
TETRAETHYLAMMONIUM HEXABROMOANTIMONATE (V) 

chloride (1.75 &I2 and markedly longer than in di- 
boron tetrafluoride (1.67 The B-P and P-F 
bond distances are very similar to those observed in 
trifluorophosphine-borane (F3P. BH3), l4 while the P-F 
distances are equal and the B-P distance is only 
slightly shorter in the borane adduct (0.012 A). How- 
ever, the trifluorophosphine group in the borane adduct 
has C3, symmetry but not in the refined structure of 
model A. A planar projection of the trifluorophos- 
phine group shows two FPF angles of 122 0.6", 
which reduces the symmetry to  Cz,. The deviation 
from C3v symmetry is such as to  increase the nearest 
fluorine-hydrogen nonbonded distance. 
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Model A does show one unusual structural feature. 
The HBH angle of 146 =k 12' is much larger than that  
reported for diborane(6) and tetraborane(lO), 122' ;9 

in trifluorophosphine-borane and carbonyl-borane, 
these are 115 and 1130,16 respectively,. The small BBH 
angle of 92.3' is associated- with a short nonbonded 
boron-hydrogen distance of 2.23 8. In  contrast, the 
hydrogen positions in model B are not significantly 
different from those reported for diborane(6). 
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Tetraethylammonium hexabromoantimonate(V) has been prepared and its crystal structure determined by three-dimensional 
X-ray analysis. The dark red-brown compound crystallizes in the tetragonal space group 14" with four molecules in a 
unit cell of dimensions a = b = 8.7008 (7) and c = 24.797 (3) A. Data were collected with an automated diffractometer 
using the 8-28 step scan technique and Mo KCY radiation (A 0.7107 b). The structure was solved by Patterson and Fourier 
methods and refined by full-matrix least-squares techniques to a discrepancy index R = 0.042 for the 276 independent reflec- 
tions used in the analysis. The structure consists of slightly distorted octahedral SbvBre- anions and (C2H&NC cations 
which are twofold disordered about intersecting mirror planes. The average Sb-Br distances corrected for thermal motion 
assuming a riding model are 2.561 (5), 2.564 ( 5 ) ,  and 2.570 (4) b. The only close Br-Br van der Waals contact is along the a 
axis a t  3.584 A. The similar sizes of the tetraethylammonium and the more spherical hexabromoantimonate(V) ions permit 
efficient packing which contributes to  the stability of this compound. 

Introduction 
The crystal structure investigation of tetraethylam- 

monium hexabromoantimonate(V) was undertaken as 
part of a series of investigations of halo-coordinated 
antimony compounds being performed in this labora- 
tory. 4-11 A series of intervalence antimony bromide 
complexes of varying stoichiometries has been investi- 
gated to relate, if possible, their crystal structures and 
charge transfer properties and to  evaluate the effects of 
cation size, type, and stereochemistry on the antimony 
bromide anion and on the resulting solid-state structure. 
Thestructureof thetetraethylammonium saltwasunder- 
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taken as a result of preliminary investigations8 on the 
physical and chemical properties of this material and 
other intensely colored R,Sb,Br, complexes. The 
tetraethylammonium complex was shown to be un- 
usually stable in comparison to  the other antimony bro- 
mide complexes studied, being stable in air and more 
slowly hydrolyzed in water. Although the tetraethyl- 
ammonium complex is also deeply colored, l2 appearing 
a dark red-brown, the preliminary X-ray results indi- 
cated the stoichiometry was RSbVBrG with only four 
formyla units per unit cell. Intervalence charge trans- 
fer could not occur if indeed all the SbBrs species present 
were equivalent. Also, the saturated cation would not 
be expected to participate in any other possible type of 
charge-transfer path. 

