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Structure of Diethylammonium Hexabromobismuthate(III) 
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Abstract. [NH2(C2H5)2]3[BiBr6]  , M r = 910.87, 
rhombohedral, R3c, hexagonal unit cell: a =  
15.213 (5), c =  20.137 (9) A, V =  4036.03 A 3, Z =  6, 
D m = 2.22 (8), D x = 2.248 g cm -3, 2(Mo Kt~) = 
0.71069,~, g =  150.5 cm -1, F(000)=2532,  T =  
293 (1)K, R =0 .038  for 840 diffractometer data 
[I > 3tr(/)]. The structure consists of [NH2(C2Hs)2] + 
cations and [BiBr6] 3- anions. In the C3-distorted BiBr 6 
octahedron there are three short [2.749 (2)~] and 
three longer Bi--Br distances [3.006 (2)/~1. The elon- 
gation of these distances seems to be caused by 
hydrogen bonds between the cations and anions. 

Introduction. A systematic investigation of halobis- 
muthates(III) was undertaken in order to establish the 
influence of different cations on the linking of halo- 
bismuthate(III) groups into polynuclear species. Using 
cations of different size and shape, a great variety of 
anions, most of them bi- or polynuclear, was obtained 
(Lazarini, 1977a,b,c,d, 1978, 1980a,b; Lazarini & 
Leban, 1980), but the role of the cation, as well as the 
role of the Bi lone electron pair, in the process of 
formation of polynuclear anions has not yet been 
identified. In this context the system diethylammonium 
halide-bismuth(III) halide, studied recently by nuclear 
quadrupole resonance (Landers & Brill, 1980), became 
of interest for crystallographic research. So far only 
three crystalline substances have been reported: [NH 2- 
(C2Hs)2][BiC14], [NH2(C2Hs)2]3[BiC16] and [NH 2- 
(CEHs)E]3[BiBr6]. The linking of hexabromobis- 
muthate(III) groups, in which the influence of the Bi 
lone electron pair should be smaller than in hexa- 

chlorobismuthate(III) groups, into polynuclear anions 
seemed not to occur. 

In a series of experiments the diethylammonium 
halide-bismuth(III) halide ratio in the solution was 
varied over a wide range (from 4:1 to 1:2)in order to 
crystallize all existing compounds. Two new crystalline 
phases were obtained: [NHE(CEHs)E]3[BiEBr 9] and 
[NHE(CEHs)213[Bi219]. According to the crystal data of 
these substances, listed in Table 1, [NH2(CzHs)2] 3- 
[BiC16] is isostructural with [NHE(CEHs)E]a[BiBr6]  , and 
[NHz(CEHs)E]3[BiEBr9] with [NH2(C2Hs)E]a[BiEI9]. 
Accurate crystal structure determinations are planned 
in order to enable precise comparison of the geometry 
of hexahalobismuthate(III) groups in all these crystal 
structures. 

Experimental. Crystals of suitable dimensions for X-ray 
structural analysis were grown by slow evaporation at 
room temperature from a saturated aqueous solution of 
(C2Hs)2NH and BiBr 3 (molar ratio 3:1) in 40% HBr. 
D m determined pycnometrically in CCl 4 at 293 K. A 
well developed crystal, selected for diffraction measure- 
ments, was characterized by the following planes (in 
parentheses are the distances from the crystal faces to an 
arbitrary origin inside the crystal): +(110) (0.13 mm), 
+(]20) (0.20mm), +(ftl0) (0.20mm), +(012) 
(0.31 mm), +(1]2) (0.30 mm) and +(10ft.) (0.27 mm). 
Intensity data collected at 293 (1)K with an Enraf- 
Nonius CAD-4 diffractometer and graphite- 
monochromatized Mo Ktz radiation. 09-20 scan, 0m~ n 
= 1 °, 0max= 27 °, 20 scan width (0.9 + 0.3 tanO)°, 
aperture (2.5 + 0-9 tan6~ mm, max. scan time 40 s, 

a (A) 
b (A) 
e (A) 
/~(°) 
Space 

Table 1. The solid phases in the system [NH2(C2Hs)2]X/BiX 3 (X -- C1,Br,I) 

