distances 
and the angles between atoms are already well 
known with this approximation. The 'orientational' 
antiphase model explains the unusual features of the 
structure (when the space group P3ml with an R 
factor of R(F)= 0.41 cannot be used), i.e. the exist- 
ence of superlattice reflections and statistical mirrors. 

We now have three correlated models to describe 
the structure of the M fluosilicates (M = Mg, Mn, 
Fe). In going from Mg z+ to Fe 2+, the two ordered 
domains become slightly more complex. Studies on 
Mgt_xFexSiF6.6D20 are now in progress in order to 
understand this evolution. 

I am very grateful to R. Saint-James for prepara- 
tion of the crystals. 
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Abstract 

[NH3(CH3)]sBi2CIIt, Mr = 968"3; for T =  294 K, 
orthorhombic, PCa2l, a = 12.924 (2), b = 14.034 (2), 
c=15-364(2).A,, V =2786.6(6) A 3, Z =4,  Dx= 
2-31 g cm -3, R = 0-032 (wR = 0.033) for 2197 unique 
reflections; for T = 349 K, orthorhombic, Pcab, a = 
13.003 (2), b = 14.038 (3), c = 15.450 (2) A, V= 
2820.1 (7) A 3, Z = 4, Dx = 2.28 g cm-3, R = 0.044 
(wR = 0.037) for 1219 unique reflections. In the high- 
temperature phase ( T =  349 K), Bi2CI~;- anions are 
centrosymmetric bioctahedra and three of the five 
methylammonium cations are disordered. In the 
ferroelectric phase (T = 294 K), BizClll bioctahedra 
are severely distorted and two of the methylammo- 

0108-7681/91/020228-07503.00 

nium cations are still disordered. The packing is 
strengthened by N--H...C1 hydrogen bonds between 
anions and cations. Ordering of the methylammo- 
nium cations in the ferroelectric phase leads to new 
hydrogen-bond formation which is responsible for 
the high dipolar properties of this compound. 

Introduction 

Alkylammonium halogenoantimonate(III) and bis- 
muthate(III) salts show a number of interesting 
properties arising from the possibility of rotational 
motion of the cations. Most of these compounds 
display a sequence of phase transitions and some 

© 1991 International Union of Crystallography 



J. LEFEBVRE, P. CARPENTIER AND R. JAKUBAS 229 

show an important polar character (Jakubas & 
Sobczyk, 1990). A new member of this family, 
pentakis(methylammonium) undecachlorodibismu- 
thate(III), [NH3(CH3)]5Bi2CI,1 (hereafter abbreviated 
to PMACB), has recently been synthesized by 
Jakubas (1989). From dielectric permittivity meas- 
urements and calorimetric studies, it is found that as 
the temperature is decreased, there is a para-  
ferroelectric phase transition at Tci = 307 K. The 
temperature dependence of the spontaneous polari- 
zation is typical of a second-order phase transition. 
In particular, the dielectric constant along the polar c 
axis has a value of the order of 5 x 10 3 at Tcl. In the 
low-temperature range, a second continuous phase 
transition appears at Tc2 = 160 K (Jakubas, Sobczyk 
& Lefebvre, 1989). Pyroelectric studies revealed the 
low-temperature transition for PMACB (Mroz & 
Jakubas, 1990) to be of the ferro-ferroelectric type. 

The bromine analogue, [NH3(CH3)]5Bi2Brll, exhi- 
bits the same para-ferroelectric phase transition as 
PMACB (Jakubas & Sobczyk, 1989), and recently its 
structure has been solved in the ferroelectric phase 
(Matuszewski, Jakubas, Sobczyk & Gtowiak, 1990). 
Some methylammonium cations display a partial 
disorder which could be the origin of the high value 
of the dielectric constant. 

In this paper, the structures of the high- 
temperature phase ( T =  349 K) and the ferroelectric 
phase (T = 294 K) of PMACB have been solved. The 
mechanism of the phase transition is given and 
related to the important polar character of this com- 
pound. 

Experimental 
PMACB was prepared by reaction of (BiO)2CO3 
with CH3NH3C1 in concentrated HCI. It was purified 
by repeated crystallization. Single crystals were 
grown from dilute HC1. The composition of the 
compound was determined by elemental analysis. 

