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structures que nous avons d6crites: InlsSnTS34 (Likfor- 
man et al., 1987) et In14SnsS26 (Likforman et al., 
1988) un semblable ph6nom6ne existe, les structures 
diff6rent les unes des autres par la nature de l'assem- 
blage de ces rubans de sept octa6dres. 

Un autre trait commun a ces trois structures est 
l'environnement des atomes d'&ain divalent qui se 
trouvent toujours ~ l'int6rieur de prismes dicap6s situ6s 
entre les rubans d'octa6dres InS 6, certains de ces 
prismes n'&ant occup6s que partiellement. 
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Abstract. [NH416[Sb4F12(SO4)3]' M~ = 1111.4, trigonal, 
P3, a = 17.07 (1), c = 7.515 (8) A, V =  1896 (1) A 3, 
Z = 3, D m=2.90,  D x= 2.92 g cm -3, ~.(MoKa)= 
0.71069 A,/z = 46.7 cm -1, F(000) = 1566, T =  300 K, 
R -- 0.0442 for 8711 observed reflections. There are six 
crystallographically independent Sb atoms in the unit 
cell, three of them located on threefold axes and the 
remaining three in general positions. Each Sb atom is 
six-coordinated, the Sb atom on the threefold axis has 
three F and three O atoms at the corners of the 
coordination octahedron whereas the Sb atoms in the 
general positions coordinate four F [and two O atoms. 
The structure consists of three crystallographically 
independent polymeric chains which have been linked in 
a three-dimensional network by the N - H . . . O  and 
N- -H. . .F  interactions. The chirality of one of the 
chains is opposite to that of the other two. 

Introduction. It is known (Grigas, Davydovitch & 
Urbonavichus, 1978; Agarwal & Chand, 1985)that 
sulfate fluoride compounds of tervalent antimony with 
ammonium and alkali metals, crystallizing in the 
composi t ion M6[Sb4F12(SO4) 3] ( M = R b ,  Cs, NH4), 
exhibit interesting physical properties. Davydovitch, 

0108-2701/88/081342-04503.00 

Zemnukhova & Sigula (1973) reported that these 
compounds belong to the hexagonal system with Z -- 3. 
The IR spectra - almost identical for the three 
compounds - suggested that the structures are iso- 
morphous (Davydovitch, Sergyenko, Zemnukhova, 
Kharitonov & Kostin, 1974). The NQR experiments 
performed by Davydovitch, Zemnukhova & 
Kravchenko (1974) indicated that there are four types 
of Sb atoms in the unit cell. Dielectric studies (Grigas et 
al., 1978) revealed anomalies on the e' and e"  curves in 
the temperature ranges 240-260 and 235-240 K for 
the NH 4 and Rb compounds, respectively. These 
authors stated that the room-temperature phase is 
paraelectric. It was suggested that below the transition 
temperature the crystal transforms to another polar 
phase. The EPR and optical absorption studies of the 
vanadyl-ion(VOE+)-doped single crystal of [NH4]6[Sb 4- 
FI2(SO4) 3] indicated a phase transition at 256K 
(Agarwal & Chand, 1985). A lack of detailed struc- 
tural data has hindered further explanation of the 
physical properties of the crystal. This X-ray structure 
determination at room temperature was undertaken as 
part of our studies of the phase transition in this 
material. 
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Experimental. Color l e s s  p r i sma t i c  c rys ta l s  o f  [NH4] 6- 
[Sb4FI2(SO4) 3] were  ob ta ined  by  C z a p l a  ( 1 9 8 6 ) b y  slow 
e v a p o r a t i o n  f rom an a q u e o u s  so lu t ion  o f  [NH4]2SO 4 
and  S b F  3 in m o l a r  ra t io  3 :4 ;  D m de te rmined  by f lo ta t ion  
in C H B r 3 / C B r  4 mixture .  T r igona l  s y s t e m  and  Laue  
class  C3i u n e q u i v o c a l l y  de te rmined  f rom W e i s s e n b e r g  
p h o t o g r a p h s ,  lack  of  s y s t e m a t i c  absences  ind ica ted  
space  g roups  P3  or  P3 .  A smal l  spec imen  was  cut  
f rom a large c rys t a l  and  shaped  into an  a p p r o x i m a t e  
sphere  (2R = 0 . 3 5 m m )  by  pol i sh ing  wi th  b lo t t ing  
paper  mo i s t ened  in water .  Syn t ex  P21 d i f f rac tomete r ,  
g raph i t e  m o n o c h r o m a t o r ,  lat t ice p a r a m e t e r s  refined by  
leas t - squares  fit o f  15 ref lect ions in r ange  21 < 20_< 
26 °. A to ta l  o f  13573  ref lect ions m e a s u r e d  below 
2 0 =  65 °,  hkl r ange :  h 0 to 24, k - 2 5  to  25 and  l - 1 1  
to 1 1, 0 / 2 0  scan  t echn ique ,  two  s t a n d a r d  ref lect ions 
m e a s u r e d  af ter  eve ry  50 ref lect ions,  va r i a t ion  + 1 3 %  
c o n n e c t e d  wi th  a p p a r a t u s  ins tab i l i ty  dur ing  20 d of  d a t a  
col lec t ion;  no ind ica t ions  o f  c rys ta l  decay .  A b s o r p t i o n  
cor rec t ion  appl ied  as for spher ica l  c rys t a l  wi th  gR  
= 0.8 .  E q u i v a l e n t  ref lect ions ave raged  giving a set o f  
9021 ref lect ions wi th  F(hkt) and  F (hk ] )  (Bi jvoet  pa i rs  
no t  ave raged)  o f  wh ich  8711 wi th  I o > 2a(1 o) used in 
final re f inement ;  R in t = 0-035 .  

