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The Crystal Structure of  Phosphorus Heptabromide,  PBr7 
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The crystal structure of phosphorus heptabromide, PBr7, has been determined by single-crystal X-ray 
diffraction studies. The red compound crystallizes in the orthorhombic space group Pnma with a= 9.35 
+ 0.02, b= 7.94+ 0.01, and c= 14"69 + 0.02/~. The structure contains tetrahedral PBr + ions with P-Br 
distances all about 2-17/~ and an almost linear unsymmetrical Br~- ion with Br-Br distances of 2.91 
and 2.39 A. The bonding in the tribromide ion is discussed. 

Introduction 

Kastle & Beatty (1900) discovered that the supposed 
red form of PBr5 was actually PBr7. Bromine is easily 
absorbed by PBrs to form the red PBr7 and, conversely, 
is easily lost by PBr7 to form PBrs. It seemed likely that 
the PBr + ion of the PBr5 (van Driel & MacGillavry, 
1943) remained intact in PBr7 and that a tribromide 
ion was formed, in a similar way to the formation of 
PCI + and ICI 2 on addition of IC1 to PCI5 (Zeelezny 
& Baenziger, 1952). Romers & Keulemans (1958) 
have reported the structure of a tribromide ion in 
[N(CH3)3H+]zBr-Br~ -. It was symmetrical and slightly 
bent (171)  with the Br-Br distances both 2.54 A. An 
X-ray diffraction study of PBr7 was undertaken in order 
to determine if the tribromide ion existed in PBr7 and 
its configuration if its existence was confirmed. 

Preparation and experimental data 

The compound PBr7 was prepared in a manner similar 
to the preparation of PBr6I (Fialkov & Kuzmenko, 
1949) by saturating carbon disulfide with phosphorus 
pentabromide and slowly adding Br2 until crystals ap- 
peared. The crystals grew as red flat needles. They were 
very hygroscopic and lost bromine unless kept in solu- 
tion or sealed in a glass tube. The crystals can also 
be prepared by sublimation of a mixture of PBr5 and 
Br2 (Kastle & Beatty, 1900). It was found that the 'wet' 
crystals from solution lasted longer in the air, making 
it possible to mount one in a Pyrex glass capillary. 

The lattice constants for PBr7, determined from Mo 
K~ precession camera photographs and Cu Kc~ Weis- 
senberg camera photographs, are a=9 .35  + 0.02, b =  
7.94+0.01, and c=  14.69 +0.02 A. The systematic ex- 
tinctions (k + l =  2n + 1 for Okl reflections, h = 2n + 1 for 
hkO reflections) implied the space group Pn21a or 
Pnma. 

Owing to the instability of the compound an exper- 
imental density was not obtained. However, the only 
choice for the number of molecules per unit cell that 
was consistent with the space group and gave a reason- 

* W o r k  performed while an NSF  predoctoral  Fellow. 

able value for the calculated density (3.60 g.cm -3) 
was 4. 

Intensity data were collected on a Weissenberg 
camera with the multi-film technique using Cu Ke 
radiation. The size of the crystal used was approx- 
imately 0.6 mm x 0.15 mm x 0-12 mm. The zero through 
fifth layers were recorded while rotating around the 
[100] direction (needle axis). Of the 761 reflections 
within the limiting sphere of Cu Kc~ radiation for the 
layers recorded, 604 had an intensity greater than the 
minimum observable intensity. These intensities were 
measured visually with a set of standard spots made 
from the same crystal used to collect the intensity data. 

Determination of the structure 

It was assumed that the centrosymmetric space group 
Pnma was the correct one. This choice was confirmed 
by the solution of the phase problem, and subsequently 
by a statistical analysis by Wilson's (1949) method. 
With eightfold general positions and four molecules 
per unit cell, it was necessary to place some of the atoms 
of the PBr7 unit in sets of fourfold special positions. 
Stereochemically, it was necessary to place the PBr + 
moieties on the mirror planes at y=¼ and ¼ with the 
phosphorus atom and two of the bromine atoms [la- 
beled Br(2) and Br(3)] located directly on the mirror 
plane and with the remaining two bromine atoms [la- 
beled Br(1)] related to each other by the mirror plane. 
For the Br~- ions, three choices were possible. One 
choice would locate the central bromine on a center 
of symmetry, thus requiring the ion to be linear and 
symmetrical (Dooh). A second choice would locate each 
tribromide ion across one of the mirror planes with 
a symmetrical but possibly non-linear ion (Czv) result- 
ing. The third choice involved locating all three bro- 
mine atoms on a mirror plane. In this case, the ion 
would not be required to have any symmetry beyond 
Cs. 