[NH2(C2Hs)2][BiC14] [NH2(C2Hs)2]3[BiCI 6] [NH2(C2Hs)2]3[BiBr6] [NH2(C2Hs)2]3[Bi2Br9] [NH2(C2Hs)213[Bi219] 
Monoclinic Hexagonal Hexagonal Monoclinic* Monoclinic* 

16.522 (9) 14.822 (6) 15.213 (5) 12.36 12-86 
1 I. 132 (4) 13.91 14.57 
13.353 (6) 19.380 (8) 20.137 (9) 18.94 19.37 

106.16 (5) 102.0 101.9 

group C2/c R 3c R 3c P2 j /  e P2 ~ / c 
I NH2(C2Hs)21X/BiX 3 ratio (in solution) at which 

the substance was obtained 
2:1 4:1 4:1 2:1 3:1 
1:1 3:1 3:1 1:1 2:1 
1:2 I:I 

* Data determined from Weissenberg and precession photographs. 
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background ¼ of the scan time at each of the scan limits. 
5553 reflexions recorded ( -19  < h < 19, 
- 1 9  < k < 19, 0 < l < 25). Intensities of three standard 
reflexions (366, 243, 314) varied +6%. After 
symmetry-related reflexions were averaged (agreement 
factor 0-09), and reflexions having I <  3or(/) (cal- 
culations based on counting statistics) were rejected, 
840 reflexions remained for the structural analysis. 
Corrections applied for Lorentz and polarization 
effects, and for absorption [transmission factors, 
calculated with the measured crystal dimensions (3264 
grid points, crystal volume 0.0578 mm3), range from 
0.011 to 0.067]. Unit-cell parameters obtained from a 
least-squares fit of the 0 values of 20 reflexions 
measured on the diffractometer. The positions of the Bi 
and Br atoms were taken from the Patterson map. The 
partial structure was then refined simultaneously in all 
possible space groups (indicated by the follow_ing 
extinction conditions: hkil, - h  + k + l=  3n + 1; hhOl, 
I = 2n + 1)" R3c, R3c and R32. After three cycles of 
least-squares refinement quite different R values were 
achieved: 0-156, 0.095 and 0.130, respectively. The 
structural analysis was then continued in space group 
R3c with lowest R value and also with reasonable 
temperature factors. The N and C atoms were located 
from a difference Fourier map. H atoms were not 
located. The structure was refined by full-matrix 
least-squares technique with anisotropic thermal 
parameters for Bi and Br, isotropic thermal parameters 
for N and C atoms and with anomalous-dispersion 
correction. ) ' .w(IFol-  IFcl) 2 minimized in the least- 
squares procedure; weighting function applied in the 
final cycle: w = 3.371/Iv(F) z + 0.00158F2]. Empirical 
extinction parameter also included in the final stage of 
the refinement: 2.9 (2) × 10 -4. Final R = 0.038, wR 
= 0.037 for 43 parameters and 840 reflexions. Max. 
and ave. A/a=-0.100 and 0.012, respectively, in the 
final cycle. Final difference Fourier map fiat 
(1.0 > Ap >_ - 1 . 4  e ,/k-3). Calculations performed on 
the DEC-10 computer at the Edvard Kardelj Univer- 
sity, Ljubljana, with SHELX76 (Sheldrick, 1976). 
Interatomic distances and angles calculated using the 
XRA Y system of crystallographic programs (Stewart, 
Kruger, Ammon, Dickinson & Hall, 1972). Atomic 
scattering factors for neutral atoms from Cromer & 
Mann (1968) and values of f '  and f "  for the 
anomalous-dispersion correction from Cromer & Liber- 
man (1970). 

