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Roussin's red ethyl ester, (NO)4Fe2S2(C2I-Is)2, is monoclinie with a = 7.81, b = 12.67, c = 7-01 A 
and fl = 111 ° 24'; space group P21/a; Z = 2. The structure has been determined by three-dimen- 
sional Patterson methods followed by differential refinement. The two iron and two sulphur 
atoms are co-planar, forming a rhombus with Fe-S = 2.27 A and Fe • • • Fe = 2.72 A. The :NO 
groups are at tached in pairs to the iron atoms in planes at  right angles to that  of the rhombus, 
so tha t  the bonds about the iron atoms are roughly tetrahedral.  The Fe -N and N-O bonds are 
1-67 and 1.17 A respectively, and are not quite collinear: the angle F e - N - O  is about 167 °. The 
S-C distance is 1"84 A. 

Introduct ion 

Compounds of the kind originally described by Roussin 
(1858) fall into two series, the black and the  red, typi-  
fied by  the  salts K[F%S3(NO)7 ] and K2[Fe~S2(NO)4] 
respectively. The molecular formulae were found by  
H o f m a n n  & Wiede (1895) and Reihlen & Friedolsheim 
(1927) and established beyond doubt  by Lee (1952), 
who showed, by the  format ion  of compounds of the  
type  (NO)4Fe~S~R'R" (R', R" alkyl  or a r y l ) a n d  by  
other  methods,  t h a t  a lkyl  and  aryl  derivat ives of the 
red series are dimeric. The s t ructures  of Roussin 's  
salts, which have  been the  subject  of much specula- 
tion, are of considerable interest,  both  in themselves 
and  in relat ion to the  metallic nitrosyls and carbonyls 
generally.  Several of Roussin 's  salts and esters have  
been examined in this l abora tory  and this paper  
describes the  crystal  s t ructure  of the  ethyl  ester of the  
red series (NO)4F%S~(C2Hs) 2. 

E x p e r i m e n t a l  

The ethyl  ester, which is much more stable t han  the  
alkali  meta l  salts X2[Fe2S2(NO)4], was prepared  by  
the  method  of H o f m a n n  & Wiede (1895), which con- 
sists in passing nitr ic oxide gas into a suspension of 
ferrous hydroxide  to which e thyl  mercap tan  has  been 
added.  Well-formed reddish-black crystals  were ob- 
ta ined by  recrystal l izat ion from alcohol. They were 
general ly t abu la r  on (001) and showed a marked  
cleavage parallel  to (010). 

All X - r a y  photographs  were taken  with Co K radia- 
tion. The unit-cell dimensions were obtained from 
oscillation and Weissenberg photographs :  

a = 7.81+0.02, b = 12.6710.04, c = 7.01~=0.02 A, 
= 111 ° 24'. 

These are in good agreement  with previous measure- 
ments  (Jennings,  1939), and  the  axial  rat ios (a: b: c = 
0 .616:1:0 .553)  are in agreement  with those of Pawel  
(1882). The densi ty  observed was 1.79 g.cm.-3; t h a t  

calculated for two molecules per uni t  cell is 1.819 
g.cm. -a. The sys temat ic  absences (hO1 absent  for h odd, 
0k0 absent  for k odd) determine the  space group 
uniquely as P21/a. 

The hkl intensities were collected on equi-inclination 
Weissenberg photographs  about  the three principal 
axes. Absorpt ion errors were reduced to a min imum 
by the use of crystals of equant  cross-section about  each 
axis. The multiple-film technique was used and 833 
intensities were es t imated  visually. They  were cor- 
rected for Lorentz and polarization factors wi th  the  
aid of a Cochran chart .  The corrected intensities were 
then  scaled graphical ly by Wilson's method  (1949); 
the  value of the  average t empera tu re  factor,  B = 
2.86 j~2, obtained from the gradient  of the  curve was 
used for all a toms in the  prel iminary Fourier  syntheses.  