T h e  choice  o f  the  n o n c e n t r o s y m m e t r i c  space  g roup  
P3 was  o r ig ina l ly  based  on a posi t ive  p iezoelec t r ic  
effect m e a s u r e d  at  r o o m  t e m p e r a t u r e  by  G r i g a s  et al. 
(1978)  and  con f i rmed  by  our  obse rva t i on  o f  opt ica l  
act ivi ty .  S t ruc tu re  solved by  d i r ec t -me thods  p r o g r a m  
MULTAN80  ( M a i n  et al.. 1980). T h e  Sb and  S a t o m s  
were  loca ted  in the  E m a p  with  the  h ighes t  c o m b i n e d  
figures o f  meri t .  T h e  r ema in ing  h e a v y  a t o m s  were  found  
f rom a di f ference Four i e r  syn thes i s .  Re f inemen t  wi th  
SHELX76 (Sheldr ick ,  1976) based  on  F va lues  (Sb, S, 
F and  O an i so t rop ic ,  N isotropic) .  G e o m e t r y  ca lcula-  
t ions  p e r f o r m e d  wi th  Syn tex  ( 1 9 7 6 ) X T L / X T L E  
sys tem.  Empi r i ca l  co r rec t ion  for ex t inc t ion  appl ied  
acco rd ing  to the  f o r m u l a  Fcorr = F(1-XF2sin O) where  
X refined to 2 .2  (6) x 10 -7. ~.wllFo I - I F c l l  2 mini-  
mized,  w =  1/[a2(Fo)+g(Fo)2], refined va lue  o f  g =  
8 . 7 6 2  (2) x 10 -3. F ina l  R = 0 -043 ,  wR = 0 .047 ,  R6  
= 0 .06 ,  for 305 ref ined p a r a m e t e r s  (A/O')ma x = 0 .011 ,  
m i n i m u m  and  m a x i m u m  height  on  di f ference Four i e r  

• m a p  - 1 . 4 3  and  1 . 9 7 e / ~ - 3  in v ic in i ty  o f  Sb a toms ;  
H - a t o m  pos i t ions  were  no t  resolvable .  N e u t r a l - a t o m  
sca t te r ing  fac to r s  inc lud ing  cor rec t ions  for  a n o m a l o u s  
d i spers ion  for all a t o m s  t aken  f rom International 
Tables for  X-ray Crystallography (1974).  C o n o s c o p i c  
f igures and  A i r y ' s  spirals  f rom the sample  used in d a t a  
col lec t ion were  no t  ve ry  sha rp  bu t  identif ied the c rys ta l  
as d e x t r o r o t a t o r y .  H o w e v e r ,  it was  imposs ib le  to 
m e a s u r e  opt ica l  ac t iv i ty  in this  sample  since it was  too  
small  to ob ta in  suff ic ient ly  resolved opt ica l  ro ta t ion .  
Thus ,  the  slices f rom six different  samples  o f  t h i ckness  
f rom 0 .15  to 0 . 4 3  m m  were obse rved  in c o n o s c o p i c  
i l lumina t ion  wi th  a q u a r t e r - w a v e  plate.  E a c h  o f  the  slices 
was  d e x t r o r o t a t o r y .  T h e  angle  o f  opt ica l  ro t a t ion  in the 