A three-dimensional sharpened Patterson map was 
calculated with the Fourier summation program of 
Sly, Shoemaker & Van den Hende (1962) on an IBM 
709 computer. The positions of the atoms in the PBr + 
ion were estimated from this map. There were no 
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Patterson vectors consistent  with the first two possible  
choices for the locat ion o f  the tr ibromide ion. Since 
no  vectors could  be found  that fit a symmetrical  or 
slightly distorted linear tribromide ion,  a Fourier  syn- 

~ .  o t .  o o t i t 1  i l l 4  thesis was  computed  using only the posi t ions  o f  the . . . . . . . . . . .  ~ ; , ;  : ; : :  
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e l o t s  t T a ,  ~ san -2`.~, 
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of  these were the three bromine  atoms in the tribromide - - -  . . . . . . . . . . . . . . . . .  - , , , ,  ] ~gZ t 0 0 ]  HI  ~ t s 1 
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ig . . . . . . . . . . .  
. . . . . . .  1:': ] ! ! i  t ions were ass ned an intensity equal to one third o f  ' ~'~:~ q s~t  - ~ , z l  

Table 2. Observed  and calculated structure fac tors  
The columns contain k, 101Fol and 10 F~. An unobserved 
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Aft  i 10 fl ti hi h pp d b . . . . . . . . . . . . . . . . . .  er remov ng re ec ons w c a care to e ~ : : :  -,;,, . . . . . .  : ,,:::-1,,',,: 
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x y 
P 0"1133 0.25 

(0"0016) 

Br(1) 0.2352 0.0311 
(0.0003) (0.0003) 

Br(2) 0.0761 0.25 
(0.0005) 

Br(3) - 0.0916 0.25 
(0.0006) 

Br(4) 0.1818 0.75 
(0.0005) 

Br(5) - 0 . 0 8 0 4  0.75 
(0.0005) 

Br(6) 0.4031 0.75 
(0"0006) 

Table 1. Parameters  f o r  PBr7 
Standard deviations are given in parentheses. 

The ti~ are defined by: 
T =  exp ( - - i l l  lh 2 - i 2 2 k  2 - f l 3 3 / 2  - 2fll2hk- 2tl3hl-- 2f123kl). 

z t l  i tat i33 /h 3 
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(0.0005) (0.0020) (0.00107 (0.0003) (0.0005) 
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(0-0001) (0"0006) (0"0003) (0"0001) (0"0001) 
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(0"0003) (0"0010) (0"0006) (0"0002) (0"0003) 
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(0 .0002)  (0 .0008)  (0 .0005)  (0 .0001)  (0 .0002)  

0.4848 0-0039 0.0075 0.0031 - 0.0000 
(0"0002) (0"0009) (0"0005) (0"0001) (0"0002) 

0"2966 0"0059 0"0204 0"0050 0"0005 
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1/2; wlFob~l 2 

hkl 
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Table 3. Bond lengths and angles in PBr7 

B o n d  l e n g t h s  

° I  . . . . . . . . . . . . .  (1) A ~ i !  % '  ? . . . . . .  P - B r  2 . 1 6 + 0 . 0 1  
3 196 - 9 9  - 7 7  
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. . . . . . . . . . . . . .  P - B r ( 3 )  2 . 1 8 + 0 . 0 1  

. . . . . . . . . . . . . .  B r ( 4 ) - B r ( 5 )  2.91 + 0 . 0 1  
o • • e o - • 0 7 3  t *z3 , 1 1  

. . . . . . . .  ~!: (4) (6) 39 + 0 O1 . . . . . .  I . . . . .  . , ,  B r  -Bz  2" _ • 

. . . . . . . . . . . . . . .  B o n d  a n g l e s  
HI  S L * •4  o - 9 •  - • 1~  

• - n 9  - ] 7  

. . . . . . . . . . . .  B r ( I ) - P - B r ( 2 )  1 1 0 " 4 + 0 - 3  ° • •OZ2 • 0 9 •  3 - ; ' T  -~ ;  

. . . . . . .  B r ( 1 ) - P - B r ( 3 )  109.8  + 0.3 3 905 - 9 1 b  . -  * t . 1 6  
• SZ -Tq 

. . . . . . . . . . . . .  B r ( 2 ) - P - B r ( 3 )  109-1 + 0 " 5  
I - 98  - 1 • •  