Because of the high absorption of PMACB, the 
single crystals used for X-ray diffraction were of a 
spherical shape, achieved by polishing samples using 
a specially designed device. Two different single crys- 
tals were used for data collection at 294 and 349 K 
(diameters 0.21 and 0.19 mm, respectively). 

Intensity measurements were performed using an 
Enraf-Nonius CAD-4 X-ray automatic diffractom- 
eter. The incident X-ray beam [A(Mo Ka)= 
0.7107A] was monochromatized with a pyrolitic 
graphite crystal. For measurements at 349 K, a 
device with a controlled gas stream was used 
(Tuinstra & Fraase Storm, 1978). The temperature 
stability was better than 1 K. Unit-cell dimensions at 
the two temperatures were refined from the position 
of 25 reflections in the range 15 < 20 < 22 °. w--20 
The scan mode was used with scan width Zko = (0.50 

Table 1. Data collection and refinement parameters 

H i g h - t e m p e r a t u r e  F e r r o e l e c t r i c  
p h a s e  (349 K)  p h a s e  (294 K)  

Space group Pcab Pca2~ 
Z 4 4 
a (A) 13.003 (2) 12.924 (2) 
b (A) 14.038 (3) 14.034 (2) 
c (A) 15-450 (2) 15.364 (2) 
V (A 3) 2820" I (7) 2786.6 (6) 
Dx (g cm - 3) 2.28 2.31 
No. of  measured reflections 5000 8151 
No. of  observed reflections 1219 2197 

[I > o(/)] 
/z (era-s) 134-8 136.6 
/zr 1-3 1.4 
Transmission factor (maximum) 0.190 0.17 I 
Transmission factor (minimum) 0.165 0.14 I 
No. of  parameters 114 205 
R 0-044 0-032 
wR* 0.037 0-033 
h , k , l r a n g e  O<-h ~ - 18 - 1 8 ~ h -  ~ 18 

0 ~ k ~  19 0 ~ - k ~  19 
0 " ~ / ~  21 0 < / ~  18 

dp  (e A - ~) 1.5 1.2 
- 1.0 - 0.9 

S 5.2 3.0 

* W e i g h t i n g  s cheme :  w = [o-2(F) + 1 0  4F2]- ~. 

+ 0.34tan0) ° and in the range 2 < w < 30 ° (0-05 < 
sinw/A < 0.70 A-1). The scan speed was adjusted to 
obtain ~r(1)/I = 0"03 with a maximum counting time 
of 3 min. Three orientation control reflections were 
checked every 100 reflections. Intensities of three 
standard reflections were measured every 2 h at room 
temperature and at 1 h intervals at 349 K. A decay of 
7% and 3% was observed at room temperature and 
349 K, respectively. Corrections were applied using 
the SDP program (B. A. Frenz & Associates Inc., 
1985). 

Crystal data and details of the structure refinement 
are reported in Table 1. The intensity data were 
corrected for Lorentz-polarization factors. A spheri- 
cal absorption correction was applied (SDP pro- 
gram). In order to check the sphericity of the single 
crystal, equivalent h,k,l and h,k,l reflections were 
systematically measured at room temperature. The 
agreement factor, when averaged values were calcu- 
lated, was 0.026 for the structure factors of 
'observed' reflections. Scattering factors of neutral 
atoms were approximated using the analytical 
expression, with ai, bi and c; coefficients, from Inter- 
national Tables for X-ray Crystallography (1974, Vol. 
IV). Anomalous-dispersion effects for heavy atoms 
were taken into account (Cromer & Liberman, 1970). 
The maximum shift in the last cycle was less than 
0.1tr. 

At room temperature the unit cell is ortho- 
rhombic. From the density, Dm -- 2"31 g cm-3, meas- 
ured by a flotation technique, it can be deduced that 
there are four molecules of PMACB per unit cell. 
Systematic absences of Okl reflections for l odd and 
hOl reflections for h odd lead to Pcam or Pea21 as 
possible space groups. From dielectric measurements 
it is known that PMACB is polar at room tempera- 
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Table 2. Positional parameters ( × 104.) and equivalent 
isotropic temperature factors (A 2 × 103) 

U~q = ]trace(U). 