Experimental Section 
Tetraethylammonium hexabromoantimonate(V), (CaH5)rNSb- 

Bra, mol wt 479.5, crystallizes in the tetragonal space group 
I41md, with F(000) = 1344 e, 2 = 4, a = b = 8.7008 (7) A, 
c = 24.797 (3) A, temperature ~ 2 4 O ,  V = 1877.3 Aa, d, = 
2.62 g/cma, do = 2.59 g/cma, Mo Koc (A 0.7107 A), and p = 
150.7 cm-l. 

The (C2H5)pNSbBre salt was prepared by the method of Law- 

(12) W. Petzold, Z. Anovg. Allg. Chem., %15, 92 (1933). 
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TABLE I 
FINAL ATOMIC  POSITIONAL^ AND THERMAL PARA METERS^ AND STANDARD ERRORSO FOR SbBrB - 

Atom Position X Y 2 811 B 2 2  833 Pl% 813 B 9 3  

Br(1) 8b Od 0.2034 (7) 0.0732 (2) 244 (12) 217 (11) 22 (1) Od Od -29 (3) 
Br(2) 8b Od -0.2057 (6) -0.0734 (2) 135 (8) 155 (8) 20 (1) Od Od - 16 (2) 

Sb 4a 0s Od Od 87(5) 117(6) 13(1) O d  Od Od 

Br(3) 8b 0.2940(4) Od -0.0027 (3) 97 (6) 175 (7) 24 (1) Od -13 (3) Od 

Positional parameters are in fractional unit cell coordinates. 0's X 10'; the form of the anisotropic temperature factor is exp 
Estimated standard deviations are given in parentheses for the least significant [ - (&h2 + P d 2  + &12 + 2P12hk + 2&hZ + 2&kl)]. 

figures. Atomic parameter fixed by symmetry. 

ton.' Microscopic examination revealed the fourfold symmetry 
of the crystals, square pyramidal with sharply defined faces. 
Although the tetraethylammonium salt was observed to be air 
stable, crystals were selected and mounted in thin-walled Linde- 
mann glass capillaries to  limit exposure in the atmosphere. 
Preliminary Weissenberg and precession photographs exhibited 
4/mmm Laue symmetry, indicating a tetragonal space group. 
The following systematic absences were observed: hkl when 
It + k + 1 = 2% + 1 and hh2 when 2h + Z = 4n + 1, The ab- 
sences are consistent with either space group 14imd or 142d. The 
unit cell parameters and their standard deviations were obtained 
by a least-squares fit to 12 independent reflection angles whose 
centers were determined by a left-right, top-bottom beam- 
splitting technique using a previously aligned HilgeS-Watts four- 
circle diffractometer (Mo Kor radiation, X 0.71069 A). The ob- 
served density was determined by flotation techniques using 
ethylene bromide and 1,1,2,2-tetrabromoethane solutions. 

A crystal having approximate dimensions 0.10 X 0.10 X 0.09 
mm was mounted on a glass fiber such that the c axis (0.09 mm) 
was nearly coincident with the spindle axis. Data were col- 
lected a t  room temperature utilizing a Hilger-Watts four-circle 
diffractometer equipped with scintillation counter and using Zr- 
filtered Mo K a  radiation. Within a 20 sphere of 60' all data in 
one full octant were recorded using a 8-28 step scan technique 
with a takeoff angle of 4.5". Symmetric scan ranges of 1.00' in 
20 at  low 20 values to 2.20" at  the high 20 limit were used. Sta- 
tionary-crystal, stationary-counter background measurements 
were made a t  the beginning and end of the step scan, each mea- 
surement being made for half the total scan time. The counting 
rate used was 0.2048 sec/step of 0.02' in 20. The rest of the 
experimeptal arrangement used has already been discussed in 
some detail.13 A total of 1535 reflections were measured in 
this way. Based on the measurements of three standard reflec- 
tions, no decomposition correction was made; total decomposi- 
tion was less than 370. 