Determinat ion  of the s tructure  

Since the  unit  cell contains only two molecules 
(NO)4Fe2S2(C2Hs) 2 in the  space group P2~/a, each 
must  lie on a centre of symmet ry .  

Fig. 1. Harker section, y -~ ½. 
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The approximate co-ordinates of the iron and sulphur 
atoms were found from the three-dimensional Patter- 
son function to be (0.144, 0.037, -0.055) and (0.155, 
0, 0.267) respectively. The F%S~ plane is thus nearly 
parallel to the (010) plane, the angle between the 
Fe • • • Fe axis and (010) being 18 °. The pattern in the 
Harker section at y = ½ (Fig. 1) therefore shows ad- 
ditional peaks of weight 2 FeS midway between the 
Fe 2 and S ~ vectors. 

The hO1 and Okl Fourier projections were then cal- 
culated with phases determined by the Fe and S 
contributions. The Okl projection was well resolved 
and was refined until the disagreement index R, given 
by R = ZIIFol-]Fcll/~WlFolwas reduced to 0.176. Fig.2 

.P 

Fig. 2. Molecular arrangement. 

shows the orientation of the molecules in this projec- 
tion. The light atoms were less well resolved in the 
hO1 projection, but approximate co-ordinates were ob- 
tained with the help of a model, and these gave 
R = 0.21. These final values of R for the two projec- 
tions were obtained with temperature factors of 
B = 1.95 A 2 for Fe and S and B = 3.76 /~2 for all 
light atoms, in place of the initial average value 
B = 2"86 ~ .  Structure factors for C, N, and 0 were 
calculated from the f curves of Berghuis et al. (1955) 
and for Fe and S from those of Viervoll & 0grim (1949). 
Allowance was made for the nearness of the iron ab- 
sorption edge to the Co K wavelength; the real part 
of Af(-3-8,  according to the tables given by James, 
1954) due to K electrons alone was included, and the 
small imaginary term, due to L and M electrons, was 
ignored. 

More accurate co-ordinates for all atoms were found 
from a three-dimensional Fourier synthesis computed 
on the Ferranti Mark I electronic computer at Man- 

chester University. All atomic peaks were well shaped, 
and the background varied by not more than +½ 
e.• -3. After three cycles of differential refinement, 
with corrections for elimination of series-termination 
errors (Booth, 1946, 1947; Ahmed & Cruickshank, 
1953), the final value of R (for observed reflections 
only) was 0.129. Table 1 lists the observed and final 
calculated structure factors. 

Table 2 shows, for each atom, the ratio of observed 
to calculated peak electron-density, ~o/Qc, and the 
ratios of observed to calculated curvatures 

o41Ox  " 

The final isotropic temperature factors are shown in 
the last column. Although it can be seen from the 
curvature ratios that  the thermal vibrations of some 
atoms, particularly Oz, 0 2 and C2, are certainly not 
isotropie, it was not considered worth while to pursue 
the refinement with anisotropic temperature factors. 

Table 3 gives the atomic co-ordinates and their 
standard deviations calculated from the formulae of 
Cruickshank (1949) and Table 4 lists the bond lengths, 
interatomic distances and principal bond angles in the 
molecule, together with their standard deviations 
calculated from those of the co-ordinates. 

Discussion of the s t ruc ture  

The structure now established for the molecule of 
(Fe(NO)zSC2Hs)2 (Fig. 3) is one which has been sug- 
gested by various workers (e.g., Seel, 1942; Ewens, 
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Fig. 3. Molecular dimensions. 
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hkl F c r e 