x y z U~q 
349 K 
Bi - 1622 (1) 
c i ( i )  o 
C1(2) - 575 (4) 
C1(3) - 2637 (4) 
C1(4) - 2958 (4) 
C1(5) - 558 (4) 
C1(6) - 2701 (5) 
N(I) -857  (18) 
N(2) 1762 (23) 
N(2)' 1850 (38) 
N(3) 79 (48) 
C(I) 88 (19) 
C(2) 1930 (49) 
C(2)' 2202 (44) 
C(3) 124 (42) 

294 K 
Bi(1) - 1696 (I) 
Bi(2) 1570 (1) 
Cl(l) - 83 (4) 
C1(12) - 674 (3) 
CI(13) - 2701 (4) 
C1(14) - 3007 (4) 
CI(15) - 6 1 0  (4) 
C1(16) -2889 (4) 
C1(22) 461 (4) 
C1(23) 2638 (4) 
C1(24) 2944 (4) 
C1(25) 541 (4) 
C1(26) 2534 (4) 
N(II)  - 9 0 7  (12) 
N(21) - 884 (16) 
N(12) 1737 (14) 
N(12)' 1810 (57) 
N(22) 1792 (32) 
N(22)' 1778 (23) 
N(3) - 136 (13) 
C(11) 120 (16) 
C(21) 88 (15) 
C(12) 1984 (20) 
C(12)" 1348 (95) 
C(22) 2031 (48) 
C(22)' 2212 (35) 
C(3) - 20 (18) 

822 (1) 1091 (I) 47 (1) 
0 0 77 (12) 

2487 (4) 1144 (3) 72 (8) 
- 858 (4) 1046 (3) 81 (8) 
1522 (4) 2122 (3) 104 (8) 

194 (5) 2478 (4) 97 (9) 
1433 (4) -275  (3) 102 (9) 
2679 (16) 3222 (1 I) 125 (39) 
1466 (19) 932 (21) 75 (48) 

180 (42) 1609 (31) 92 (91) 
4533 (41) 403 (50) 164 (31) 
2629 (23) 3671 (14) 107 (48) 

801 (46) 1627 (30) 111 (19) 
1045 (39) 1317 (39) 60 (20) 
5172 (46) - 3 2 4  (37) 76 (18) 

826 (1) 1010 41 (1) 
-811 (I) - 1179 (1) 44 (1) 

40 (6) 21 (5) 66 (6) 
2521 (3) 1096 (3) 58 (5) 

- 8 3 6  (3) 1157 (4) 71 (7) 
1554 (4) 2147 (3) 83 (6) 
291 (4) 2490 (4) 86 (8) 

1373 (4) -281 (3) 82 (7) 
-2404 (4) - 1227 (4) 74 (7) 

886 (3) - 937 (4) 67 (6) 
- 1488 (4) -2109 (4) 95 (7) 

- 97 (4) - 2502 (4) 84 (7) 
- 1479 (4) 294 (4) 90 (7) 

2713 (11) 3200 (11) 83 (25) 
7605 (17) 1692 (18) 113 (36) 
1506 (15) 893 (14) 82 (7) 

192 (57) 1763 (52) 50 (24) 
6445 (29) 3958 (23) 58 (13) 
5249 (26) 3459 (18) 64 (9) 
4719 (20) 399 (17) 142 (39) 
2572 (18) 3690 (13) 104 (33) 
7774 (20) 1350 (15) 165 (44) 

823 (21) 1661 (18) 85 (7) 
1127 (65) 1954 (85) 78 (41) 
5697 (50) 3426 (32) 73 (14) 
6116 (32) 3805 (30) 72 (11) 
5390 (18) -232  (21) 88 (38) 

ture (Jakubas, Sobczyk & Lefebvre, 1989) and hence 
its space group is Pca21. In the high-temperature 
phase, the unit cell is also orthorhombic, with almost 
the same lattice parameters as at room temperature 
(except for thermal expansion), and Z = 4. The two 
previous systematic absences are also present in this 
phase and a third one appears: hkO for k odd, 
leading to the centrosymmetric space group Pcab. [In 
order to have consistent atomic coordinates between 
the two phases, the symmetry operations of  Pca21 
differ somewhat from those given in International 
Tables for X-ray Crystallography (1952, Vol. 1). They 

1 1 - -  "1 1 - -  1 a r e : x , y , z ; - x , ~ - y , ~ ± z ; ~ - x , y , ~ ± z ; ~ + x , ~ -  
y, z.] 

