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The structure of trimeric phosphonitrilic bromide was refined by three-dimensional differential Fourier 
synthesis. The crystals are orthorhombic, space group Pcmn, with four molecules in a cell with dimen- 
sions: a= 6-63 + 0.01, b= 13.36 + 0.02, c = 14.43 + 0.02 A,. The (PN)3 ring is not planar and has a slight 
chair conformation similar to that found for trimeric phosphonitrilic chloride. No indications were 
obtained on the equivalence of the PN bond lengths because of the high values of the corresponding 
standard deviations. Some short intermolecular approaches have been found. The geometry of the 
molecule is compared with that of other similar compounds. 

Introduction 

The crystal and molecular structures of several trimeric 
phosphonitrilic compounds have been investigated in 
recent years and interesting correlations with their 
electronic structures have been established (Craig, 
1959; Dewar, Lucken & Whitehead, 1960). X-ray 
diffraction analyses have been carried out on trimeric 
phosphonitrilic fluoride (Dougill, 1963) and chloride 
(Cipollini, Pompa & Ripamonti, 1958; Pompa & 
Ripamonti, 1959; Giglio, 1960; Wilson & Carroll, 
1960), on 2,2-diphenyl-4,4,6,6-tetrachlorocyclotriphos- 
phazatriene (Mani, Ahmed & Barnes, 1965) and on 
sodium trimetaphosphimate tetrahydrate (Olthof, Mig- 
chelsen and Vos, 1965). In order to obtain further 
information on this class of compound and to examine 
the influence of substituents on the molecular confor- 
mation the structure of trimeric phosphonitrilic brom- 
ide (TPB) was undertaken. 

A preliminary study on the crystal structure of TPB 
has previously been reported (Bode, 1949; De Santis, 
Giglio & Ripamonti, 1962). In this paper the results 
of a three-dimensional analysis are discussed. 

The molecule and the numbering of atoms are shown 
in Fig. 1. 

Experimental 

Prismatic crystals, elongated along a, suitable for 
X-ray analysis were prepared by slow evaporation of 
a solution of TPB in benzene. The X-ray photographs 
were taken with a crystal enclosed in a sealed thin-wal- 
led glass capillary since the compound sublimes slowly 
at room temperature. From oscillation and precession 
photographs, taken with Cu Kc~ radiation, the unit- 
cell parameters were found to be 

a=6.63 (+ 0.01), b=  13.36 ( + 0.02), 
c=  14.43 ( + 0.02) A 

in good agreement with those found by Bode (1949). 
The orthorhombic unit cell contains four molecules 

corresponding to a calculated density of 3.18 g.cm -3. 

The lack of a piezoelectric effect and the systematic 
absences in the reflexions indicate Pcmn to be the 
space group. 

Intensity data were collected with Cu Kc~ radiation 
by means of multiple-film equi-inclination Weissen- 
berg photographs about a for layer lines 0 to 3. The 
zero-layer about the c axis was recorded to provide 
cross-correlation of the a-axis data. Only 538 inde- 
pendent reflexions, which are about 41% of the total, 
were estimated visually with a set of standard strips. 

Care was taken to choose a crystal having approx- 
imately cylindrical shape, with a mean cross-section 
diameter of about 0.25 mm, so as to facilitate the 
absorption correction (Bradley, 1935). The linear ab- 
sorption coefficient of TPB is 267 cm -I. Afterwards, 
the intensities were corrected for Lorentz, polarization 
and velocity factors and for change of spot shape on 
upper layer equi-inclination photographs (Phillips, 
1954) by a data reduction program written for an 
IBM 1620 computer (Damiani, De Santis, Giglio & 
Ripamonti, 1962). 

Structure determination 

The structure of TPB projected on (100) and (001) had 
been previously determined (De Santis, Giglio & Ripa- 
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Fig. 1. TPB molecule and atomic numbering. 
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monti,  1962), giving to the phosphorus and nitrogen 
atoms the same fractional coordinates as established 
for trimeric phosphonitril ic chloride because of  the 
very close crystallographic and structural similarity 
between these two compounds.  The coordinates of  the 
bromine atoms were derived from those of  the chlorine 
atoms assuming a P-Br bond length of  2.2 A. The 
atomic parameters were then refined by means of  two- 
dimensional Fourier differential synthesis until the 
reliability indices were R0~z = 0.21 and R ~ 0  = 0.17. 

At this stage, starting with the atomic coordinates 
thus obtained and isotropic temperature parameters, 
two three-dimensional cycles of  structure factors and 
Fourier synthesis were calculated with programs writ- 
ten for the IBM 1620 computer by Van der Helm 
(1961a, b). The R index was reduced from 0.40 to 0.26. 
All  the calculations were performed with the atomic 
scattering factors of  McWeeny (1951) for nitrogen 
atoms and those of  James & Brindley (1931) for phos- 
phorus and bromine atoms. The refinement was car- 
ried out by means of  differential synthesis, calculated 
with a program written for the IBM 1620 computer 
(Damiani ,  De Santis, Giglio & Ripamonti ,  1963), 
which uses output data of  Van der Helm's structure- 

factor program as input data. During the first three 
cycles individual isotropic temperature factors were 
assigned and only the positional parameters were ad- 
justed. In the next three cycles individual anisotropic 
temperature factors were used by comparing observed 
and calculated curvatures. The R index dropped to 
0.16. 