The intensity data were also corrected for Lorentz-polariza- 
tion effects and for effects due to absorption ( p  = 150.7 cm-l). 
The absorption correctionI4 was made using AB COR;'^ the maxi- 
mum and minimum transmission factors were 0.414 and 0.322, 
respectively. The error assigned each intensity measurement 
was calculated from the estimated statistical and nonstatistical 
errors by 

[ a ( I )  1' = [CT + CB + (0. 03C~) '  + (0.05C~)' + 
(0.04 C R )  ' ] / A  

where CT, CB, CR, and A are the total count, background count, 
net count, and transmission factor, respectively. The equivalent 
values of Fo2 were then averaged. The estimated standard 
deviation in each structure factor was calculated from the mean 
deviation of intensity by the method of finite differences.'' The 
reciprocals of the structure factor variances were used as weights 
in the least-squares refinement. Based on the measurements of 
symmetry extinct data, it  was decided that only those reflec- 
tions with I 2 2 4 1 )  would be considered observed. The re- 
sults reported are based on the remaining 276 independent reflec- 
tions. 

Solution and Refinement of the Structure 
With only four formula units per unit cell, the anti- 
(13) W. Ozbirn and R. A. Jacobson, I n ~ g .  Chim. Acta,  4, 377 (1970). 
(14) W. R. Busing and H. A. Levy, Acta Cvystdlogv., 10, 180 (1967). 
(15) In addition to local programs written a t  this laboratory, the authors 

wish to acknowledge the use of ABCOR (Busing and Levy), ORTEP (C. K. 
Johnson), ORFFE and a local modification of ORFLS (Busing, Martin, and 
Levy), and L C R ~  (D. E. Williams). 
(16) D. E. Williams and R. E. Rundle, J .  Amev.  Chew.  Soc., 86, 1660 

(1964). 

TABLE I1 
FINAL ATOMIC PARAMETERS AND 

STANDARD ERRORS FOR (CzHs)aN+ 
Posi- 

Atom tion X Y 2 B ,  ,&a 

N 4s Ob Ob 0.4333 (16) 4.0 (9) 
C(1) 8b 0.2158(52) Ob 0.3666 (17) 5.9 (10) 
C(2) 8b 0.2170 (47) Ob 0.5064 (23) 5.5 (10) 
C ( 3 ) a  16c 0.1005 (64) 0.1185 (62) 0.3976 (18) 4.1(11) 
C(4) 16c 0,0999 (63) -0.0998 (70) 0.4684 (21) 5.0 (11) 

Atoms C(3) and C(4) are disordered and refined with half- 
occupancy. Atomic parameter fixed by symmetry. 

TABLE I11 
OBSERVED AND CALCULATED STRUCTURE FACTORS ( X  10) 

P76 
1588  
157 

F C  
703 
1171 

8 1 5  
1161 

5 8 1  
833  
4411 

FC 
5 8 2  
415 
1106 
64 6 

F C  
'113 

670 
8 6 3  
3 4 3  
5 8 2  

a i 1  

FC 

1249 777 
146 

1017 
640 

FC 1 10 
513 
625 

F C  
B8b 
5 2 2  
5 4 3  
538 
2 5 8  
2 9 6  

F C  
696  
5 4 7  

FC 
5 h 2  
L4Z 

F C  

356  
6 6 9  
4 4 2  

1108 

F C  
308 

mony and nitrogen atoms must have either mm (141md) 
or 7 (I3md) site symmetry. The orientation of the 
hexabromoantimonate(V) group was obtained from a 
three-dimensional Patterson map and indicated that the 
space group was 141md. These heavy-atom positions 
were then refined by full-matrix least-squares tech- 
niques with isotropic thermal parameters to a conven- 
tional discrepancy factor of R = Z(jF,1 - lFJ)/ 
Z F,I = 0.081 and a weighted R factor of R, = ( Z W .  
(IF,\ - IFc()z/Z~(Foi2)1'1 = 0.104. The remaining 
nonhydrogen atoms were found by an electron density 
map calculation. 
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C 

UNIT CELL OF [ C z H c j I q N  S6BR6 UNIT CELL OF IC2Hg)qN SBBRg 

Figure 1.-Stereogram of unit cell showing packing of ( c ~ H 5 ) ~ N s b B r ~  units; hydrogens not shown. 

c-3 
ib) 

( C )  

( a )  

Figure 2 -Ions present in (CaH5)4NSbBro: (a) SbBr6-; (b) (CzHs)aN+; ( c )  disordered ( C Z H ~ ) ~ N + .  

