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The Crystal Structure of Re,P

STIG RUNDQVIST

Institute of Chemistry, University of Uppsala, Uppsala, Sweden

The crystal structure of Re,P has been determined by X.ray
powder methods. The structure belongs to the C23 type. The dimen-
sions of the orthorhombic unit cell are: @ = 5.540 A; b = 2.939 A;
¢ = 10.040 A. The space group is Pnma, with 4Rey in 4(c): z = 0.829,;
z = 0.0655; 4Reyy in 4(c): @ = 0.852,; z = 0.785,; and 4P in 4(c):
z = 0.395; z = 0.110. The Re,P structure is compared with that of
Ru,P, and notable differences are indicated.

ln previous communications -® on the crystal chemistry of phosphides of
the Group VIII metals, the structures of several phosphides with the com-
position Me,P have been described. Among the phosphides of the Group VII
transition metals, Mn,P is known to be isostructural with Fe,P (the revised
C22 type!), but the structure of Re,P has not been determined previously.
The present investigation was undertaken in view of the possible structural
relationships between Re,P and the phosphides of the platinum metals.

EXPERIMENTAL

Rhenium phosphides were prepared by heating rhenium powder (Heraeus, Hanau,
Germany, claimed purity 99.8 9) and red phosphorus (purity higher than 99 ¢,) in
evacuated and sealed silica tubes at temperatures up to 1 100°C. No attack on the tube
walls was detected and chemical analysis was not carried out. Powder photographs were
taken in Guinier-type focussing cameras using CuKa radiation. For the lattice para-
meter measurements, silicon (@ = 5.4306 A) was used as an internal calibration standard
and the accuracy obtained was estimated to be greater than 0.05 9%, Intensities of the
powder lines were measured on photometer records of the films using methods similar
to those described by Higg and Regnstrom ¢, Relative | F|-values were calculated from
the equation derived by Hagg 7. No absorption correction was applied. Fourier summa.-
tions were made on an analogue computer of the Hiigg-Laurent type, constructed by T.
Lundstrém ¢, Structure factor calculations were made on the electronic digital computer
BESK using a program devised by Asbrink et al.® For the calculations of the atomic
scattering factors, expressions of the type

. b: )
fi = Agexp (= b sin6) + Bioexp (~gren®) + C-oxp (—gran) + D,
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were used. The constants A;, B;, C; and g;, b;, c; have been calculated by Appel ° on
the basis of scattering factor tables given for rhenium by Thomas and Umeda 1! and for
phosphorus by Tomiie and Stam 2. The following constants were used:

Ai B,' C,’ a; b,' C;

Re 25.854 28.303 19.925 0.170 1.885 15.175
P 1.447 7.971 5.688 0.001 1.528 37.194

For rhenium, the real part of the dispersion correction, calculated by DPauben and
Templeton 2 to be — 6 units, was inserted as the constant D; in the above expression.|

THE RHENIUM-PHOSPHORUS SYSTEM

The rhenium-phosphorus system was investigated earlier by Haraldsen 14,
He found four intermediate phases with the compositions Re,P, ReP, ReP, and
ReP;. No crystallographic data were reported.

In the present investigation, alloys with phosphorus contents varying
from 0 to 50 atom 9, were prepared. The products were obtained as blue-
black powders which oxidized slowly in air.

The powder photographs showed the existence of Re,P and ReP, and
furthermore the existence of the two-phase regions Re + Re,P and Re,P -+ ReP
was established. This shows that Re,P and ReP are the only intermediate
phases in the region 0—50 atom 9%, phosphorus (at least at temperatures be-
tween 800° and 1 100°C). Within the limits of experimental errors (less than
0.05 %) the lattice parameters of Re,P were unchanged in two-phase Re +ReP
and Re,P + ReP alloys. It is therefore concluded that Re,P has a narrow
homogeneity range.

Re,P alloys were heated for several weeks at 1 000°C in silica tubes, but
single-crystals suitable for X-ray work were not formed. Re,P alloys were
also heated at temperatures up to the melting point in an argon-filled are
furnace, but they decomposed rapidly, evolving phosphorus fumes. The pow-
der method was therefore the only possible means for the structure determina-
tion.

THE STRUCTURE DETERMINATION OF Re,P

The reflexions in the powder pattern of Re,P were indexed on the basis
of an orthorhombic unit cell with the dimensions: @ = 5.540 A; b = 2.939 A;
¢ = 10.040 A. The cell volume of 163.5 A indicates that the unit cell contains
eight rhenium and four phosphorus atoms. Accordingly a value of 16.4 g-cm™2
is obtained for the calculated density. The experimental value quoted by
Haraldsen * is 15.5 g-cm™3.