Since the Weissenberg photographs contained two 
diagonal lines on which absorption is very large and 
this phenomenon is due to X-ray surface reflexion fields 
(Wells, 1937; Buerger, 1938) it was decided to make a 
rough correction for this effect by multiplying the Fo 
of the 38 reflexions lying on the diagonal lines by ap- 
propriate scale factors. These factors were calculated 
by averaging the ratios Fe/Fo for each layer. The refine- 
ment was then continued until the average shift in the 
atomic coordinates, in terms of  their standard devia- 
tions, was less than 0.5a. 

The final observed and calculated structure factors 
are given in Tabl:  1; for these values R is 0.132. The 
final atomic parameters, reported in Table 2 with their 
estimated standard deviations (Cruickshank, 1949), 
do not differ appreciably from those obtained before 
the last correction. The lower accuracy of  the x co- 
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ordinates must  be ascribed to the lack of  reflexions 
of  layer lines with h > 3. Fur thermore  the low percen- 
tage of  the reflexions used in the refinement and the 
absorption effect, approximately corrected, do not al- 
low one to attach any physical meaning to the numeri- 
cal values of  anisotropic thermal  parameters,  listed in 
Table 3. The comparison between observed and cal- 
culated peak heights is given in Table 4. The e.s.d.'s 
of  the electron density and of  its first derivatives are:  
a (~)=0"40e . /~-3 ;  a(Ah)=0.78, a ( A k ) = l . 0 4 ,  a(Az)= 
0.92 e./~k -4. 

Table 2. Final fractional atomic coordinates 
(e.s.d.'s x 103 A) 

X tr(X) y tr(y) z a(z) 
N(1) 0"5913 60 0"2500 ~ 0"1363 33 
N(2) 0.4287 59 0.1473 30 - 0-0033 37 
P(1) 0.4105 16 0.2500 - -  -0.0595 7 
P(2) 0"5534 19 0.1465 7 0"0916 8 
Br(l) 0"5807 8 0"2500 - -  -0"1900 4 
Br(2) 0"1015 9 0"2500 - -  --0"1089 5 
Br(3) 0"8477 10 0"0716 5 0"0830 5 
Br(4) 0"3818 9 0"0503 4 0"1804 4 

Table 3. Final temperature]actors 
Temperature factor = exp [ -  (bx lh 2 + b22k 2 + b3312)] 

bll b22 b33 
N(I) 0"02691 0" 00600 0" 00927 
N(2) 0-02521 0.00720 0.00865 
P(I) 0"01538 0-00720 0"00650 
P(2) 0"02291 0"00590 0.00713 
Br(1) 0.03108 0"00958 0"00852 
Br(2) 0.02982 0.01150 0.00972 
Br(3) 0.02975 0.01060 0.01100 
Br(4) 0.03125 0.00903 0.00915 

N(1) Obs. 
Calc. 

N(2) 

P(1) 

P(2) 

Br(1) 

Br(2) 

Br(3) 

Br(4) 

The intramolecular  distances and angles with their 
s tandard deviations, estimated with the Ahmed  & 
Cruickshank (1953) and Dar low (1960) formulae,  are 
shown in Table 5. A view of the ar rangement  of  the 
molecules in the crystal, showing the closest intermo- 
lecular contacts less than the normal  van der Waals  
distances, is shown in Fig. 2. 

D i s c u s s i o n  

The most  interesting feature of  the structure lies in the 
geometry of  the molecule. The equation of  the ring 
least-squares plane, calculated according to Schomaker ,  
Waser,  Marsh  & Bergman (1959) and using uni tary  
weights for all the atoms, is: 

? 

Fig. 2. Drawing of the unit cell showing the molecular packing 
and the closest intermolecular approaches. 

Table 4. Electron densities and curvatures 
Values in parentheses are from Fe differential synthesis. 

Q --An~ --Ak~ - A n  A ~  
e.A-3 e.A-s e.A-5 e.A-5 e.A-s 

4"94 12.8 31"7 27"4 - -  
(5"29) (16"6) (30"5) (29.7) 
5"11 13"3 34"5 25-2 2.1 

(5"06) (13"3) (34"0) (25.6) (2"4) 
15-79 49.2 138.9 130.4 

(15"86) (50"8) ( 1 3 9 " 5 )  (129"2) - -  
15"20 42" 1 147"3 113"6 3"9 

(15"10) (42-7) ( 1 4 5 " 3 )  (113"9) (2"3) 
32-95 93.8 241.5 242.6 - -  

(32"71) (96"8) (241 "2) (241 "5) - -  
30"89 90"1 212"4 203"3 - -  

(29"91) (89-0) ( 2 1 1 " 3 )  (202"4) - -  
28"70 80"8 202"7 175"6 3"5 

(28"71) (82"7) ( 2 0 1 - 2 )  (176"3) (0-1) 
32"55 91"6 263"7 218-8 -5"0 

(32"57) (95"4) (259.7) (217"2)  (-2"8) 

