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Fig. 1. Polyhedral representations drawn with STRUPLO (Fischer, 
1985) of the (a) monoclinic and (b) tetragonal polymorphs of 
NiSO4.6H20. Unit-cell edges are indicated by the heavy lines, 
and heights of the cations central to each polyhedron are given in 
hundredths of the cell repeat in the projection direction. 

positional parameters of non-H atoms do not differ 
significantly from those reported here, but Gerkin & 
Reppart  were unable to refine the positions of the H 
atoms. Their smaller reported unit-cell parameters have 
resulted in shorter bond distances. 

The readers attention is also drawn to the recent 
determination of the absolute configuration of  
ZnSeOa.6H20 by Stadnicka, Glazer & Koralewski 
[Acta Cryst. (1988), B44, 356-3611. 
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Abstract.  Ba(C104)2.3H20, M r =  390.28, hexagonal, 
P63/m, a = 7.277 (2), c --- 9:656 (1) A, V = 
442.9 (1) A 3, Z = 2, F(000) = 368, D x = 2.93 g cm 3, 
2 ( M o K ~ ) = 0 . 7 1 0 6 9 A ,  T = 2 9 5 K ,  ~ = 5 2 . 6 0 c m  J, 
456 unique reflections, R = 0.023. The barium atoms in 
this structure are coordinated by six water oxygens, 
0(3) ,  at 2.919 ( 1 ) A  and by six perchlorate oxygens, 
O(2), at 3.026 ( 2 ) A  in a slightly distorted icosahedral 

arrangement, the average B a - O  separation thus being 
~ 2.97 A. The perchlorate ion just fails to have regular 
tetrahedral geometry within the experimental error, and 
has an average C I - O  bond length of 1.433 (6 )A.  
Consistent with hydrogen bonding delineated on the 
basis of least-squares-refined hydrogen-atom positions, 
each axial IO(1)1 perchlorate oxygen is hydrogen 
bonded to three water molecules and each trigonal 
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[0(2)] perchlorate oxygen is hydrogen bonded to two 
water molecules; thus each perchlorate ion is hydrogen 
bonded to nine water molecules. Conversely, each 
water molecule [0(3)] oxygen is hydrogen bonded to 
six perchlorate ions - to two through axial 10(1)1 
oxygens and to four through trigonal [0(2)] oxygens. 

Introduction. Through our interest in the structure of 
barium perbromate trihydrate (Gerkin, Reppart & 
Appelman, 1988) we became interested in the structure 
of barium perchlorate trihydrate. In a previous report 
on the structure of barium perchlorate trihydrate, Man, 
& Ramaseshan (1960) were unable to decide definitely 
on the basis of their data whether the space group was 
P63 or P63/m, although their discussion of the structure 
was based upon the P63 assignment. We hoped to be 
able to resolve this question of the space-group 
assignment as well as to obtain a more fully charac- 
terized structure, and thus undertook the study reported 
here. 

Experimental. Crystals of barium perchlorate tri- 
hydrate were produced by slow evaporation at room 
temperature from a barium perchlorate solution formed 
from G. F. Smith reagent barium perchlorate tri- 
hydrate and ~ 1 M perchloric acid. A clear, colorless 
crystal in the form of a doubly capped, short hexagonal 
column having eighteen faces and principal dimensions 
~0.15 x ~0.15 × ~0.31 mm was analyzed at 295 K 
with a Rigaku AFC5S diffractometer, utilizing 
graphite-monochromated Mo Kfi radiation. 

Unit-cell parameters were obtained from a least- 
squares fitting of the setting angles for 25 well centered 
reflections with 20 < 20_< 30 °. Intensity data were 
measured for 1114 reflections with +h, +k, +l and - h ,  
- k ,  - l  indices (hm~ × = 8; km~x = 8; l,,,a X = 13), and 20 
values in the range 4 _< 20 _< 60 °. The 09-20 scan 
technique was employed with scan widths (1.30 + 
0.35tan0) ° in 09, and a background/scan time ratio of 
0.5. Uncertainties were assigned to each reflection 

, using the formula o] = o~(I)+ (0.031) 2 where cry, is 
based on counting statistics and I is the integrated 
intensity. Six standard reflections ( i i 0 ;  012; 230; 410; 
31~; 106) were measured after every 150 reflections, 
and while 110 exhibited a slight intensity increase over 
the course of the data collection, the remaining five 
standards showed a maximum relative intensity varia- 
tion of +2.8%. Accordingly, no decay correction was 
applied. The data were corrected for Lorentz and 
polarization effects, and an analytical absorption 
correction was applied using the program of de 
Meulenaer & Tompa (1965) and Alcock (1970). 