A tetraethylammonium group has two preferred The relativistic Hartree-Fock X-ray scattering fac- 
tors for neutral atoms of Doyle and Turner” were used 
with those of antimony and bromine modified for the 
real and imaginary parts of anomalous dispersion.’* 
Based on the agreement of the large structure factors, 
no extinction correction was necessary. A final elec- 
tron density difference map showed no peak heights 

orientations, the swastika configuration or a trans ar- 
rangement. Although found in a trans arrangement, 
the inner carbon atoms do not lie on the mirror planes 
and are twofold disordered. These inner carbons were 
refined with half-occupancy in a general 16-fold posi- 
tion. The outer carbons appeared to lie on the mirror 

these mirror planes. Subsequent refinement using (1968). 
planes and were treated as Ordered and restrained to 

anisotropic parameters for Only the heavy 
atoms lowered the R factor to 0.042 and Rw = 0.044. 

(17) P. A. Doyle and P. S. Turner, Acle Crystallogv, Sect. A ,  P4, 390 

(18) D. H. Templeton, “International Tables for X-Ray Crystallog- 
raphy,” Vol. 111, Kynoch Press, Birmingham, England, 1962, pp  215, 216, 
Table 8.3.26. 
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greater than 0.3 e-/A3. The final standard deviation 
for an observation of unit weight ([z lwAz/(NO - 
NV)] ’ / z  where A = IF,I - IF.1, NO is the number of 
observations (276), and NV is the number of variables 
(38)) was 0.95 electron. During the final cycle, the 
largest shift in any parameter was less than 0.01 times 
its own U. The final positional and thermal parameters 
are given in Tables I and 11, along with their standard 
deviations as derived from the inverse matrix of the 
final least-squares cycle. In Table I11 are listed the 
magnitudes of the observed and calculated structure 
factors in electrons X 10. 

Discussion 
The crystal structure of tetraethylammonium hexa- 

bromoantimonate(V) is shown in Figure 1. Bond dis- 
tances and angles of interest are given in Table IV and 

TABLE I V  
SELECTED INTERATOMIC BOND DISTANCES 

AND ANGLES FOR (CzHj)aNSbBrs4 
Atoms 

Sb- Br (1) 
Sb-Br(2) 
Sb-Br (3) 
Br(1)--Br(l)’ 
Br( l)--Br(2)’ 
Br(1)--Br(3) 
Br(2)--Br(2)’ 
Br(2)--Br(3) 
Br(3)---Br(3)’i 
Br( l)---Br(2)’ii 
N-C(3) 
N-C(4) 
C(3)-C(1) 
C(4)-C(2) 
Sb-Br(1) 
Sb-Br(2) 
Sb-Br(3) 

Distance, A 
2.536 (5) 
2.553 (5) 
2.559 (4) 
3.540 (12) 
3,636 (5) 
3.636 (5) 

3.581 (5) 
3.584 (5) 
4.053 (6) 
1.62 (5) 
1.51 (5) 
1.63 (6) 
1.64 (7) 
2.561 ( 5 ) b  
2.564 (5)b 
2.570 (4)b 

3.579 (10) 

Atoms 
Br(1)-Sb-Br (1)’ 
Br (l)-Sb-Br(2)’ 
Br (l)-Sb-Br(3) 
Br (2)-Sb-Br( 2)’ 
Br(2)-Sb-Br(3) 
Br(l)-Sb-Br(2) 
Br(3)-Sb-Br(3)’ 
C(3)-N-C(4) 
C(3)-N-C(4)’ 
C(3)-N-C(3 )’ 

C(4)-K-C(4)’ 

N- C(4)-C(2) 

C(3)’-N-C(4) 

K-C(3)-C(l) 