Tab le  1. Atomic coordinates and equivalent isotropic 
thermalparameters (A 2 × 10 2) 

Ueq = ](U.. + U22 + U33 + 2U~2cos)'). For N atoms Uiso values are 
given. 

x y z UeQ 
Sb(A) 0.0 0-0 0.40709 (9) 1-88 (2) 
Sb(B) ~ ] 0.77048 (9) 1.78 (2) 
Sb(C) ~ ~ 0.31164 (9) 1-68 (1) 
Sb(2) -0-16260 (3) -0.02780 (2) 0.9100" 1.95 (2) 
Sb(3) 0.46503 (2) 0.82231 (2) 0.26414 (6) 1.87 (1) 
Sb(4) 0.83907 (2) 0.38993 (3) 0.81608 (7) 2.05 (I) 
S(I) -0.16885 (9) -0.19834 (9) 0.1755 (2) 1-97 (5) 
S(2) 0-30499 (9) 0.83539 (9) 0.5348 (2) 1.86 (5) 
S(3) 0.81958 (9) 0.53946 (9) 0.5436 (2) 2.04 (5) 
F(I) -0.1042 (4) -0-0529 (4) 0.5646 (6) 3.5 (2) 
F(2) 0.4349 (4) 0.7385 (4) -0.0710 (8) 4. I (2) 
F(3) 0.6787 (3) 0-4293 (3) 0.1526 (7) 3-6 (2) 
F(21) -0.1911 (4) 0.0368 (3) -0.2683 (6) 3.3 (2) 
F(3 I) 0.4596 (3) 0.9010 (3) 0.0809 (5) 3. I (2) 
F(41) 0.9051 (3) 0.4777 (3) 1-0022 (6) 2.9 (2) 
F(22) -0.2466 (3) -0.0114 (3) 0.0540 (7) 3.4 (2) 
F(32) 0.5356 (3) 0.9319 (3) 0.3979 (6) 2.8 (2) 
F(42) 0.9480 (3) 0.4443 (3) 0-6794 (6) 3.0 (2) 
F(23) -0.2667 (4) -0.1337 (3) 0.8103 (7) 4.1 (2) 
F(33) 0.5785 (3) 0.8490 (4) 0.1544 (6) 3. I (2) 
F(43) 0.8894 (4) 0.3198 (4) 0.9267 (7) 3.5 (2) 
O(11) -0.2480 (4) -0.2846 (4) 0.2220 (8) 3.4 (2) 
O(12) -0-0953 (4) -0.1744 (4) 0.3059 (8) 3.2 (2) 
O(13) -0.1386 (3) -0.2067 (4) -0.0048 (6) 2.7 (2) 
O(14) -0.1928 (5) -0-1256 (4) 0-1709 (7) 3-3 (2) 
O(21) 0.2902(6) 0-9059(5) 0.5950(11) 4-6(3) 
0(22) 0.3672 (4) 0.8273 (4) 0.6550 (9) 3.9 (2) 
0(23) 0-3438 (4) 0.8547 (4) 0-3518 (7) 2-9 (2) 
0(24) 0.2170 (4) 0.7475 (4) 0.5299 (8) 3.3 (2) 
O(31) 0.8831 (5) 0.6271 (4) 0.4667 (8) 4.2 (2) 
0(32) 0.8150(5) 0.4656(4) 0-4351 (10) 4.2(3) 
0(33) 0.8499 (5) 0.5350 (4) 0-7250 (7) 3.3 (2) 
0(34) 0.7299 (4) 0-5318 (5) 0.5544 (9) 3-8 (3) 
N(I) 0.7229 (4) -0.0638 (4) 0-4239 (8) 3.5 (I) 
N(2) 0.3624 (5) 0.4272 (5) 0.7782 (9) 4.0 (1) 
N(3) 0.7889 (4) 0.7317 (4) 0-6295 (8) 3-I (I) 
N(4) -0-0569 (4) 0.4074 (4) 0.3137 (8) 3.3 (1) 
N(5) 0-8465 (4) 0.6061 (4) 0-0895 (8) 3-5 (1) 
N(6) 0.6016 (4) 0.7045 (5) 0.9868 (8) 3-5 (I) 