Discussion. The positional and thermal parameters are 
listed in Table 2;* equivalent isotropic thermal 
parameters are given for Bi and Br atoms and isotropic 

* Lists o f  s t ruc tu re  fac to r s  and  an i so t rop ic  t h e r m a l  p a r a m e t e r s  
have  been  depos i ted  with the British L i b r a r y  Lend ing  Divis ion as 
S u p p l e m e n t a r y  Publ ica t ion  No.  S U P  4 2 4 3 0  (7 pp.). Cop ie s  m a y  be 
ob t a ined  th rough  T h e  Execu t ive  Sec re ta ry ,  In te rna t iona l  Un ion  o f  
C r y s t a l l o g r a p h y ,  5 A b b e y  Square ,  Ches t e r  C H  1 2 H U ,  England.  

thermal parameters for N and C atoms. Part of the unit 
cell in a projection along e, with the atom numbering 
system used, is shown in Fig. 1. The interatomic 
distances and angles are given in Table 3. 

Table 2. Final positional parameters (xl04) and 
isotropic thermal parameters (× lOaf or Bi and Br; x 103 

for N and C) with e.s.d.'s in parentheses 

F o r  Bi and  Br the equiva len t  i so t ropic  t h e r m a l  p a r a m e t e r  is given 
J Ueq = (U~U22U33)l/31; for  N and  C the i so t ropic  t he rma l  p a r a m e t e r  
is given. 

x y z - " - ' : "  u e q / u t A  2 ) 
Bi 0 0 0 320 (3) 
Br(l) 175 (2) 1591 (1) 749 (1) 620 (11) 
Br(2) 1601 (1) 1614 (1) -868 (1) 482 (8) 
N 2976 (13) 2280 (13) 3499 (9) 68 (4) 
C(.t) 3177 (23) 2871 (21) 4225 (15) 93 (8) 
C(2) 3809 (29) 3842 (28) 4066 (21) 127 (10) 
C(3) 2312 (17) 2375 (18) 3021 (12) 79 (6) 
C(4) 1950 (23) 1625 (257 2496 (16) 103 (9) 

Table 3. Interatomic distances (A) and angles (°) with 
e.s.d.'s in parentheses 

Bi-Br(l),Br(lt),Br(1 ii) 2.749 (2) Br(l)-Bi-Br(It) 1 
Bi-Br(2),Br(2J),Br(2 ll) 3.006 (2) Br(I)-Bi-Br(I j~) ~ 92.79 (9) 

Br( I~)-Bi-Br(I") 
N-Br(2 ~ii) 3.30 (2) Br(2)-Bi-Br(2 i) ) 
N-Br(2") 3.44 (2) Br(2)-Bi-Br(2") ~ 89.59 (6) 

Br(2~)-Bi-Br(2~) ) 
N -C( 1 ) I-66 (4) Br( I )-Bi-Br(2 ti) 
N-C(3) 1.45 (3) Br(2)-Bi-Br(l ~) ~ 174.43 (8) 
C( 1 )-C (2) I. 34 (4) Br(2~)-Bi-Br( I ~) J 
C(3)-C(4) 1.45 (4) Br(I)-Bi-Br(2) / 

Br(lJ)-Bi-Br(2 t) ~ 85.28 (8) 
Br(l")-Bi-Br(2") 

C(1)-N-C(3) 119 (2) Br( 1)-Bi-Br(2 ~) 
N-C(I) -C(2)  103 (3) Br(2)-Bi-Br(l H) ~ 92.52 (9) 
N-C(3)-C(4) 114 (3) Br( l~)-Bi-Br(2 I~) J 
Symmetry code: (i) - y ,  x - y ,  z; ( i i ) y -  x, - x ,  z; (iii) x, x - y ,  ½ + z; (iv) 
]-v,~+ ,3!+ z. 