Ant A~z 
e.k-5 e.k-5 

-2"4 
( o . o )  

- 3"8 - 6"4 
( - 1"4) ( -  4"7) 
-13.1 

(-12-6) 
0.3 4.2 

(1-4) (4-5) 
3.9 

(3.7) 
- 6 " 6  

(-5.0)  
4.3 -3 .2  

(1"3) ( -  1-4) 
4"9 13"7 

(2"4) (5"5) 

Table 5. Bond 
l 

N(1)P(2) 
N(2)P(1) 
N(2) P(2) 
P(1)Br(1) 
P(1)Br(2) 
P(2)Br(3) 
P(2)Br(4) 

lengths and angles with their standard deviations 
aq) 0 

1.55 A 0.035 A P(2)N(1)P(2') 126.8 ° 
1.60 0.033 P(2)N(2)P(1) 118.6 
1.60 0.045 N(E)P(1)N(2') 118-3 
2"20 0"0l 1 N(1)P(2)N(2) 115"8 
2"17 0"017 Br(1)P(1)Br(2) 101.7 
2.20 0.019 Br(3)P(2)Br(4) 103.4 
2"14 0.013 

a(o) 
2.6 ° 
2.4 
1.8 
2.0 
0.4 
0.4 
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2.2227x- 2-3384z = 1. 

These coefficients are referred to the crystallographic 
axes and x and z are fractional coordinates. The dis- 
tance of this plane from the origin of the unit cell is 
2.69 A. The deviations of the atoms from the plane 
are in A: 

Y(1), -0 .012;  N(2), -0 .106;  P(I), 0.138; P(2), 0.043. 

Therefore the (PN)3 ring in the TPB molecule has a 
slight chair conformation and deviates from planarity 
appreciably more than in the hexachloro (Giglio, 1960) 
and in the diphenyltetrachloro (Mani, Ahmed & 
Barnes, 1965) derivative, in which the average dis- 
tances of P and N atoms from the least-squares plane 
are 0.037 and 0-042 A respectively. Since the ring is 
planar in the hexafluoro derivative (Dougill, 1963) 
it seems reasonable to think that the deviation from 
planarity increases on lowering the degree of electro- 
negativity of the ligands and at the same time the 
aromaticity decreases. 

Unfortunately only rough indications have been 
obtained of the PN bond lengths of TPB because of 
the high values of the corresponding standard devia- 
tions, and the equivalence of these bonds cannot be 
established or excluded. However, the mean values of 
the PN bonds seem to increase from the hexafluoro 
and hexachloro compounds (1.56 ,~,) to the diphenyl- 
tetrachloro and hexabromo derivatives (1.58 A) and 
this should cause a loss of aromaticity. These results 
are in qualitative agreement with the theoretical ex- 
pectation that the bond strength should be greater if 
the electronegativity of the ligand increases (Paddock, 
1964). Another noticeable effect might be the progres- 
sive departure from regular tetrahedral hybridization 
of the phosphorus orbitals when the ligands are less 
electronegative. 

To show the situation in TPB some values of the 
bond angles in the two crystallographically non- 
equivalent PNBr2 units of the molecule are shown in 
Fig.3. Moreover, the distances of Br(1) and Br(2) 
from the plane N(2)P(1)N(2') and those of Br(3) and 
Br(4) from the plane N(1)P(2)N(2) are 1.39, -1 .92  A 
and 1.64, -1 .74  A respectively. These values show a 

N(2) 113'4 
0 (1-7)~ 

P(1 103'8 (2'1) 

Br(3) 

Br(1)? 77114.  4 
1,13.4 N(1) 106. 
~)N(2') ' N(2) v r ~ 2 ) ~  ° 

1117 I/ ii'8; 03'8 (1'7) ~1 ~' o) 2"1) 

Br(4) 
Br(2) 

Fig. 3. Some bond angles and their standard deviations (°) in 
the two crystallographically non-equivalent PNBr2 units of 
the TPB molecule. 

considerable deviation from regular tetrahedral geom- 
etry and a probable smaller conjugation between the 
ring and the exocyclic 1r-systems. 

It might be also noted that, on the average, the bond 
angles on the nitrogen atoms of the (PN)3 rings are 
larger, although not always significantly, than those 
on the phosphorus atoms in all the compounds of the 
series thus far studied, except in the case of trimeric 
phosphonitrilic chloride investigated by Wilson & 
Carroll (1960). 

Finally it should be mentioned that the shorter 
intermolecular approaches (Fig.2) occur mainly in 
directions approximately parallel to the a axis and cor- 
respond to the shortest contacts in the hexachloro 
derivative. This situation is confirmed by inspection 
of the anisotropic thermal parameters, which show 
that, generally, the atoms present directions of maxi- 
mum and minimum vibration respectively along the 
c and a axes. 

The authors are grateful to Prof. A. M. Liquori for 
his continued interest and many useful discussions. 
This research was supported by the Consiglio Nazio- 
nale delle Ricerche. 
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