* Held invariant to fix the origin of the coordinate system. 

H e / N e  laser  l ight (2 = 6328  A) was  ~t = 7 ° for  the  pla te  
o f  t h i ckness  0 . 4 3  mm.  T h e  abso lu te  s t ruc tu re  was  
de t e rmined  us ing all Bi jvoet  pa i r s  in re f inement  o f  
mode l s  wi th  xyz and  x y ~  conf igura t ion .  T h e  model  wi th  
xyz  coo rd ina t e s  gave  R = 0 . 0 4 8  and  wR = 0 . 0 5 2  hence  
the e n a n t i o m e r i c  s t ruc tu re  can  safely be rejected.  Tab le  
1 p resen t s  the a tomic  conf igura t ion  for the  dext ro-  
r o t a t o r y  crys ta l .  

D i scuss ion .  F ina l  a t omic  p a r a m e t e r s  are given in Tab le  
1.* T h e r e  are three  k inds  o f  s imilar ,  but  no t  ident ical ,  
p o l y m e r i c  cha ins  (deno ted  A, B and  C) in the crys ta l .  In 
each  cha in  the  cen t ra l  Sb a t o m  [Sb(A), Sb(B)  or Sb(C)I  
occup ies  a special  pos i t ion  on the  threefold  axis while  
the r e m a i n i n g  three  Sb a t o m s  are s i tua ted  in genera l  
pos i t ions  (Fig.  1). E a c h  Sb a tom is s ix -coord ina ted  and  
the c o o r d i n a t i o n  o c t a h e d r o n  compr i s e s  two g roups  o f  
bonds .  The re  are three  equ iva len t  shor t  b o n d s  be tween  

* Lists of structure factors, anisotropic thermal parameters, and 
bond lengths and angles for the sulfate ions have been deposited 
with the British Library Document Supply Centre as Supplemen- 
tary Publication No. SUP 44898 (55 pp.). Copies may be obtained 
through The Executive Secretary, International Union of Crystal- 
lography, 5 Abbey Square, Chester CH 1 2HU, England. 
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the central Sb and the F atoms with a mean length of 
1.95 (1) A for the three chains. Each of these F atoms 
is simultaneously linked to one of the Sb atoms in a 
general position, forming weak F - S b  bonds of length 
2.890 (4), 2.814 (5) and 2.878 (4) A for the chains A, 
B and C, respectively. The remaining three coordi- 
nation sites of the central Sb atoms are occupied by 
sulfate O atoms. Two other O atoms from each of the 
sulfate groups bridge two Sb atoms located in general 
positions. Each sulfate group is thus tridentate. The 
three remaining coordination sites of Sb atoms in 
general positions are occupied by F with short S b - F  
bonds. In this manner linear polymeric chains are 
formed about the threefold axis. In each chain the 
coordination sphere of the central Sb atom is built up 
by three F and three O atoms, while four F and two O 
atoms surround the Sb atoms in general positions. The 
F(1), F(2) and F(3) atoms form Sb.- .Sb bridges with 
mean distance 4 .54 ( 5 ) A  (Table 2). The two poly- 
meric chains A and B are shown in Fig. 2 in a 
perspective view, close to but not exactly along [001]. 
When comparing Figs. 1 and 2 it can be noticed that 
chains B and C have the same chirality whereas chain 
A, located about the threefold axis at 00z, shows 
opposite chirality. Such a conformation with chains of 
opposing chirality within a given crystal has not been 
previously observed and was not considered by Glazer, 
& Stadnicka (1986) in their review on the origin of 
optical activity in crystal structures. 