Table  1 Observed and calculated structure factors 

hk.l F c F O h k l  F O % h k l  F c F hkl F c % hkl F c F ° 

0oo 356 313 - 22.3 21.3 025 - 9.5 11.~- 62~ ~6.0 4.2.t 
001 106.4 65.0 3i4 - t4.2 13.8 026 - 21.7 21.3 62~ 38.7 37.5 
002 34..6 37.7 315 14..8 12.6 027 2.5 3.3 62~ - 6.0 5.0 
003 10.4 i7 .5 627 11.0 8.7 
004. 17.3 23.2 410 14.8 16.7 120 - .~,.3 /+0.2 
005 - 22.4- 22.6 411 16.8 16.7 121 21.1 21.6 727 - 4.1 5.9 
006 - 31.1 29.5 412 6.1 3.3 122 - 15.8 17.6 72~ - 8.6 8.8 
007 - 7.8 5.9 413 5.3 5.2 123 - 14.5 15.4 723 1.7 2.4 

414 - 6.5 7.3 124 3.6 6.1 72~ - 8.4 7.9 
2oo ~I06~ 5 58.8 125 9.3 lO.1 726 3.9 4 .5  
400 - 62.3 60.3 510 1.8 2.6 126 10.5 8.7 
600 37.3 36.6 511 8.0 7.8 82~ 21.0 17.9 
800 13.3 5.5 512 - 28.7 28.3 220 - 13.7 19.0 822 - 4-.9 4.7 

513 - 2 9 8  267  221 - 2 4 5  292 82~ - 2 2 1  194 
201 - 87.1 63.9 514 - 6.6 4-.9 222 42.7 43.2 82~_ 4.7 5.6 
202 25.5 32.7 223 50.5 4-7.3 825 2.4 1.6 
203 56.6 50.9 611 1.8 3.7 224 11.1 12.4- 
204. 34.1 31.0 612 1.8 3.0 225 6.7 5.8 031 - 34.2 30.0 
205 22.6 18.4 226 24.3 20.8 032 - 12.3 12.9 
206 32.3 24.9 710 34-.3 31.3 033 - 1.4. 2./+ 

320 - 4-.5 14.9 03& 25.5 25.9 
2+01 8.5 7.0 810 - 1.6 2.9 321 - 16.6 15.2 035 22.3 22.~ 
402 - 18.0 21.5 322 - 37.1 36.8 036 9.5 9.5 
4.03 - 36.0 36.4. lIT 33.0 40.8 323 - 8.7 9.2 037 7-7 6.3 
/+04. - 28.2 24.2 113 - 72.8 69.2 32~ - 10.5 11.3 
L~05 1.2 4 . I  I I ~  - 34.2 41.1 325 - 6.1 7.3 

I I ~  - 7. i  8.3 
601 6.5 7.9 115 - 12.8 16.8 420 - 62.4 54.7 
602 - 15.9 15.7 II~ - 42.7 39.0 421 - 17.o 18.4. 
603 - 6.3 4.9 II? - 23.1 20.1 422 - 10.9 11.6 

423 - 37.1 37.3 
20~ - 0.t  3.4 217 - 24.3 30.4 424 - 15.9 16.2 
20~ - 66.7 59.7 212 27.3 27.8 425 9.7 8.4 
20~ - 79.6 70.2 21~ 10.5 12.6 
20~_- - 45.5 47.6 214. 30.6 32.1 520 19.7 22.1 
205 2 9  6.4. 2 ~  2.7 70 521 2 9  3 8  
20~ 12.6 16.1 21~ 9.2 9.6 522 17.7 17.5 
207 - 23.5 21.4 217 4 .7  4.4 523 5.0 2.2 

4-07 - 33.1 36.3 31T - 36.8 37.8 620 33.2 30.6 
4-0~ 22.7 19.9 31~ - 15.9 22.7 621 11.7 9.9 
403 18.1 19.3 31~ - 60.7 58.2 622 - 19.9 18.6 
4-Oh.= - 17.6 17.8 314- - 34.9 37.7 623 - 8.0 6.9 
405 3.2 6.9 31~ 3.0 3.8 
40~ 32.3 31.0 31~ 18.8 17.8 720 - 6.9 6.8 
40~ 25.6 22.6 317 - 8.5 7.7 