All calculations were performed using SHELX76 
(Sheldrick, 1976). For the room-temperature struc- 
ture, Patterson synthesis allows the position of  the Bi 
atoms to be determined. From successive difference 
syntheses, all C1, and then C and N, atoms can be 
located. In order to determine the H-atom positions, 
a new difference synthesis was calculated which 

Table 3. Bond lengths (,~) and angles (°) in PMACB, 
& the high-temperature phase (T = 349 K) and in the 

ferroelectric phase (T = 294 K) 

High-  
temperature  Ferroelectric  phase  

phase  i = I 
Bi(0--421(1) 2.937 (1) 2.807 (7) 
Bi(i)--CI(t2) 2.706 (5) 2-724 (5) 
Bi(i)--Cl(i3) 2.704 (5) 2-679 (5) 
Bi(i}----CI(i4) 2.553 (5) 2-639 (5) 
Bi(i)-----CI(i5) 2.699 (5) 2-776 (6) 
Bi(i)----421(i6) 2-675 (5) 2.627 (5) 

N(il)---C(il) 1-41 (3) 1.54 (3) 1.38 (3) 
N(t2)--C(R) 1.44 (4) 1.55 (4) 1-37 (8) 
N02)'---C02)' 1.37 (5) 1-47 (13) 1.44 (6) 
N(3)--C(3) 1.44 (5) 1-36 (4) 

CI(1)--Bi(D---CI(R) 89.7 (1) 90.5 (2) 88-2 (2) 
CI(I)---Bi(t)----CI(i3) 89.6 (1) 93-6 (2) 86.1 (2) 
CI(I)---Bi(,)-----CI(i4) 176.4 (1) 171.0 (2) 178.2 (2) 
CI(1)----Bi(i)---CI(i5) 87.6 (1) 87.8 (2) 87.9 (2) 
CI(1)---Bi(ff--CI(i6) 92.8 (1) 98.2 (2) 87.4 (2) 
CI(z2)---Bi(i)----CI(,3) 179-0 (2) 172.4 (1) 173.4 (2) 
Cl(i2)---Bi(i)----Cl(i4) 89.5 (2) 86.6 (I) 92.9 (2) 
CI(R)---Bi(i)---CI(i5) 90.0 (2) 87.2 (2) 91.5 (2) 
CI(z2)---Bi(i)---CI(i6) 90.6 (2) 93.8 (2) 88.9 (2) 
CI(t3)----Bi(i)---CI(i4) 91.1 (2) 88.3 (2) 92.9 (2) 
C103)---Bi(i)--CI(i5) 89.2 (2) 86.6 (2) 91.6 (2) 
CI03)---Bi(i)---CI(i6) 90.2 (2) 91.9 (2) 87-5 (2) 
Cl(i4)---Bi(i)--Cl(i5) 88-8 (2) 83.5 (2) 93.6 (2) 
Cl(i4)----Bi(i)--Cl(i6) 90.7 (2) 90.6 (2) 91.1 (2) 
Cl(i5)--Bi(i)---Cl(i6) 179.2 (2) 173-9 (2) 175.3 (2) 
Bi(1)---CI(l)--Bi(2) 180.0 175.7 (3) 

Relat ive  
i =  2 v a r i a t i o n  ( % ) *  

3.063 (7) 8.7 
2.657 (5) 2.5 
2.777 (4) 3.6 
2.469 (5) 6-6 
2.628 (6) 5.5 
2.748 (6) 4-5 

* The  relative variat ion o f  bond  lengths  is g iven by r = [2 d B , , ) c , ~ j ~ -  

produced some peaks near two of  the five methyl- 
ammonium cations. However, these peaks do not 
correspond to H atoms but to orientational disorder 
of two of  the methylammonium cations. The z coor- 
dinate of  one of  the Bi atoms is fixed. All ordered 
atoms have been refined using anisotropic tempera- 
ture factors; for disordered atoms, thermal motions 
were assumed to be isotropic. 

