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Protactinium pentabromide crystallizes in two distinct modifications. A three-dimensional structure 
analysis of the/~ form (final R= 9.05%) shows it to be essentially isostructural with uranium penta- 
chloride. The molecular Pa2Brl0 units are bis-octahedral with symmetric bromine bridging (in contrast 
to U2Cl10), and are formed by the protactinium atoms occupying one fifth of the octahedral holes of 
a close-packed bromine lattice. The monoclinic unit cell of B-PaBr5 has a = 8.385, b = 11.205, c = 8.950/1 
and/1= 91" 1 °. The structural relationship of/?-PaBr5 with other pentahalides and with other protactinium 
compounds is discussed. 

Introduction 

Protactinium pentabromide, PaBrs, has previously 
been reported (Maddock, 1961) on the basis of X-ray 
powder diffraction data, to possess orthorhombic 
symmetry with the lattice parameters a = 7.25, b = 12-12 
c = 9.13 A. Recent work at A. E. R. E., Harwell (Brown 
1966), again powder studies, indicated that PaBr5 was 
possibly dimorphic but the powder results were not 
satisfactorily interpreted. The present single-crystal 
investigation was undertaken in an attempt to clarify 
this situation and in order to provide structural data 
on protactinium pentabromide to permit a comparison 
with the information then available for niobium 
pentachloride and pentabromide (Zalkin & Sands, 
1958) and protactinium pentachloride (Dodge, Smith, 
Johnson & Elson, 1967). 

Experimental 

Protactinium pentabromide was prepared as des- 
cribed previously (Brown & Jones, 1966), and purified 
by vacuum sublimation at 400 ° . The compound is 
highly sensitive to atmospheric moisture, and single 

* Present address:Chemistry Division, Building 220, A.E. 
R.E., Harwell, Didcot, Berks., England. 

t Present address: Chemistry Department, University Col- 
lege, London, England. 

crystals were obtained by slow sublimation of small 
quantities (ca. 10 pg) of the product sealed in evacuated 
thin-walled silica capillaries. Investigation of the re- 
sulting crystals confirmed the existence of two forms 
of this compound. Sublimation at approximately 
400-410 ° resulted in the formation of fl-PaBr5 whereas 
at approximately 390-400 ° a low temperature modifi- 
cation, ~-PaBrs, was obtained. Capillaries invariably 
contained entirely one modification, not an equilibrium 
mixture, and complete transformation, e.g. o~----~fl, 
could be achieved by varying the sublimation condi- 
tions. Although we have been able to obtain some 
preliminary results for a-PaBr5 this modification is 
more difficult to crystallize than fl-PaBr5 and crystals 
suitable for a full structure determination have not yet 
been prepared. Preliminary investigations indicate that 
a-PaBr5 possesses monoclinic symmetry with a =  12-69, 
b =  12.82, e=9.92 A; f l= 108 °, the space group being 
P2a/e. 

The results of oscillation, Weissenberg and pre- 
cession studies have shown that fl-PaBr5 possesses 
monoclinic symmetry, space group P21/n with reflex- 
ions systematically absent for hOl with h + l =  2n + 1 
and 0k0 with k =2n + 1. The unit-cell parameters are 
a=8.385, b =  11.205, e=8.950 A; fl=91-1 ° (all with an 
accuracy of + 0.3 %); the calculated density for four 
PaBr5 molecules per unit cell is 4-98 g.cm -3. The non- 
standard setting of the space group, P2a/n, rather 
than the standard P21/e, was chosen to bring out the 
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relationship with a close-packed arrangement of bro- 
mines and for consistency with the reported structure 
of uranium pentachloride. 

Three-dimensional intensity data were collected, 
using a crystal approximately 0.1 x0.1 x0.1 mm., by 
the precession and multi-film, equi-inclination Weissen- 
berg techniques with zirconium-filtered molybdenum 
K~ radiation 2=0.7107 A). The reciprocal lattice nets 
Okl to 5kl (Weissenberg) and hkO (precession) were sur- 
veyed and a total of 281 unique reflexions measured. 
The intensities, estimated visually, were placed on the 
same absolute scale by the use of common reflexions. 
The appropriate Lorentz-polarization factors were 
applied and a correction for X-ray absorption was 
made by means of a 512-point Gaussian integration 
following essentially the method of Busing & Levy 
(1957) programmed for the Mercury computer (Pro- 
gram written by A.J.Smith). The mass absorption 
coefficient of protactinium for molybdenum Kc~ radi- 
ation was taken to be 118 cmZ.g -1 by a linear interpo- 
lation from the values published for thorium and 
uranium (Roof, 1959). The linear absorption coeffi- 
cient for the crystal, p, is thus 15.6 cm -1. 