12T - 18.i 17.1 
6oT - 3.3 5.7 41T 2.1 5.3 123 - 86.5 7~.8 
602 8.8 14.6 41~ i . l  2.9 12~ - 31.0 34.7 
60~ 45.2 42.6 41_~ 2.5 5.9 124 - 14.2 17.4- 
60~- 4-5.3 4-1.7 4~4- - 2.2 3.8 12~ - 4-.9 7.5 
60~ 5.6 9.7 41~ 5.7 9 .2  12~ 3.0 4-.0 
60~ - 6.3 5.7 4ig - 6.4 7.4- i27 4.0 4-.6 
6o7 8.3 5.6 ~ 1 7  - 0 . 4 .  1.3 

227 34. 9 34. o 
80T 24. i 18.2 511- - 25.5 27.4 223 - 9.8 14.3 
802 - 8.~- 9.1 512 18.4 20.4 223 - 67.9 6~.5 
80-3 - 25.6 23.7 513 41.6 40.3 224 - 35.7 40.1 
8o4 - 7.4. 9.5 51~_ 22.4 25.8 22~ - 6.7 8.9 
~0~ - 0.9 1.6 515 II.0 16.5 22~ - 24.3 24.3 

51~ 30.1 28.6 227 - 28.0 22.5 
011 - 0.9 3.8 517 30.5 27.1 
01 2 33.3 35.2 32~'  21.3 27.5 
013 26.6 28.6 617 5.3 4.4 323 29.9 30.5 
014. 32.3 31.4 612 - 6.6 8.7 32_3 8.9 11.0 
015 18.1 17.7 61E - 4..8 7.2 324 19.5 22.0 
016 4 .0  3 .3  61~ 2.0 2.6 325 20.9 24.7 
o17 3.1 2.9 61~ 0 2 .2  32~ 8.3 9 .3  

32? 8 .8  7 .7  
110 65.1 48.4 71T. 33.5 31.7 
111 37.1 37.3 712 0.7 6.3 42T - 6~.6 57.1 
112 84.6 67.1 71_3 10.9 14.3 42~ 0.7 3.7 
113 93.3 76.8 71/+ 14.3 11.8 /+24 - 17.9 22.6 
114. 34.2 36.3 71~ - 4.2 6.1 42~ 6.6 8.6 
115 - 5.8 6.2 71~ - 25.9 22.1 42~ 40.7 36.0 

42? 21.2 18.4 
210 - 34.3 33.3 81~ - 0.5 1.8 
211 - 36.5 37.4 813 - 5.9 5.4 52~ 6.3 7.8 
212 ,- 19.2 18.4 81~+ - 0.2 1.8 52~ 19.2 24.2 
213 - 18.5 19.6 81~ - 5.5 6.0 523 3,5 7.9 
214 - 4 .7  3.4 52~ - 9.8 IO.I 
215 - 11.7 10.1 020 105.3 61.6 52~ - 7.3 9.7 

021 47.9 48.3 527 - 4.7 4.1 
310 - 78.5 61.5 022 - 24.0 26.9 
311 - 36.3 37.2 023 23.5 27.1 62]" 13.7 14.9 
312 2.1 4.4 024 26.8 29.9 62~ 9.3 12.1 

4-3T 20.9 21.~ 
432 37.9 36.~- 
~3_~ 33.1 ~.1 
~-34. 25.7 27.9 
43~ 19.1 21.2 
43? - 2.2 1.3 

53T - 32.1 34.0 
532 - 2.2 3.7 
53~_ 45.5 4~. 
534 19.7 23.8 
53~ 3.2 5.5 
53~ 28.3 26.4- 
53? 25.2 19.3 

637 3.1 5.6 
633 - 10.3 9.8 
633 - 7.1 8.8 
63[ - 12.1 12.5 
63~ - 5.3 3.6 

130 61.6 53.9 
131 - 4.2 5.1 
132 14.0 19.3 
133 52.2 51.4- 
154 26.4 26.4 
135 - 14-.9 16.6 
136 5.9 5.7 