The sulfate ions form distorted tetrahedra. The S - O  
bond lengths vary from 1.421 ( 8 ) t o  1.501 (1)A;  the 
mean S - O  distance is 1.471 (21)A. The O - S - O  
angles range from 108.1 (4) to 110.7 (4)°; the mean 
bond angle is 109.5 (9) ° . 

Although the hydrogen positions of the ammonium 
ions have not been determined, the intermolecular 
contacts shown in Table 3 indicate interactions of the 
type N - - H . . . O  and N - H . . . F .  

Table 2. Bond distances and selected interatomic 
distances (A) for Sb atoms with e.s.d.'s in parentheses 

Sb(A)---F(1) 1.942 (5) Sb(2)--F(I) 2.890 (4) 
Sb(A)-O(12) 2.691 (6) Sb(2)--F(21") 1.945 (4) 
Sb(A)...S(1) 3.612 (2) Sb(2)--F(22 ~) 1.925 (5) 
Sb(A)...Sb(2 ~) 4.535 (3) Sb(2)-F(23) 1-942 (5) 
Sb(A)...Sb(2) 4.571 (3) Sb(2)---O(13 ~') 2-548 (4) 

Sb(2)-O(14 ~) 2-457 (5) 
Sb(2)...Sb(2 i~) 4.454 (3) 

Sb(B)-F(2") ].950 (5) Sb(3)--F(2) 2.814 (5) 
Sb(B)-O(22) 2.650 (7) Sb(3)-F(31) 1.959 (4) 
Sb(B)...S(2) 3-614 (2) Sb(3)--F(32) ].926 (4) 
Sb(B)...Sb(3 u) 4.461 (3) Sb(3)--F(33) 1.938 (4) 
Sb(B)...Sb(3) 4.541 (3) Sb(3)-O(23) 2.483 (6) 

Sb(3)-O(24 v) 2.538 (5) 
Sb(3)...Sb(3 ~) 4.292 (3) 

Sb(C)-F(3) 1.954 (4) Sb(4)--F(3 *i) 2.878 (4) 
Sb(C)-O(32) 2.580 (6) Sb(4)--F(41) 1-945 (4) 
Sb(C)...S(3) 3.612 (2) Sb(4)--F(42) 1.910 (4) 
Sb(C)...Sb(4 ~) 4.541 (3) Sb(4)-F(43) 1-973 (4) 
Sb(C)...Sb(4) 4-596 (3) Sb(4)---O(33) 2.486 (6) 

Sb(4)-O(34 ~) 2.675 (7) 
Sb(4). • • Sb(4 ""l) 4.500 (3) 

Symmetry code: (i) x, y, z -  l; (ii) x, y, z+ 1; (iii) - x ,  x - y ,  z; (iv) y--x, - x ,  z; 
(v) y - x ,  I - x ,  z; (vi) - y ,  x - y ,  z; (vii) 1 - x  + y, I - x ,  z; (viii) l - x ,  x - y ,  z. 

0tl F23 0 
C ' ~  ( 5 ,  F22 

S01 t ~ ~ ~ S  b 2 ~  TM 

013. -- ~ " ~ Y  

0 

¢ 

(a) 

We are grateful to Doc. Z. Czapla (Institute of 
Physics, University of Wroctaw) for providing us with a 

" q 

N2  - 23  

I~ ~ /  ~ _F43~r_lbO33U031 1~ 0 /%_ 

o 

Fig. 1. Projection of the structure down the c axis (PLUTO78; 
Motherwell & Clegg, 19"/8). 

~ 0 2 4  

~ F31 

Sb3"~LrL ~ 

:33 ~F32 

Fig. 2. Perspective views of the two polymeric chains with opposing 
chirality. (a) Chain A is located about the threefold axis at 00z 
and (b) chain B about the threefold axis at ~]z. 
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Table 3. The N . . . F  and N. . .O  contacts (A) with 
e.s.d.'s in parentheses 

N( I)...F(2 P) 2.816 (8) N(2)...F(3 P ~) 2.850 (8) 
F(22") 2.884 (8) F(32 v) 2.922 (9) 
O(14") 2.883 (8) F(42 x) 2.973 (8) 
0(31 v") 2.939 (9) 0(24 ~i) 2.979 (9) 