Determination of  the structure 

The positions of four protactinium atoms per cell 
(one per asymmetric unit) were unambiguously de- 
rived from a three-dimensional Patterson synthesis; 
subsequent Fourier syntheses, based on protactinium 
phasing, clearly revealed an octahedral arrangement 
of bromine atoms about each protactinium atom. At 
this stage details of the crystal structure of uranium 
pentachloride, UCIs, became available (Smith, Johnson 
& Elson, 1967) and a comparison of the reported unit 
cell, space group and heavy atom position with those 
for/i'-PaBr5 suggested that the two compounds were 
isostructural. The published chlorine coordinates were 
therefore inserted for the bromine positions in/?-PaBr5 
and least-squares refinement, initially by the block- 
diagonal approximation (using the program of J.S. 

Rollett) and finally by full-matrix with individual ani- 
sotropic vibrational parameters, and allowance for 
anomalous scattering (using the program General 
SFLS by N.A. Bailey) reduced the R index to the final 
value of 9.05 %. Af' and Af" values for protactinium, 
-15.75 and + 13.65 electrons respectively, were ob- 
tained by interpolation from the thorium and uranium 
values measured by Roof (1961). The scattering factors 
(f, Af' and Af") given in International Tables for X-ray 
Crystallography (1962) were used for bromine. The 
shifts obtained in the final refinement cycle were less 
than one quarter of the corresponding standard errors 
for all positional and vibrational parameters. The final 
parameters are listed in Table 1 together with their 
standard errors. Observed and calculated structure 
factors are quoted in Table 2. 

Discussion of the structure 

Each protactinium atom is coordinated octahedrally 
by six bromine atoms; two such octahedra share an 
edge to form a Pa2Brl0 unit (Fig. 1) which is situated 
about a crystallographic centre of inversion. This dimer- 
ic configuration is very similar to that found for UCI5 
but, whereas the latter posesses a distinctly assymmet- 
ric chlorine bridge, bond lengths being 2.67 and 2.70 A 
(a=0.01 A), p-PaBr5 has symmetric bromine bridging, 
the bond lengths of 2.85 and 2.86 ]~ being identical 
within one standard deviation (a=0.013 ~). The prot- 
actinium atoms are displaced from the centres of the 
octahedra by approximately 0.2 A in directions away 
from each other along the line joining Pa and Pa'. As 
a result of this the bridging bromine atoms Br(1) and 
Br(l') approach more closely than they would for 
regular octahedral coordination and the bond angles 
within the distorted octahedra deviate considerably 
from 90 °. In particular the Br(1)-Pa-Br(l ') angle is 
compressed to 81.1 °. The Pa-Br bond lengths to non- 
bridging bromines range from 2.54 to 2.59 ~.  Bond 
lengths are shown in Fig. 1 and angles are listed in 
Table 3, together with their standard deviations. Intra- 

Table 1. Atomic parameters in fl-PaBr~ 
(Space group P21/n, all atoms in general positions, e.s.d.'s in parentheses) 

Positional parameters 
104 x/a 104 y/b 104 z/c 

Pa - 525 (9) 1377 (6) 1624 (8) 
Br(l) 298 (35) 1157 (17) - 1 4 5 2  (33) 
Br(2) - 1 3 5 6  (41) 1285 (36) 4384 (22) 
Br(3) 2494 (42) 1233 (44) 2312 (35) 
Br(4) - 3378 (41) 1210 (38) 639 (25) 
Br(5) - 4 4 8  (41) 3671 (23) 1393 (33) 

Vibrational parameters (x  104) 