230 - 62.5 54.2 
231 - 17.6 20.0 
232 - 1 .8  9 .3  
233 8.4  6.5 
235 - 7.5 6.7 

330 - 61.8 58.~- 
331 - 19.2 21.4 
332 16.6 16.8 
333 7.0 6.3  
334 - 16.2 17.9 

73T 28.0 25.3 
732 5.3 7.9 
73_3 2.1 2.~. 
734. 27.5 24.4 
73i~ - 19,7 13.3 

83T - 2. 3 2. 6 
83~ 5. i z~.9 
833 - 8.2 IO.O 
8.,~. - 5.8 9 .4 .  

04O 56.0 53.5 
0/,.1 56.5 54.0 
04.2 - 6.5 lO.4. 
043 30.0 31.5 
OM+ 25.9 28.1 
045 - 22.4. 20.2 
046 - 23.8 21.8 

140 21.8 23.9 
14.1 8.2 lO.1 
14.2 2.4- 1.8 
I¢3 - 11.1 13.6 

335 18.3 16.3 1444 5.5 8.9 
145 5.5 5.8 

430 19.1 24.2 I~6 9.6 7.5 
432 - 1o.1 1o.9 
4.33 - 14.1 12.4 240 - 25.5 31.5 
434 - 19.7 15.3 241 - 24.1 24.9 

242 25.6 26.2 
243 39.2 38.8 

530 - 14.0 16.1 242+ - 4.8 4.6 
531 4.2 4.8 245 3.2 5.5 
532 - 21.6 2 i . i  24.6 24.3 17.2 
533 - 31.8 26.5 

340 - 25.5 26.8 
630 11.3 11.6 341 - 4.2.5 43.6 
631 14.1 13.0 342 - 28.9 32.1 
632 15.3 12.9 343 - 14.9 15.7 

3~ - 6.9 7.2 
730 34.9 30.2 345 - 6.0 5.1 
731 4.8 4. 2 

M+O - 19.0 23.~ 
13~ 444.1 4.6.6 4441 - 1.2 4..7 
133 - 12.8 12.8 4443 - 33.8 30.5 
133 - 444.8 47.1 ~ - 12.1 I I . 5  
lye. 17.9 18.8 
13~ - 4..6 2.9 540 17.9 20.9 
13g - 28.3 27.8 541 20.8 20.5 
137 - 14.6 12./+ 542 10.0 10.5 

543 2.3 2.7 
237 - 59.2 52.0 
23~ - 38.7 42.3 ~ 0  15.8 18.7 
23~ - 21.5 23.7 641 4.4 4.6 
234 5.6 5.3 642 - 22.8 17.8 
23~ 9.8 10.8 
23? 13.8 I I. 8 740 O. 6 I. 8 

741 5.8 5.2 
33~ - 13.6 21.3 
332 - 1.9 3.8 14T - 28.3 34.1 
33~ - 34.5 36.0 I~ - 35.2 43.4 
334 - 59.0 55.8 I&--3 - 39.2 39.3 
33~ 4.8 3.2 1/4 - 18.~ 22.2 

33? - 7.6 8.0 14~ - 1 7 . 2  19.3 
145 - 3.1 5.2 

24T - 16.5 16.7 
2L~2 - 15.8 23.0 
~3 - 55.6 55.0 

- 7.5 12.4 
245 16.1 I%¢ 
24g - 16.8 17.o 
24? - 19.5 15.4. 