In order to solve the structure of the high- 
temperature phase, the central C1 atom is defined as 
being located at the centre of  inversion and the 
starting coordinates for all other heavy atoms are 
those obtained at room temperature; C and N atoms 
are removed in the first instance. Because the unit 
cell contains 20 methylammonium cations and the 
degree of  symmetry of the space group is eight, four 
methylammonium cations must be disordered with 
an occupancy probability of  0-5. A difference syn- 
thesis allowed all the C and N atoms of the five 
methylammonium cations to be located, three of  
which are found to be disordered: the two which 
were already disordered in the ferroelectric phase 
(now related to each other by the inversion centre) 
and a third for which the disorder can be deduced by 
symmetry arguments. Attempts were made to refine 
all atoms using anisotropic temperature factors. 
However, for most of  the disordered atoms, strong 
correlations between variable parameters meant that 
finally four atoms had to be refined using isotropic 
temperature factors [C(20, C(2'), N(3) and C(3)]. 
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Results and discussion 

Final atomic coordinates and equivalent temperature 
factors for the two phases are presented in Table 2.* 
Bond lengths and bond angles are given in Table 3. 
A drawing of the Bi2CI~- anion in the ferroelectric 
phase, using ORTEPII (Johnson, 1976), is presented 
in Fig. 1. Numbering of the Bi and C1 atoms is 
shown in this figure. Examples of projections of the 
unit-cell contents along a and b for the high- 
temperature phase are given in Fig. 2. The same 
projections for the ferroelectric phase are presented 
in Fig. 3. Numbering of atoms for the methylammo- 
nium cations is as follows: an atom of the high- 
temperature phase, called A(/), generates two atoms 
in the room-temperature phase A(lj) and A(2j). For 
disordered methylammonium cations the two equi- 
librium positions are labelled by primed and 
unprimed atoms with the same numbering. 

For the two phases the final difference synthesis 
exhibits important peaks and holes in the residual 
electron density. These peaks and holes are all 
located around the Bi atoms where the assumption 
of spherically symmetric electron density seems to be 
incorrect. For example, all peaks greater than 
0.75 e A, -3 are located at approximately 1A from 
the Bi atoms. As a consequence, the positions of the 
H atoms cannot be found and the ionic character of 
the Bi and CI atoms cannot be determined. 

As shown in Fig. 1, the Bi2CI~- anion forms a 
bioctahedron with a common CI atom [CI(1)]. In the 
high-temperature phase this bioctahedron is centro- 
symmetric with CI(1) located at the inversion centre. 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 53601 (27 pp.). 
Copies may be obtained through The Technical Editor, Interna- 
tional Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England. 

CLI5 

Fig. 1. ORTEPII view of the BizCl~t bioctaedra in the ferroelectric 
phase (T = 294 K). 

As for the Bi---CI bonds, the bridging Bi---CI(1) 
bond is longer (2.937 A) and the Bi--CI(4) bond 
shorter (2.553 A) [along the direction of the Bi--  
CI(1) bond] than the other four terminal bonds 
(average value 2.70 A,). Most of the bond angles have 
values near 90 or 180 °, as expected for a perfect 
octahedron, and all atoms of this anion lie in two 
perpendicular planes [only C1(4) is 0.12 A out of one 
of the two planes]. By way of contrast, at room 
temperature, the Bi2CI~- anion undergoes an impor- 
tant distortion. Firstly, the distance between the 
centre of mass of the ion and the central CI(1) atom 

(a) 

(b) 

Fig. 2. Projection of the unit-cell contents in the high-temperature 
phase (T = 349 K): (a) projection along a and (b) projection 
along b. The dotted lines represent N...CI hydrogen bonds from 
N(1) or N(2), double lines represent N...CI hydrogen bonds 
from N(3). Only atoms near the planes x = 0 [for (a)] and y = 0 
[for (b)] are drawn. 
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is 0.089 A, with an important component along the 
polar c axis. For equivalent Bi--C1 bonds in the 
high-temperature phase, relative variations at room 
temperature range from 2-5 to 8.8% (Table 3); the 
maximum value of these variations corresponds to 
the bridging Bi--CI(1) bond. The bond angles also 
deviate from 90 and 180°: from 83.5 to 98.2 ° on the 
one hand and from 171 to 178.2 ° on the other. In 
particular, the value of the central Bi(1)--CI(1)-- 
Bi(2) angle is 175.7 °. An explanation of these distor- 
tions is given below. 

In the high-temperature phase, two methylammo- 
nium cations of the PMACB molecule are ordered 
[those generated by N(1)--C(1)] and the other three 
disordered [generated by N(2)--C(2) and N(3)-- 

(o) 

/ 

(b) ,_ 

Fig. 3. (a), (b) Project ion o f  the unit-cell contents  in the ferroelec- 
tric phase ( T  = 294 K) (same capt ion as for  Fig. 2). 