/711 b22 b33 b23 b31 b l 2 
Pa 121 (12) 69 (5) 95 (8) 42 (26) - 2 3  (14) - 3 4  (32) 
Br(l) 207 (50) 89 (21) 127 (34) 11 (57) - 5 2  (65) 109 (74) 
Br(2) 279 (54) 172 (33) 90 (38) 32 (66) 100 (62) 372 (99) 
Br(3) 222 (42) 125 (28) 204 (53) 27 (74) 29 (77) 1 (77) 
Br(4) 264 (52) 183 (39) 120 (40) - 81 (68) 50 (66) - 294 (95) 
Br(5) 252 (43) 89 (17) 197 (45) 35 (78) 60 (64) 152 (100) 
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Table  2. IFobsl and IF~,zol for fl-PaBr5 
Lines marked by black dots give l and k in that order. The remaining lines give, from left to right, h, IFol, IF, I. 
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• 0 0 

2 IO1~O 1 1 4 1 6  
4 44o9 `5004 
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,~ a1 18 26=0  
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• o t 

1 1 2 8 2 4  9 0 3 6  
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• a 9 t 3235 3555 o 4409 4957 
0 5188 5483 5169 , 
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• a t o  " " 3  2288 2466 • - t  3458 2887 
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molecular Br. • • Br contacts range from 3.63 to 3.95 A. 
A few of these, including Br(1) . . .Br( l ' ) ,  3.71 A, are 
significantly shorter than expected van der Waals dis- 
tances (3.90 A; Pauling, 1960). A projection of the 
structure down the c axis is illustrated in Fig. 2. 

The crystal structure as a whole, like that of UCIs, 
is based on a cubic closest packing of the halogen 
atoms, with the protactinium aloms occupying one 
fifth of the octahedral holes in adjacent pairs. This 
arrangement has previously been illustrated for UCI5 
(Smith, Johnson & Elson, 1967)and will not be re- 
peated here. As these authors point out, an idealized 
structure of this type requires a repeat distance along 
the b axis of 41/2.r ( r=packing  radius of bromine) 
with a- and c-axis repeat distances both equal to 21/5. r. 
Numerical values obtained for r=1.95 A (Pauling, 
1960) are a = c = 8 . 7 2 A ,  b = l l . 0 3 A ,  compared with 
the experimental values of a=8.39,  c=8.95, and 
b =  11.20 A. The protactinium atoms obviously 
distort the packing in the ac plane and the observed fl 
angle, 91.1 o, deviates slightly from 90 ° 

P a '  ~ ,  ~:;~-- 2"8 6 @ 

Fig. 1. The dimeric Pa2Brl0 unit. 

asinp 

Fig.2. A projection of the ,8-PaBr5 structure along the c axis. 

Table 3. Bond lengths and angles for fl-PaBr5 

Bond lengths (e.s.ds in parentheses) 
Pa(1)... Pa(l') 
Pa(1). .  Br(I ) 
Pa(1). .Br(l') 
Pa ( l ) . .  Br(2) 
Pa( l ) . .  Br(3) 
Pa(1). .  Br(4) 
Pa ( l ) . .  Br(5) 

Angles (all e.s.ds. 0.5 o) 
Br (1) - P a (  1 ) -Br(  1 ") 
Br(1) -Pa(1)-Br(3) 
Br(1) -Pa(1 )-Br(4) 
Br(l ) -Pa(l )-Br(5) 
Br(l')-Pa(l)-Br(2) 
Br(l')-Pa(1)-Br(3) 
Br(l')-Pa(1)-Br(4) 
Br(2) -Pa(1)-Br(3) 
Br(2) -Pa(1 )-Br(4) 
Br(2) -Pa(1)-Br(5) 
Br(3) -Pa(1 )-Br(5) 
Br(4) -Pa( 1 )-Br(5) 
Pa(l ) -Br(1)-Pa(l') 
Br(1 ) -Pa( 1 )-Br(2) 
Br(l ')-Pa(1)-Br(5) 
Br(3) -Pa(l)-Br(4) 

4.341 (0-018) A 
2.862 (0.013) 
2-849 (0.013) 
2.581 (0.016) 
2.598 (0.018) 
2.541 (0.018) 
2-580 (0.018) 