~T - IO.9 14.3 
3.9 2.9 

343 6.9 1o.6 
3~ 23.3 26.9 
34~ 22.7 25.6 
% i ;  16.1 17.1 
3L~7 9.0 6.7 

44T - 31.7 34.1 
44~ 3.7 z~.8 
Zd+~_ - I .  1 6.9 
M#+ - 31.0 32.8 
~-~ - 0.5 3.7 
M,g 30.2 27.8 
zj+? 8.1 7.7 

54T 31.3 33.1 
5¢3 25. I 27.o 
54.~ 19.5 21.5 
545 4.0 5.0 
54~ - 0.6 2.2 
54? - 2.2 2.6 

~ 7  9.o I I .O 
~ - 0.3 5.9 
~3 34.5 34.9 
6M~ 33.z~ 29.9 
64~ - 2.5 3.3 

74.T - 7.0 6.8 
7~3. - 7.7 4.9 
74~_ - 6.4 z~.5 
744. - 10.6 11.1 
745 - 16.8 16.4 
74~ - 13.9 13.5 

847 18.2 13.5 
843 - 18.3 14.1 

051 19.4 24.8 
052 9.9 12.8 
053 24.0 26.1 
O54 25.2 25. I 
055 24.2 22.1 
056 15.4 14.3 

150 45.o 45.8 
151 - 1.2 2.7 
153 48.0 48.9 
154 23.4 23.9 
155 - 7.5 1o.1 
156 5.8 5.3 

250 - 31.8 34.9 
251 - 28.7 32.2 
252 - 26.0 29.7 
253 - 6.3 8.3 
254 - 9.1 8.2 
255 - 0.1 2.6 

350 - 52.2 48.2 
351 - 53.3 35./4- 
352 18.7 22.1 
353 1.1 2.2 
354 - 14.9 15.5 
355 9 • 8 8.9 

450 3. I 4.6 
451 - 8.0 10.9 
452 - 5.8 8.9 
453 - 15.7 15.2 
454- - 11.8 11.5 

550 - 2.1 5.0 
551 14.7 13.1 
552 - 10.1 t2.0 
553 - 24.5 19.8 
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Table  1 (cont.) 

650 17.3 16.7 363 - 19.7 20.6 272 - 25.6 25.6 380 - 19,1 22.1 
651 20.8 17.8 364 - 111.7 9.8 273 - 16.9 19.7 381 - 25.7 27.4. 
652 15.6 15.1 365 - 12.2 8.6 274 - 3.3 2.6 382 - 22.224.7 

275 - 1.0 3.0 383 - 16.416.8 
750 21.3 17.9 460 - 34.0 34.8 384 - 19.914.9 

461 2.7 3.7 370 - 38.7 39.2 
15~ 54.5 55.7 462 - 7.9 7.7 371 - 9.1 13.1 400 - 1 7 . 0  17.9 
152 - 21.7 29.2 /+63 - 24.2 21.2 372 23.1 23./* 481 18.7 18.3 
15~ - 'J+.l 45.5 464 - 10.8 9.7 373 - 2.4 3.3 482 9.3 7.9 
15~_ 2.9 3.7 3711 - 10.9 10.2 483 - 9.4 9./+ 
155 - /+.0 5.7 56O 19.5 23.1 
15~ - 26.6 25.2 561 27.6 25.7 470 8.4 11.0 580 24.023.9 
157 - 9.7 7.7 562 11.5 12.0 471 - 5.4 ~-.8 581 21.7 19.0 

472 - 8.0 9.1 582 17.9 15.11 
257 - 27.9 32.2 660 27.9 24.3 473 - 13.1 I0.0 
25~ - /+0.5 40.1 661 9.7 8.5 474 - 14.5 11.2 680 16.314.5 
25~ - 1.2 5.0 662 - 9.7 8.5 
255 15.7 15.3 570 9.1 10.9 18T - 36.338.7 
25g 6.&. 5.8 167 - 47.5 52.3 571 17.9 16.3 182 - 40.6 40.7 
257 11.9 8.0 162 - 29.9 34.3 572 - I0.4 9.1 183 - 23.1 27.9 