. . . . . . . . . . . . . . . ,  -,• •o, B r ( 1 ) - P - B r ( 1 )  107"3+0.5_  
• 431 - ~ 7 3  

. . . . . . . . . . . . . .  B r ( 5 ) - B r ( 4 ) - B r ( 6 )  177.3  + 0 .2  s -1,7 -e.~ 
5 ~,,,. 5,,6 

z 1•3  1,.7 

. . . . . . .  b id  d p h y i  l ly  . . . . . . . . . . . . . .  perature factors cannot  e c o n s  ere s ca mean-  

. . . . . . .  . . . . . . .  ingful since no  absorpt ion correct ions were made  on 

. -  z t . t s  

.......:., - , .  ity o_:: :  , ,  the intens data. The  observed and calculated struc- 
• Ta , - S t  | I S  

: r,: :::: . . . . . .  ture f a c t o r s  a r e  l isted in Table  2. 
* , 9~  , . • s  . .  z t . • t  

. . . . . . . .  o . .  ,,o Bond lengths and angles with standard deviat ions 

. -  3 t . • 5  • - T T  - T z  

. . . . . . . .  ~ ::: :::; a r e  listed in Table  3. One  h a l f  o f  the unit  cell is s h o w n  • zTz  a~ •  
z - 97  •o . -  ] t . l l  

. . . . . . . .  in Fig 1 ,, - n o  t • 6  0 3 6 r  3,,6 • • 

.... Discussion and conclusion o - • 1 5  - l e ~  u .  • t - • 7  , .o  ;o~ 
- • 09  0 ' .85 ' , • a  
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. . . . . . . . . . . . . . . .  Phosphorus  heptabromide  exists in the c r y s t a l l i n e  s t a t e  

. -  5 L - • $  ~t. 0 t . 1 8  

. . . . . . . . . . . . . .  -,•'" :'~: . . . .  , , 9  as  d i s c r e t e  P B r 4  + and Br~- ions.  The  o v e r a l l  s t r u c t u r e  

. . . . . . . . . . . . . . .  is essentially the same as in NH413 ( M o o n e y ,  1935), 
. . . . . . . .  ,'~' •" (T & B ijk 1955) (C . . . . .  C s I 3  a s m a n  o s w  . . . . . . . .  and CslzBr arpenter, 
a -g r ,  - 1 , 5  H. z t - l e  

. . . . . . . . . . . . . . .  1966).  A l l  o f  t h e  c o m p o u n d s  have the same space group 
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Fig .  1. I l l u s t r a t i o n  o f  t he  s t r u c t u r e  o f  PBr7 .  

A C 23  - 9*  



470 THE CRYSTAL S T R U C T U R E  OF P H O S P H O R U S  H E P T A B R O M I D E ,  PBr7 

if the axes are chosen similarly. The larger cations in 
PBr7 expand the unit cell mainly in the c direction (for 
Pnma). 

The PBr + ion in PBr7 is very similar in configuration 
to the PBr + ion in PBrs. It is nearly tetrahedral with 
all angles in the range 107-110 ° and all bond distances 
in the range 2.16-2.18/k. 

The tribromide ion in PBr7 differs, however, from 
that found in [N(CH3)3H+]zBr-BG - in that the two 
bond lengths are significantly different and the angle 
between the bonds is more nearly 180 °. The Br(4)- 
Br(6) distance of 2.39 A is only slightly greater than 
the single-bond distance of 2.28 A in Br2, while the 
Br(4)-Br(5) distance is lengthened to 2.91/k. This is 
analogous to the triiodide ion, which is symmetrical 
in (C6Hs)aAsI3 (Mooney-Slater, 1959) but unsym- 
metrical in NH413 (Mooney, 1935) and CsI3 (Tasman & 
Boswijk, 1955), except that the distortion is consider- 
ably greater in the tribromide case. 

Havinga & Wiebenga (1959) have pointed out that 
in both cases of the unsymmetrical I~-, one iodine atom 
is more closely surrounded by the cation than the other 
two iodine atoms, whereas the surroundings of the 
symmetrical I~- are more nearly symmetrical. This is 
also found in the Br~- ion of PBr7, where Br(5) is much 
closer to the bromine atoms of various PBr + ions than 
is either Br(4) or Br(6). In fact, Br(5) has four bromine 
neighbors in the 3.1-3.4 A range while the nearest ap- 
proaches to Br(4) and Br(6) are all greater than 3.8 A. 
Since the van der Waals radius of bromine is 1.95/~, 
it would appear that there are significant interactions 
(presumably mainly ionic) between the positive PBr + 
ion and the elongated end of the tribromide ion. It is 
interesting to note that each bromine atom on the 
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PBr + ion is involved in one and only one short contact 
with Br(5), thus explaining why the PBr + ion is so 
close to tetrahedral despite these interactions. These 
distances are shown in Table 4 and Fig. 2. 