81.1 ° 
88.3 
84.4 
90.1 
91.8 
83.4 
88-4 
92.9 
93.4 
97.1 
93-2 
94.0 
98.9 

172.6 
170.6 
169.8 

The arrangement found for fl-PaBr5 and for UCI5 
differs from that observed for similar dimeric units of 
NbCIs, TaC15 (Zalkin & Sands, 1958), and MoCls 
(Sands & Zalkin, 1959) in which hexagonal closest 
packing of the chlorine atoms is reported with the 
metal atoms again occupying one fifth of the available 
octahedral holes. Protactinium pentachloride, PaCIs, 
possesses a totally different structure (Dodge, Smith, 
Johnson & Elson, 1967) in which infinite chains of pen- 
tagonal bipyramids share edges, each protactinium 
atom being seven-coordinate. It will be interesting to 
see whether e-PaBr5 follows the d-transition metal 
pentachlorides and shows hexagonal closest packing of 
the bromine atoms and also to search for both a possi- 
ble low temperature form of PaC15, since the crystals 
used were grown by sublimation, and high temperature 
form of UCI5 since the crystals of this compound were 
obtained from carbon tetrachloride solution. 

The single-bond covalent radius of protactinium(V) 
derived from the six-coordinate fl-PaBr5 structure is 
1.44 + 0.02 A, which can be compared with the mean 
single-bond values of 1.45+__0.02 /~ and 1.52+_0.02A 
for the seven-coordinate pentachloride (Dodge, Smith, 
Johnson & Elson, 1967) and nine-coordinate hepta- 
fluoro-complex, KzPaF7 (Brown, Kettle & Smith, 1967) 
respectively. The single-bond covalent radius of uranium 
(V) derived from the six-coordinate UCI5 structure 
1.44_+ 0.01 A, is very close to these first two values. 

This work was carried out under a research contract 
for the United Kingdom Atomic Energy Authority, 
Atomic Energy Research Establishment, Harwell and 
one of us (T. J. P.) thanks the Authority for financial 
assistance. 
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The Crystal Structure of N-Methyl-4-phenylisoxazolin-5-one 
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Crystals of N-methyl-4-phenylisoxazolin-5-one, C10H9NO2, are monoclinic, P2x/c, with a= 13.716, 
b= 10-925, c= 11.333/~, fl= 91.51 and Z= 8. X-ray analysis was based on layers 0-8 about the b axis. 
The structure was determined by trial-and-error methods and refined by an anisotropic least-squares 
analysis of 870 observed reflexions. The final R index including the contribution of hydrogen atoms 
was 0.053. The two independent molecules are arranged in the asymmetric unit according to a nearly 
orthorhombic symmetry. Bond distances and angles agree with accepted values. The phenyl and isox- 
azolinone rings of the two molecules are slightly tilted: the angles are 14 ° and 11 ° 

Introduction 

Researches carried out (De Sarlo, Fabbrini & Renzi, 
1966) on the series of aryl derivatives of 2-methylisox- 
azolin-5-one with the formula: 

R - - C = C - - R '  
13 41 

C H 3 - - N  2 5C~---O 
\ 1 /  

O 

have established some differences in physical properties 
between the compounds with R=CrH5 and R ' = H ,  
CH3, Br and those with R = H ,  CH3 and R'=C6Hs. 

N-Methyl-4-arylisoxazolin-5-ones have higher melt- 
ing points and lower solubilities in ether than the iso- 
meric 3-aryl derivatives. Moreover, the vc=o in the 
infrared spectra is located before 1706 cm -1 for 4-aryl 
compounds and after 1730 cm -1 for all other N-methyl- 
isoxazolin-5-ones. It must be noted, however, that 
these differences are observed only in the solid phase, 
whereas comparable values are found in solution: e.g. 
the infrared spectra in carbon tetrachloride and the 
dipole moments in benzene solution. Analysis of the 
crystal structure of one compound for each of the two 
groups could account for these differences. In the 

present paper the crystal structure of N-methyl-4- 
phenylisoxazolin-5-one is described. In the following 
paper (Sabelli & Zanazzi, 1969) the crystal structure 
of N-methyl-3-phenyl-4-bromoisoxazolin-5-one is re- 
ported and the relations between the two types of com- 
pound are discussed. 

Experimental 

A sample of N-methyl-4-phenylisoxazolin-5-one was 
kindly supplied by Dr De Sarlo of the Istituto di 
Chimica Organica of the Florence University. Well 
formed, colourless crystals were obtained by recrystal- 
lization from an alcoholic solution. 
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Fig. 1. Relationship between the axes in the twinned reciprocal 
lattices. 