The space groups P63 and P63/m were allowed, 
based on the observed systematic absences (00l, 
l = odd). No Bijvoet differences were observed, how- 
ever, which favored assignment of the space group as 

Table 1. Final atomic coordinates and equivalent 
isotropic temperature factors (A 2 x 10 4) for barium 

perchlorate trihydrate, with e.s.d.'s in parentheses 
4 Ucq =~[U33 + ~(UII + U22-- UI2)]-  

x y z Ueq 
Ba 0 0 0 227 (2) 
CI ~ ~ 0.03411 (9) 189 (3) 
O(1) ~ ~ -0.1132 (3) 274 (9) 
0(2) 0.1811 (3) 0.4592 (3) 0.0838 (2) 353 (6) 
O(3) 0.2562 (4) 0.1686 (4) ¼ 261 (8) 
n( l )  0.361 (10)  0.160(9) ~ 910(214) 
H(2) 0.310 (6) 0.326 (6) ~ 365 (I 13) 

Table 2. Bond lengths (A) and angles (°) for  barium 
perchlorate trihydrate; e.s.d.'s are given in parentheses 

Coordination polyhedron 
Ba-O(2) 3.026 (2) 
Ba-O(3) 2.919 (1) 

0(2)-0(3) 2.916 (3) 
0(2)-0(3") 3.080 (3) 
0(2)-0(2"') 3.334 (3) 
0(2)-0(34 ) 3.468 (2) 
0(3)--0(3") 2.843 (4) 

Water molecule 
O(3)-H(I) 0.79 (5) 
O(3)-H(2) 1.01 (4) 

Perchlorate ion 
CI-O(1) 1.423 (3) 
CI-O(2) 1.437 (2) 
O(1)-O(2) 2.335 (3) 
0(2)--0(2 ~) 2.346 (3) 

Hydrogen bonds 
O(3)-O(1 ~) 2.920 (2) 
O(3)-O(V") 2.920 (2) 
0(3)-0(2'9 3.080 (3) 
O(3)-O(2"'") 3.080 (3) 
0(3)-0(2) 2.916 (3) 
0(3)-0(2 ~x) 2.916 (3) 
0(3)-0(1 ~') 2.920 (2) 
O(3)-O(V") 2.920 (2) 

O(3~')-O(2)-O(3) 56.53 (9) 
0(2'")--0(2)-0(3) 67.02 (4) 
O(3")-O(2)--O(2 v) 65.32 (4) 
0(2"')-0(2)--0(39 53.80 (6) 
O(2~)--O(2)-O(3 ") 50.71 (6) 

0(3 '%0(3)-0(2)  64.66 (9) 
0(2"')--0(3)-0(2) 62.27 (4) 
0(3")-0(3)-0(3 ~v) 60 
0(2"9-0(3)-0(2 ~') 60-88 (4) 
O(3~)-O(3)-O(2i") 58.81 (9) 

H(I)-O(3)-H(2) 104 (5) 

O(1)-CI-O(2) 109.50 (8) 
O(2)-C1-O(2 i) 109.45 (8) 

O(3)-H(1)-O(I") 130 (3) 
O(3)-H(1)--O(l'") 130 (3) 
O(3)--H(1)--O(2 ~') 107 (4) 
O(3)-H(1)--O(2""') 107 (4) 
O(3)-H(2)--O(2) 118 (2) 
O(3)-H(2)-O(2 ~x) 118 (2) 
O(3)-H(2)-O(1 "~) 82 (2) 
O(3)--H(2)--O(1"") 82 (2) 