Table 4. Nearest neighbors of atoms in Br~- 
Br(5)-Br(1) 3.14A 
Br(5)-Br(2) 3.26 
Br(5)-Br(3) 3"36 
Br(6)-Br(1) 3"88 
Br(4)-Br(1) 3"89 

All other distances are above 4.00 A. 

Havinga & Wiebenga (1959) have discussed the struc- 
ture of polyhalogen compounds and ions, in particular 
I~-, in terms of the LCAO molecular orbital method. 
The molecular orbitals were represented as linear com- 
binations of the outer p-orbitals of the halogen atoms 
in the normal 3c-4e approximation. The Coulomb 
integrals were considered as a function of the electro- 
negativity and the formal charge of the atoms, and the 
overlap integrals were assumed equal to zero. In the 
case of the unsymmetrical I~- ion, the Coulomb integral 
of the atom closest to the cations was increased by 0. lfl 
to take into account the effect of these cations. The 
most stable configurations and bond orders were quali- 
tatively correct for the numerous cases to which this 
method was applied. It was therefore used in consider- 
ing the configuration of Br~- in PBr7. In this case, how- 
ever, the modification for the effect of the cation was 
greater since the distortion in BG- is greater than in 
I~-. Hence, the Coulomb integral on Br(5) was increased 
by 0.3,6. The resultant bond orders and atomic charges 
are shown in Fig. 3. The calculated bond orders agree 

\ 3 " 1 4  
\ \ / 2'91 

3"14 ////3"36 "~ 

Fig. 2. Nearest neighbors of Br(5). 
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Fig. 3. Bond distances and bond orders in Br3-. 

qualitatively with the observed bond lengths. In addi- 
tion, the calculated atomic charges agree qualitatively 
with the preliminary results of a nuclear quadrupole 
resonance study of PBrT. These results will be published 
when completed. The positive charge on Br(4) might 
explain the slight bending of the Br~- ion. As Fig. 3 

shows, the tribromide ions form a zigzag chain through 
the crystal. It appears that electrostatic interaction be- 
tween the positively charged Br(4) and the negatively 
charged Br(6) slightly bends the Br~- ion. The fact that 
the needle axis of the crystal is along the direction of 
the tribromide ion chain gives support to this proposed 
interaction between the tribromide ions. 
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Die Kristallstruktur von SnzS3 

VON DIETRICH MOOTZ UND HUBERT PUHL 

Institut fiir Anorganische Chemie, Technische Hochschule Braunschweig, Braunschweig, Deutschland 

(Eingegangen am 11. Oktober 1966) 

The existence of a new sulphide of tin, Sn2S3, besides the well known compounds SnS2 and SnS was 
confirmed, and its crystal structure determined, by a three-dimensional single-crystal X-ray diffraction 
analysis. The space group is Pnam with a = 8.864, b = 14.020, c = 3.747/~, and four formula units Sn2S3 
in the unit cell. All atoms lie in mirror planes with z = ¼, ~ [special position 4(c)]. Sn2S3 is almost isotypic 
with MCdC13 with M= NH4, K, Rb. The crystal structure consists of infinite double rutile strings of 
SnIvS6 octahedra parallel to the c axis, with the Sn n atoms attached laterally. The geometric relation- 
ship to the crystal structure of SnS2 is discussed. 

Einleitung 

Die Beobachtung von weiteren Phasen im System Zinn/ 
Schwefel neben den bekannten Verbindungen SnS2 und 
SnS wird wiederholt in der Literatur erw/ihnt (z.B. 
Albers & Schol, 1961; hier finden sich auch Hinweise 

auf andere Arbeiten). Die Zusammensetzungen dieser 
Phasen werden mit Sn2S3 und Sn3S4 angegeben. Die 
Pulverdiagramme, soweit sie mitgeteilt sind, vermitteln 
kein klares Bild yon der Anzahl und Identitfit der be- 
schriebenen Phasen, so dass die Erforschung des Systems 
Zinn/Schwefel noch nicht als abgeschlossen gelten kann. 