(h%0) reflexions were observed only for A = 2n and (0kl) reflexions for
k + 1 = 2n. It was noted further that the intensity distribution of the (%0l)
reflexions was closely similar to that of the (h20). These observations, combined
with the small value of 2.939 A for b strongly suggest that the Re,P structure
is based on the space group Pnma with all the atoms in the 4(c) positions.

Acta Chem. Scand. 15 (1961) No. 2



344 STIG RUNDQVIST

Table 1 X-Ray powder data for Re,P (CuKa radiation, Ac g = 1.5418 A)

hkl | 8Os X 104 | 8in'0e X 10¢] [ Flops Fee Tone Teate
002 236 236 411 | — 476 11.2 15.0
101 252 252 109.4 1133 | 1535 164.3
102 430 429 396 45.0 12,7 16.5
103 725 724 2007 | — 312 3.8 42
011 746 746 98.0 102.9 38.8 4218
200 774 774 1776 | —1738 61.0 58.5
201 832 832 1129 | —106.9 45.7 411
111 939 191.7 235.5
004 } 939 942 ga6 | f 2880 115
202 1008 1009 209 | — 215 2.7 14
112 — 1116 85 |\ 959 5 0.4
104 1136 1136 310.9 2081 ' 238.5
013 1216 1217 383.6 | —38L0 | 3710 376.0
203 1303 1304 34301 3369 | 2825 273.0
113 1411 1410 266 | — 29.0 3.2 3.8
210 1460 1 461 381.5 377.8 | 3200 313.5
211 1520 1519 139 | — 170 0.8 1.2
105 1666 1666 76.9 81.2 11.3 12.7
212 1697 1696 460 | — 483 8.0 8.8
204 1716 1716 266 | — 331 1.3 2.1
301 1800 1800 —191.3 } 156.3 65.8
114 1820 1823 —158.6 ' 90.5
302 1976 1976 — 624 } 56.5 6.4
213 1992 1991 121.0 : 48.0
006 2121 2120 1779 | —190.9 24.7 28.4
015 2161 2160 670 | — 631 6.8 6.1
205 2243 2246 424 42.3 2.7 2.7
303 2270 2271 32.0 35.1 1.5 1.8
106 2313 2314 187 | — 2206 0.5 9.8
115 2 354 2353 62.2 66.4 109 13.0
214 2 404 2403 60.5 62.5 109 11.6
311 2 489 2487 242 | — 187 1.7 1.0
312 2 662 2 663 40.5 } d 44
304 — 2683 20.5 ' 0.6
020 2748 2748 3431 | —3334 78.8 4.3
206 2 895 2894 58.4 70.3 45 6.5
215 2 934 2933 53.9 03 7.7
313 2 956 2 958 — 230 : 1.4
022 _ 2 984 28.2 1.0
121 3000 — 675 13.1 11.8
116 } 3000 3001 235 ’ 1.4
107 3079 3079 —156.3 574 318
400 3092 3004 —204.7 } : 27.2
401 3154 3153 32.4 20 14
122 3178 3177 _ e |} 2 2.0
305 3212 3213 538 | — 625 3.8 5.1
402 3332 3330 625 |\ 1745 5.1
314 3371 3370 235.7 : 146.3
123 3470 3471 20.0 191 1.1 1.0
220 3522 3522 103.9 106.5 145 16.3
017 - 3573 — 145 0.3
221 } 3580 3580 65.7 59.4 11.8
216 3581 —134.2 49,0
403 3625 3625 156.0 | —163.2 33.6 36.7
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Table 1. Cont.

REl | sin'Ogs X 104 ] 8in®Ocaie X 100]  |Flogs Featc Ions Teate
207 — 3 660 9.4 } a1 0.1
024 3690 3 690 — 52.2 : 3.8
229 — 3757 134 0.5
117 3766 2195 137.0
008 } 3767 3770 —136.4 | (2060 134
410 31780 3781 —180.1 46.1
411 3839 3840 T 15.0
306 3 860 3 861 — 307 | & a0 1.4
124 3883 3 884 —1885 : 104.0
315 3898 3900 85.0 12.4
108 3 963 3 963 97.3 94.2 14.2 133
412 _ 4017 — 138 0.6
404 4035 4037 — 448 } 153.5 3.1
293 4053 4052 —216.9 145.3
413 4312 4311 146.8 } 643 71.3
217 _ 4347 23.7 ' 1.9
125 4416 4414 — 543 } 13.9 10.1
224 4465 4464 22,1 - 1.7
208 4543 742 9.8
316 4548 4548 — 26,9 } 718 2.6
321 4548 126.6 : 57.0
405 4571 4567 694 | ). 8.5
307 4627 4627 225.6 } 100.0 93.3
118 4648 4650 ~725 : 19.6
322 4724 428 7.0
414 } 4725 4724 — 423 } 13.8 6.8
026 4866 4868 129.6 } AL 34.0
501 4891 4894 775 : 121