Code for symmetry-related atoms: (none) x, y, z; (i) l-y, x-y+ 1, z; 
(ii) - y ,  x - y ,  z; (iii) y, y - x ,  - z ;  (iv) y - x ,  - x ,  z; (v) x - y ,  x, - z ;  (vi) 
l-x, l_v, ½+z; (vii) l-x, I-y, -z; (viii)y-x, -x, ½-z; (ix)x, y, 
--Z. i 

P63/m. Nonetheless, the special locations of the heavier 
atoms (Ba, CI) and some of the O atoms brought into 
question whether the observed absence of Bijvoet 
differences is a secure basis for excluding P63 as an 
allowed space-group assignment for this structure. 
Accordingly, both the P63/m and the P63 assignment 
were tested. Although the minimum R value achieved 
for the P63 assignment was virtually identical to that for 
the P63/m assignment, the five-times-larger number of 
correlation coefficients of magnitude greater than 0.5 
(and ranging up to 0.94), and the near satisfaction of 
special relations among certain coordinates that would 
be exactly satisfied under P63/m led to the definite 
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conclusion that the P63 assignment is untenable. Hence 
P63/m was established and adopted as the space group 
for this structure. Averaging of equivalent reflections 
gave 458 independent observations, with R i , l t  = 0.016. 
The positions of the barium and chlorine atoms were 
assigned from a Patterson map, and the oxygen atoms 
and hydrogen atoms were subsequently located using 
Fourier methods. Full-matrix least-squares refinement 
was performed using the T E X S A N  (Molecular Struc- 
ture Corporation, 1987) structure analysis package to 
minimize the function ~crf2(IFol -- IF c I) 2, in which 
o F = a f f2FLp,  for the unique reflections. Neutral-atom 
scattering factors and anomalous-dispersion factors 
were taken from Cromer & Waber (1974) for Ba, Cl 
and O; scattering factors for H were taken from 
Stewart, Davidson & Simpson (1965). 

Initially; the unique reflections with I > 30 were 
included in the calculations; in the later stages, two 
reflections (002 and l l0) showing secondary extinc- 
tion were rejected and all other unique reflections with 
I > 0 were included. The hydrogen atoms, which were 
located from Fourier difference maps, had their 
coordinates and isotropic thermal parameters refined by 
least-squares methods. 

The results for the final refinement cycle were: 456 
independent observations; 30 variables; R =0 .023 ;  
w R = 0 . 0 2 8 ;  S =  1.4; (d/cr),,~x=0-01.* Maximum 
and minimum peaks on the final electron density 
difference map had values +0.49 and -0 .91  e/k 3 
respectively. The maximum peak was located at 
x = 0.42, y = 0.69, z = -0 .24 ,  ~ 1.4 ,/k from each of 
two O(1) atoms; the minimum peak was located at 
x = 0-63,y = 0.30, z = 0.51, --0.4 A from a CI atom. 

The final atomic coordinates and equivalent iso- 
tropic thermal parameters and their uncertainties are 
given in Table 1. Interatomic distances and angles of 
particular interest are given in Table 2 together with 
their uncertainties. 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 51194 (6 pp.). 
Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH l 2HU, England. 

Discussion. The barium atoms in this structure are 
coordinated by twelve oxygen atoms, six perchlorate 
ion 0(2)  atoms at 3.026/~, distance and six water 
molecule 0(3)  atoms at 2-919/~ distance, which form 
the apices of a slightly distorted icosahedron. Columns 
of these icosahedra are centered on the 63 axis passing 
through the unit-cell origin, with successive icosahedra 
sharing a common face formed by three 0(3)  atoms. 
The separate columns of coordinated barium atoms are 
linked through the perchiorate ions, each of which 
participates via its 0(2)  atoms in three different 
icosahedra. A stereoview of the structure is shown in 
Fig. 1. 