Angle, deg 
88.5 (3) 
91 .2(1)  
91.1 (1) 
89.0 (3) 
88.9 (1) 

179.8 (5) 
177.0 (3) 
112 (3) 
106 ( 3 )  
113 (4) 
105 (3) 
109 (5) 
101 ( 3 )  
113 (4) 

a Primed atoms refer to the symmetry-related atom in the 
group (Figure 2). Other symmetry operations referred to: 
(i) 1 + x, y ,  z; (ii) x, l/2 + y ,  + z .  b Interatomic distance 
corrected for thermal motion using a riding model where the 
second atom is assumed t o  ride on the first. 

Figure 2. The SbvBr6- ion has crystallographic CZ, 
symmetry but is somewhat distorted from Oh symmetry. 

Notes 

The most significant deviation involves the Br(3)-Sb- 
Br(3)’ angle which is 177.0 (3)”. This slight distor- 
tion can be ascribed to packing effectskince the closest 
approach between anions is 3.584 (5) A along the a di- 
rection (Br(3l---Br(3)’i) which is significantly shorter 
than the 3.9-A sum of the van der Waa!s radii.lg The 
average Sb-Br bond length is 2.549 ( 5 )  A before correc- 
tion for thermal motion and 2.565 (5) A when corrected 
assuming a riding model. These averages are in good 
agreement with those previously reported. The 
tetraethylammonium ion has the trans configuration 
in which the ethyl groups lie on intersecting mirror 
planes (CzO symmetry) as required by this space group. 
However, the inner carbon atoms do not lie on the mir- 
ror planes and are therefore disordered with apparent 
Dfh symmetry, as shown in Figure 2. Disorder within 
the swastika configuration of the tetraethylammonium 
ion has also been reported.20 The long bond lengths 
indicate that the light-atom positions are not well de- 
fined and reflect both the disorder and the heavy-atom 
nature of this problem. 

The crystal structure (Figure 1) can be viewed as an 
efficient packing arrangement of the rather spherical 
hexabromoantimonate(1’) ions and of the nearly equal 
in size but slightly flattened tetraethylammonium ions. 
The similar sizes of these two large, rather diffuse ions 
contribute to the crystal stability. The usual type of 
intervalence charge transfer cannot occur in this struc- 
ture. The structure consists of only one kind of SbBrs 
species, has a saturated cation, and has only the one 
bromine---bromine contact (Br(3)---Br(3)’i, 3.58 A) 
which is less than the sum of the van der Waals radii. 
This distance does not appear to be short enough for 
any type of interspecies charge-transfer interaction 
since the Br(3)---Br(2) aqd Br(3)---Br(l) intraion dis- 
tances are 3.58 and 3.64 A, respectively. We believe, 
therefore, that the deep color of this complex probably 
results from normal charge transfer of the intraspecies 
ligand to metal type, involving transitions between 
molecular orbitals of the SbVBrs- species. 

(19) L. Pauling, “The Nature of the Chemical Bond,” Cornell University 
Press, Ithaca, N. P., 1960, p 260. 

(20) G. D. Stucky J. B. Folkers, and T. J. Kistenmacher, Acla Cvyslal- 
logy. ,  23, 1064 (1967). 
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Recently we reported the synthesis of a novel chlo- 
This preparation was rine oxide, chlorine perchlorate.1 

(1) C. J. Schack and D. Pilipovich, Inovg. Chem.,  9, 1387 (1970). 

accomplished by the reaction 
MClOi + ClSOiF --f 

MSO3F + ClOC103 (M = NOz, CS) (1) 

It has now been found that the related bromine com- 
pound bromine perchlorate can be prepared by this 
method using bromine(1) fluorosulfate. 

MClOd + BrS03F -”o,” MSOaF f BrOC103 (2 ) 

In addition, a second method involving the oxidation of 
elemental bromine with chlorine perchlorate was dis- 
covered 

Rr2 + 2C10C103 4 CL + 2BrOC103 (3 1 
-450 