Table 4. Characterization of the disorder of methyl 
ammonium cations 

Occupancy 
probability 

of unprimed atoms 

Reorientational 
process 

Rotation ('3 Translation (/~) 
349 K 
Methylammonium (2) 0.60 (5) 140 0.82 (15) 
Methylammonium (3) 0.50 180 0.51 (19) 

294 K 
Methylammonium (12) 0.84 (3) 119 1.20 (20) 
Methylammonium (22) 0-40 (6) 141 0.56 02) 

C(3)]. This type of disorder has been suggested in the 
case of the bromine analogue [NH3(CH3)]sBi2Brlz 
(Matuszewski et al., 1990) at room temperature, but 
it could not be characterized by the authors. This 
type of disorder consists of two equilibrium positions 
for each methylammonium cation between which the 
cation can jump. Table 4 gives the characteristics of 
reorientational motions for each disordered methyl- 
ammonium cation. The translation calculated in this 
table is the distance between the centres of the C- -N 
bonds corresponding to the two equilibrium posi- 
tions. 

In the ferroelectric phase, at room temperature, 
methylammonium (3) becomes ordered. In fact, it is 
not realistic to think that this cation, which is dis- 
ordered in the high-temperature phase, suddenly 
becomes ordered when the transition is crossed, but 
rather that a progressive ordering becomes estab- 
lished as the temperature decreases. Nevertheless, at 
294 K (To- 13 K), no significant residual electron 
density appears in the neighbourhood of this methyl- 
ammonium cation and for this reason, it has been 
considered as completely ordered. The two methyl- 
ammonium cations corresponding to cation (2) of 
the high-temperature phase are still disordered. The 
occupancy probability of cation (12) increases with 
respect to its value at 349 K, whereas it decreases for 
cation (22). (For the ferroelectric phase, the values of 
occupancy probabilities given in Table 4 correspond 
to the equilibrium position with an occupancy prob- 
ability of 0"60 at high temperature.) 

In the two phases the C- -N bond lengths vary 
considerably, ranging from 1.37 to 1.55A. For 
methylammonium cations, the values usually found 
in the literature for this bond are: 1.56 A (Schlimper 
& Ziegler, 1972), 1.47 A (Khan & Tuck, 1981) and 
1-44 A (Caputo & Willet, 1981). The smaller values 
obtained in the present work seem to be a conse- 
quence of either orientational disorder of the cations 
or the large vibrational thermal motion. For 
example, shortening of the C--N bond length of 
methylammonium (21) is due to this effect. 

Packing in the two phases can be summarized in 
the following way: bioctahedra of Bi2Cl~-anions are 
approximately located at the corner and at the centre 
of each face of the cell. The methylammonium 



J. LEFEBVRE, P. C A R P E N T I E R  A N D  R. JAKUBAS 233 

Table 5. S e l e c t e d  C1...N d i s tances  ( A )  

349 K 
CI(2). . .N(I)  3.24 (3) CI(4). . .N(T") 3.10 (9) 
CI(3). . .N(I ')  3.30 (5) C1(6)...N(2 '"~) 3.26 (10) 

CI(2).-.N(3) 3.21 (10) 

Symmetry code: ( i )  x ,  y - ~, ~ - z;  ( i i )  x - ~, - y ,  ~ - z;  ( i i i )  - x ,  - y ,  - z .  

249 K 
CI(12)...N(1 I) 3.26 (3) C1(22)-.-N(21') 3.26 (4) 
C1(23)...N(11 ~) 3.26 (4) C1(13)..-N(21") 3.31 (5) 
C1(23)...N(12) 3.17 (4) C1(22)...N(22') 3.22 (7) 
C1(14)...N(12'") 3.35 (4) C1(24)...N(22 'v) 3.35 (7) 
CI(24)...N(12v) ' 2.95 (13) C1(14)...N(22"')" 3-25 (6) 
C1(15)...N(12)' 3.32 (t I) C1(I)...N(22')" 3.27 (6) 

C1(16)..-N(22')' 3.32 (7) 
CI(25).. .N(Y) 3.31 (4) 
C1(12)..-N(3) 3.34 (5) 