/ " "  S ~ .  ~ .  ",. 

a/2 

/ / I 

Fig. 1. P ro jec t ion  o f  the s t ruc ture  d o w n  e. 
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The crystal structure of diethylammonium hexa- 
bromobismuthate(III) consists of [NH2(C2Hs)2 [+ 
cations and [BiBr6] 3- anions. In contrast to the mainly 
ionic structure of Rb3[BiBr 6] (Lazarini, 1978), in the 
title compound the cations and anions are also attracted 
by hydrogen bonds of the type N - H . . . B r .  Each 
[NHz(C2Hs)2] + cation is linked to two different [BiBr6] 3- 
anions by two relatively weak hydrogen bonds: 
N - B r ( 2  iii) 3-30 (2) and N - B r ( 2  iv) 3.44 (2) A; the sum 
of the van der Waals radii of N and Br is 3.45 A. The 
arrangement of C(1), C(3), Br(2 iii) and Br(2 iv) atoms 
around the N atom is nearly tetrahedral. The hydrogen 
bonds seem to have a strong influence on the geometry 
of the anions. While in Rb3[BiBr 6] the anions, sur- 
rounded more regularly by Rb + cations, are relatively 
undistorted {the Bi-Br  distances within two [BiBr6] 3- 
anions of the asymmetric unit are in the range 2.824 (8) 
to 2 .884(7)A},  the [BiBr6] 3- anions in the title 
compound are rather distorted. In the C3-distorted 
octahedron there are three shorter [2.749 (2)A] and 
three longer Bi-Br  distances [3.006 (2)A]. Each Br 
atom at the longer distance is linked by two hydrogen 
bonds to two different [NH2(C2Hs)2] + cations. The 
shorter distances fall in the range of Bi-Br(terminal) 
distances; the longer distances fall in the range of 
Bi--Br(bridging) distances of other bromobis- 
muthates(III) containing bi- or polynuclear anions 
(Lazarini, 1977a,c,d, 1980a,b; Lazarini & Leban, 
1980; McPherson & Meyers, 1968; Robertson, 
McPherson & Meyers, 1967). The values of the Bi-Br  
distances in Rb3[BiBr 6] and in [NH2(C2Hs)2[3[BiBr 6] 
indicate that the bond strengths within the hexa- 
halobismuthate(III) groups are significantly influenced 
by crystal-packing forces. 

The bond angles within the [BiBr6] 3- anion of the title 
compound, listed in Table 3, do not indicate stereo- 

chemical activity of the Bi lone electron pair, which, 
however, has not been observed in other halobis- 
muthates(III) either. The angles between the shorter 
Bi -Br  bonds are larger, 92.79 (9)°; the angles between 
the longer Bi -Br  bonds are smaller, 89.59 (6) °. 

The bond lengths and angles within the [ N H :  
(C2Hs)z] + cations are determined with lower accuracy, 
but they are in agreement with the values found in 
related compounds. 

The author thanks Professor L. Goli?: for his help in 
this investigation. The financial support of the Research 
Council of Slovenia is also gratefully acknowledged. 
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Structure of Diethylammonium Tetrachlorobismuthate(llI) 
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Abstract .  [NH2(C2Hs)2I[BiCI4], Mr=424"94 ,  mono- 
clinic, C2/c, a = 1 6 . 5 2 2 ( 9 ) ,  b = 1 1 . 1 3 2 ( 4 ) ,  c -  
13.353 (6)A, f l = 1 0 6 . 1 6 ( 5 )  ° , V = 2 3 5 8 . 8 8 A  3, Z =  
8, D m = 2.27 (7), D x = 2.393 gcm -3, 2(Mo Kct) = 

* Author to whom correspondence should be addressed. 
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0.71069 A, / t =  152-0cm -1, F ( 0 0 0 ) =  1504, T =  
293 (1) K, R = 0.055 for 1367 diffractometer data 
[I > 3a(I)] and 68 parameters. The structure consists of 
[NH2(C2Hs)2] + cations and polynuclear anions in 
which BiCI 6 octahedra, sharing eis edges, are inter- 
connected into chains parallel to the c axis. The 
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