In order to determine the atomic parameters, the Patterson sections
P(202z) and P(x}z) were calculated. On account of overlaps only 32 reflexions
were clearly resolved on the photometer curves. For most of the remaining
lines, individual |[F|? values were calculated using the sum of the intensities
obtained from the photometer curves and the ratio of the intensities estimated
visually on the powder films.

Table 2. Interatomic distances in Re,P (A). (Distances shorter than 3.5 A listed)

Rex Ren P
Re; 2.73 (2) 2.74 (2) 2.4, 2.6, (2)
2.939 (2) 2.82, 2.83(2) | 3.1, 3.2,
Reyr 2.74 (2) 2.86 (2) 2.2, (2)
2.82, 2.83 (2)| 2.939 (2) 2.6, (2)
P 2.4, 2.6, (2)| 2.2, (2) 2.9, (2)
3.1,, 3.2, 2.6, (2) 2.939 (2)
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Fig. 1. The structure of Re,P projected on (010).

All strong maxima in the two Patterson sections can be interpreted as
arising from eight rhenium atoms situated in two sets of 4(c) positions of space-
group Prnma. On the basis of parameter values obtained from the Patterson
maps, the signs of most of the structure factors were determined, and the
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electron density function was calculated in the section g(x}z). In addition
to the expected rhenium maxima, positive regions corresponding to a 4(c)
set of phosphorus atoms were discernible.

The structure was then refined by successive difference syntheses. After
two cycles, the signs of the structure factors became constant. In the further
refinements, only the |F| values of the 32 well resolved reflexions were used,
and the final R-value for these reflexions was found to be 0.047. An isotropic
temperature factor with B = 1.52 A2 was applied. X-ray powder data for
Re,P are given in Table 1.

The final structure data of Re,P are as follows:

Space group Pnma — (D3;) No. 62
a = 5.540 A; b= 2.939 A; c = 10.040 A; U = 163.5 A3

All atoms are in 4(c) positions with the parameter values:

x 2
Re; 0.829; 0.065,
Reyy 0.852, 0.785,
P 0.395 0.110

An estimation of the errors in the atomic positions using Cruickshanks 1%
equation indicated the following standard deviations: rhenium positions 0.02
A; phosphorus positions 0.07 A.

Interatomic distances are listed in Table 2.

DESCRIPTION AND DISCUSSION OF THE STRUCTURE

Fig. 1 shows a projection on the ac-plane of the Re,P structure. As seen
from the general arrangement of the atoms, the structure can be classified as
belonging to the €23 type. In a previous paper ® the structures of Co,P and
Ru,P, both of which have the (23 structure, were treated. The atomic radius
of ruthenium is not very different from that of rhenium. Nevertheless, the
structures of Re,P and Ru,P show significant differences, which are clearly
seen when the interatomic distances are compared.

As a basis for the comparison, the following atomic radii may be taken,
for phosphorus the tetrahedral covalent radius 7, = 1.10 A, for rhenium and
ruthenium the Goldschmidt radii for 12-coordination 7z, = 1.37; A and
Tza = 1.335 A (as given by Hume-Rothery and Raynor 16). Details of the ato-
mic coordination in Re,P and Ru,P are summarized below. Only distances
less than 3.5 A are considered. '

Number of close metal

Compound Atom neighbours Average distances
Re,P Rer 9 2.81 = 2rge + 0.06
Ren 9 2.84 = 2”'Re -+ 009
P 9 2,67 = rge + rp + 0.19
Ru,P Ruy 8 2.82 = 2rgy + 0.15
RuII 10 2.93 = 2”'Ru + 0.26
P 9 2.49 = TRu + Tp - 0.05
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(It should be noted that whilst the accuracy of individual Re—P distances
is not great, the average value is more reliable.)

It is evident that by comparison with the values quoted for the atomic
radii of Ru, Re and P, the average Me—Me distances are shorter and the Me—P
distances longer in Re,P than in Ru,P.
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