Symmetry code: (i) - x, ~ - y, z - ~; (ii) x, y - 1, z; (iii) x - ~, ~ - y, z," (iv) 
- x , y -  1, z- ]; (iv) ~ - x , y ,  z -  ]. 

cations lie between two Bi2Clll bioctahedra: for 
methylammonium (il) they are, approximately, 
along the (01 l) and (011) directions, for methylam- 
monium (i2) they lie along (101) and (101) and, 
finally, for methylammonium (3) are located in the 
middle of each edge of the cell. Table 5 gives the 
C1...N distances less than 3.35 A and corresponding 
to possible hydrogen bonds: a weak N--H...C1 
hydrogen bond has a length of the order of 3.22/~, 
(Pimentel & McClellan, 1960; Schlimper & Ziegler, 
1972). In the high-temperature phase, for the ordered 
methylammonium cation (1), its N atom is involved 
in two hydrogen bonds with a Cl atom from each of 
its two nearest neighbour Bi2CI11 anions (see Fig. 
2a). In the ferroelectric phase, the interactions are 
almost the same with the two non-equivalent methyl- 
ammonium cations (11) and (21) (Fig. 3a), these two 
cations not being involved in the phase-transition 
mechanism. 

The situation is not so clear in the case of methyl- 
ammonium cations (i2), which are disordered in both 
phases. In the high-temperature phase and for the 
more-occupied equilibrium position, there is no 
hydrogen bond; for the other position there are two 
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Fig. 4. Spontaneous polarization as a function of temperature. 

hydrogen bonds with the nearest neighbour Bi2Cll~ 
anions (Fig. 2b). When the transition takes place, the 
hydrogen bonds are different for the four possible 
equilibrium positions. Some new hydrogen bonds 
appear in this phase, as for example, is the case for 
C1(1)...N(22') (Fig. 3b). Nevertheless, as these 
methylammonium cations are disordered in both 
phases, they cannot be responsible for the phase 
transition. 

Finally, methylammonium (3) is disordered in the 
high-temperature phase and is involved in the hydro- 
gen bond C1(2)...N(3). In the ferroelectric phase, this 
cation becomes ordered and forms the new hydrogen 
bond C1(25)...N(3) (Fig. 3). This bond is essentially 
oriented along c and consequently is responsible for 
the strong polar character of the ferroelectric phase. 
As mentioned previously, ordering of this methylam- 
monium is not complete when the transition takes 
place and the probability of finding it in an orienta- 
tion called 'up'  (shown in Fig. 3) is p(3), with 0.5 < 
p(3) < 1. Likewise, there is a probability p(3) for a 
similar C1(25)...N(3) hydrogen bond, and a probabil- 
ity [1 -p(3)]  for a CI(15).--N(3) hydrogen bond corre- 
sponding to an orientation 'down'. On the other 
hand, if, in the PMACB unit cell, the contribution to 
the dipole moment  can be reduced by adding this 
hydrogen bond (contributions from all other hydro- 
gen bonds vanish), the component of the molecular 
dipole moment along c, and consequently, the spon- 
taneous polarization, is proportional to 2p(3) -1 .  
This spontaneous polarization has been measured by 
Jakubas, Sobczyk & Lefebvre, (1989) in the 
transition-temperature region (Fig. 4). The occu- 
pancy probability p(3) at 294 K, deduced from this 
measurement, is 0.89. Therefore, it is not surprising 
that the 'down' orientation is not observed for this 
cation. 

As stated above, the BizClll bioctaedra show sig- 
nificant distortion in the ferroelectric phase. Firstly, 
it should be noted that the sum of the two Bi(i)-- 
CI(1) bond lengths is constant for both phases: 
5.874 (2)]k at 349 K and 5.870 (14)A at room tem- 
perature. Secondly, distortion of the two bridging 
bonds is due to a displacement of the central CI(1) 
atom which is involved in a hydrogen bond only 
present in the ferroelectric phase. The same conclu- 
sion can be drawn concerning C1(i4), C1(i5) and 
C1(i6), where equivalent atoms have very different 
neighbourhoods in the ferroelectric phase. By con- 
trast, C1(i2) and C1(i3) are involved in approximately 
the same hydrogen bonds in both phases and the 
distortions are smaller. 
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Abstract 