Consistent with the initial location and subsequent 
least-squares refinement of the H(1) and H(2) atom 
positions at z = ~, the water molecules were found to lie 
in planes at z = ~- and 3. The subsequent delineation of 
hydrogen bonds (see Table 2) showed that each water 
molecule 0(3)  atom is hydrogen-bonded to two axial 
[O(1)] perchlorate oxygens at 2 .920A distance 
through both H(1) and H(2), and to four trigonal 
[0(2)] perchlorate oxygens, two at 2.916,~ distance 
through H(2) and two others at 3.080/k distance 
through H(1). Thus, each water molecule participates in 
hydrogen bonding to six perchlorate groups. Con- 
versely, each axial [O(1)[ perchlorate oxygen is 
hydrogen-bonded to three water molecules and each 
trigonal [0(2)] perchlorate oxygen is hydrogen-bonded 
to two water molecules; each perchlorate ion is thus 
hydrogen-bonded to nine water molecules. 

The perchlorate ion in this salt fails by a narrow 
margin to exhibit regular tetrahedral symmetry to 
within the experimental error. In view of the involve- 
ment of the trigonal perchlorate [O(2)] oxygen atoms 
both in the barium-centered icosahedra and in hydrogen 
bonds with water and of the involvement of the axial 
perchlorate [O(1)] oxygen atoms only in hydrogen 
bonds with water, a slight distortion should perhaps be 
expected. The average CI -O  bond length, 1.433 (6) A, 
is well within the normal range and may be compared, 
for example, to the value 1.436 A for LiCIO4.3H20 
(Chomnilpan, Liminga & Tellgren, 1977) or to the 
value 1.426/~ found for NaCIO4.H20 (Berglund, 
Thomas & Tellgren, 1975). 

.4 

Fig. 1. An OR TEPII (Johnson, 1971) stereoview of a portion of the barium perchlorate trihydrate structure. Thermal ellipsoids are drawn at 
50% probability for all atoms except H, for which they have been set artificially small. 
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The previous ambiguity in the space-group assign- 
ment has been resolved, the centrosymmetric assign- 
ment P6a/m being quite definite. Thus the space-group 
assignment for barium perbromate trihydrate [which 
was tested in the same manner as described above for 
the perchlorate and with the same results (private 
communication, R. E. Gerkin)] is indeed the same as 
that for barium perchlorate trihydrate, as surmised 
previously by Gerkin, Reppart & Appelman (1988). 

Although in general terms the structure presented by 
Mani & Ramaseshan (1960) is in good accord with the 
present determination, there are numerous differences 
in detail. Since the previous description was based on 
photographic observations of 152 unique reflections 
and the final R value achieved was 0.22, the present 
description entirely supersedes it with respect to 
quantitative details. 

On the basis of the present results it appears most 
likely that the water molecule H atoms in the 
Ba(BrOa)2.3H20 structure also lie entirely in the planes 
at z = ¼ and ~ rather than out of the plane as surmised 
by Gerkin, Reppart & Appelman (1988). Indeed, 
re-examination of the final electron density difference 
map for that structure revealed a peak at x = 0.32, 
y = 0.31, z - ¼ of appropriate magnitude for an H atom 
and approximately 1/~, from 0(3). This is particularly 
suggestive since H(2) as assigned here in the perchlo- 
rate should appear in the perbromate at x = 0.305, 
y - -0 .320 ,  z = ¼. Since no second corresponding peak 
was observed in the difference list, however, no 

least-squares refinement of H-atom positions in the 
perbromate has been pursued. 

Stimulating discussions with Dr W. J. Reppart are 
acknowledged with pleasure. Partial support of this 
research through the purchase of the diffractometer 
system by NIH Grant No. 1-S10-RR 02707-01 is 
gratefully acknowledged. 
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Abstract. [Cu(CIsH22BN6)2] , Mr=658 .03  , triclinic, 
e l ,  a = 10.201 (1), b = 10.875 (1), c = 8.787 (1),/~, 

* To whom correspondence should be addressed. 
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a = 8 3 . 6 8 ( I ) ,  f l=101.62(1) ,  y=117 .59 (1 )  o, V =  
846.1(2)/~3, Dx=l.30gcm -3, Z = I ,  T = 2 9 8 K ,  
F(000) = 347, g(Cu Ka) = 11.04 cm -~, 2 = 1.5418/~, 
R = 0.052 for 2285 observed reflections. The copper 
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