N(3)... F(2 l~"i) 2.803 (8) N(4)...F(41 x~) 2.850 (8) 
O(13 vl) 2.978 (8) F(42 x"i) 2-812 (8) 
O(21 v) 2-801 (8) 0(32 a~) 2.962 (8) 
O(12") 3-037 (9) O(I 1 ~) 2.986 (9) 

N(5)...F(3) 2.986 (9) N(6)...F(23 ~*) 2.872 (8) 
F(41 ~'~) 2.902 (9) F(3 Pv) 2.855 (8) 
F(43 ~) 2-859 (9) F(33 ~") 2.963 (9) 
0(3 I) 2.889 (9) 0(21 v) 2.955 (9) 

Symmetry code: none x, y, z; (i) x+ 1, y, z+ 1; (ii) x+ 1, y, z; (iii) x, y, z+ 1; 
( iv )y -x ,  l - x ,  z + l ;  ( v ) y - x ,  l - x ,  z; (vi) l+x,  l+y, z + l ;  (vii) l - x + y ,  l - x ,  
z; (viii) l - y ,  l+y -x ,  z + l ;  (ix) x - l ,  y - l ,  z; (x) I - y ,  y - x ,  z; (xi) l - y ,  
1 # y - x ,  z; (xii) x -  1, y, z -  1; (xiii) x -  1, y, z; (xiv) y - x ,  - x ,  z; (xv) x+ 1, y+ I, 
z; (xvi) l - y , y - x ,  z - l ;  (xvii)x,y, z - l .  

sample and for stimulating suggestions for this study. 
AW wishes to thank Dr K. Stadnicka (Jagiellonian 
University, Krak6w) for many helpful discussions on 
the optical studies of the crystal. A special debt of 
gratitude is owed to Dr M. Woicyrz and J. Jaflczak 
from our department for much help in preparing the 
figures, and to MERA ELZAB, Zabrze, for supporting 
our laboratory with the 79100 Monitor. 
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Structure of Niekel(II) Perbromate Hexahydrate at 169 K 

BY JUDITH C. GALLUCCI, ROGER E. GERKIN* AND WILLIAM J. REPPARTaf 

Department o f  Chemistry, The Ohio State University, Columbus, Ohio 43210, USA 

(Received 16 December 1987; accepted 6 April 1988) 

Abstract. Ni(BrO4)2.6H20, M r = 454.61, trigonal, P3, 
a = 7 . 8 1 7 ( 2 ) ,  c = 5 . 2 3 5 ( 1 )  A, V =  277.03 (14) A 3, 
Z = I ,  D x = 2 . 7 2 5 g c m  -3, 2 ( M o K ~ ) = 0 . 7 1 0 6 9 A ,  
g = 89.7 cm -t, F(000) = 222, T =  169 K, R = 0.029 
for 417 unique reflections with I > 0. The structure 
consists of stacks of hydrated nickel ions and stacks 
of perbromate groups with hydrogen bonds from a 
given water molecule involving three stacks of per- 
bromate groups. The water O atoms form a very 
slightly distorted octahedron about nickel while the 
perbromate geometry is virtually ideally tetrahedral. 
This structure and that of mercury(II) perchlorate 
hexahydrate, though assigned in different space groups, 
are very similar and are interestingly related as 
described in the text. 

* To whom correspondence should be addressed. 
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Introduction. Interest has arisen in this laboratory 
concerning detailed similarities and differences in the 
structures of corresponding simple salts containing 
perbromate or perchlorate anions. Since at the incep- 
tion of these investigations very little structural informa- 
tion was available for perbromates, it appeared worth- 
while to determine the structures of a number of simple 
perbromate salts. We have previously reported on the 
structure of barium perbromate trihydrate (Gerkin, 
Reppart & Appelman, 1988). 

Experimental. Nickel perbromate was prepared by the 
aqueous reaction of suspended nickel(II) hydroxide 
with a slight excess of -,,2M perbromic acid.:l: [The 

:~ The synthesis of the perbromic acid was performed at Argonne 
National Laboratory while W JR was a Thesis Parts Program 
participant. Program administered by the Argonne Division of 
Educational Programs with funding from the US Department of 
Energy. 
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