3CdBr2.C~oH2oOs, Mr = 1036.9, monoclinic, P2~/c, a 
= 7.535 (6), b = 14-452 (17), c = 11.771 (12) A, r =  
116.54 (2) °, V = 1147 (2)/~3, Z = 2, Dx = 
3.00 g cm-3, Mo Ka, A = 0.71073 A, /z = 
131.2 c m -  1, F(000) = 948, T = 295 K, R(F) = 0"036 
for 1234 reflexions [I_> 30"(/)] and 105 variables. 
3CdC12.CIoH20Os, ordered structure, Mr=770"2,  
monoclinic, P2~, a = 7 . 2 1 7 ( 1 ) ,  b = 14.235(2), c = 
11.255 (1) A, fl = 115.835 (8) ° , V =  1040.7 (2) A, 3, Z 
= 2, Dx = 2.46 g c m -  3, Mo Ka, F(000) = 732, T = 
295 K. 3CdC12.C~oH2oOs, disordered structure, 
second data set, Mr = 770.2, monoclinic, P2~/c, a = 
7.231(3), b =14.331(21) ,  c - -11 .284(7)  A, r =  
116-00 (2) °, V = 1051 (2) ]k 3, Z = 2, Dx = 
2.43 g c m -  3, Mo Ka, /z = 37"9 cm-  ~, F(000) = 732, 
T = 2 9 5  K, R(F)=0-035  for 2285 reflexions [ I >  
30-(/)] and 105 variables. 3CdC12.CloH2oOs, dis- 
ordered structure, third data set, Mr = 770.2, mono- 
clinic, P21/c, a=7"236(4 ) ,  b=14"417(46) ,  e = 
11.312(13)A, f l =  116.05(5) ° , V = 1060(4)A 3, Z =  
2, Dx = 2.41 g cm -3, Mo K a , / z  = 37.6 cm - l ,  F(000) 
-- 732, T--  295 K, R(F) = 0-041 for 2073 reflexions [I 
> 30.(/)] and 105 variables. 3CdC12.C~oH2oOs, dis- 
ordered structure, fourth data set, Mr=770 .2 ,  
monoclinic, P2~/c, a = 7.249 (1), b = 14.521 (19), c -- 
11.350 (5) A, f l =  116.15(3) °, v =  1072 (2) A 3, z =  
2, Dx = 2.38 g cm-3, Mo K a , / z  = 37.1 cm-1, F(000) 
-- 732, T--  293 K, R(F) -- 0.054 for 1862 reflexions [I 
> 3tr(/)] and 105 variables. 3CdClz.C10HzoO5, dis- 

* 1,4,7,10,13-Pentaoxacyclopentadecane. 
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ordered structure, fifth data set, Mr = 770.2, mono- 
clinic, P2jc ,  a = 7 . 2 5 1 ( 1 ) ,  b=14 .560(19) ,  c = 
11.360 (5) A, r =  116.19(3) °, V= 1076 (2) A 3, z =  
2, Dx = 2-38 g cm-3, Mo Ka, # = 37.0 cm-~, F(000) 
= 732, T = 293 K, R(F) = 0.060 for 1713 reflexions [I 
> 30.(/)] and 105 variables. For the disordered struc- 
tures, i.e. the bromide and data sets 2-5 for the 
chloride, the cell dimensions are the mean of those 
measured before and after the intensity measure- 
ments. The compounds are isostructural; both con- 
tain trigonaI and pentagonal bipyramidally 
coordinated Cd atoms which are linked by halogen 
bridges to form sheets perpendicular to b. The Cd 
atom at the centre of the crown ether, which is 
disordered, is bonded by strong C d - - O  bonds 
[Cd--O 2-22 (2) to 2.38 (2)A in the bromide and 
2.239 (5) to 2.404 (6)]k in the chloride]. The axial 
Cd- -Br  bonds [2.812 (3) to 2.878 (2)A] are longer 
than the equatorial Cd- -Br  bonds [2.623 (2) to 
2.640 (2)A]. The axial Cd--C1 bonds range from 
2.651 to 2.691 (1)A and the equatorial Cd---C1 
bonds from 2.508(1) to 2.535(1)A. Both com- 
pounds suffer radiation damage which results in 
changes in the cell dimensions during data collection 
and, for the chloride, a phase transition occurs in 
which the crown becomes disordered and the space 
group changes from P21 to P21/c. 

Introduction 

The dihalides of cadmium and mercury form 1:1 
complexes with 18-crown-6 ether (18C6) in which the 
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