16~ - 2.0 35.2 573 - 14.9 I0 .0  1BE - 25.2 24.0 
357 206 229 1~: 279 278 18~ 159 146 
35~ 21.4 23.5 165 - 15.5 15.9 670 6.11 4.6 18~ - 5.1 4.7 
353 - 22.8 25.7 16~ - 6.6 7.1 671 21.7 17.11 
35/7- - 34.3 35.7 28~ 31.9 27.9 
355 9.4 10.1 26~ 17.2 19.4 17T 38.5 39.4 282 - 0.5 5.8 
35~ 13.2 11.9 262 - 19.5 21.1 172 - 18.7 21.1 283 - 22.t 19.11 
35~ - 5.9 4.7 263 -46.9 44.9 173 -11.6 13.8 285 16.1114.6 

26~ - 17.3 i8.9 17E, 7.2 8.9 
457 23.1 27.3 265 9.1 6.5 175 3.3 2.7 38~ 7.310.11 
452 25.1 28.8 26~ - 12.1 11.7 175 - 20.9 18.3 383 23./4- 26.0 
~53 17.4 23.8 267 - 15.5 7.9 38~ 30.6 31.o 
45/~ 20.6 22.6 
455 13.3 13.8 36T - 5.1, 11.5 
45E 111.2 14.2 36~ o.~ 2.7 
457 2.3 2.9 363 26.4 26.5 

36/7. 28.1 19.9 
55T - 23.1 24.7 365 24.3 24.9 
553 40.1 37.5 36g 15.3 15.2 
55~_ 11.2 14.7 367 6.0 4.2 
555 - 9.7 7.1 
55~ 1~-.7 13.5 467 - 20.1 23.1 
557 15.3 6.3 1162 12.5 12.1 

1~.6~ 19.1 17.8 

277 - $5.7 43.6 385 27.3 26.2 
272 - 43.9 42.1 38~ 12.8 12.t 
27~ - 22+.6 28.6 
275 15.1 16.7 48~ - 12.6 13.1 
27~ 15.5 14.1 482 26.523.5 

1,83 9.7 12.1 
37T - 7.5 lO.3 48~ - 12.0 8.6 
37} 13.5 11.6 485 - 9.6 7.5 
37~ - 21.5 25.5 &8~ 9.3 6.8 
37T+ - 1/*.0 16.11 
375 lO.8 I I .O  58~ 19.7 19.9 
37~ 18.9 17.1 58~ 22.5 18.8 

657 7.9 7.11 4(W~ - 11.6 9.7 
65~ 16.5 15./* 465 i l . i  14.8 ~77 #+6.3 43.6 68"{ - 13.2 9.6 
653 2.9 3.2 /+6~ 25.1 20.11 47~ Z~l.l /*0.5 68~ - 17.515.9 
65~ - 0.1 5.2 475 31.5 33.4 
65~ - I0 .0  10.3 567 28.5 31. i  

563 22.9 25. I 
757 17.i  15.7 56~ iO. l  11.6 
75~ - 10.3 8.9 5(:Z- 9.3 11.0 
75~ - 3.1 4.6 565 3.~ 5.3 
7% 2 i .0  16.5 56~ 2.3 3.7 
755 2.6 1.8 

66T 1.5 2. 2 
853 - 19.2 13.9 662 - 5.2 4.1 
85~ - 14.1 10.9 66~ 12.1 12.2 

6(/. 12,0 1o.6 
060 59.5 &1.9 665 - 16.6 14.5 
061 - 5.6 /*.9 66g - 7.3 5.2 
0 6 2 -  3.7 8.4 
063 20.1 23.6 767 - 8.1 6.8 
O64 33.2 31.4 76} - 6.2 4.9 
0 6 5 " -  12.9 13.6 76~ - 11.0 9.1 
066 - 15.5 13.2 76~ - 16.6 15.6 

• 7 6 ~  - 16.3 13.9 
160 - 15.6 22.2 
161 - 23.5 26.1 071 27.4 26.5 
162 - 12.7 17.7 072 15.1 18.6 
163 8.1 6.7 073 18.8 20.5 
164 I 0 . I  9.8 074 20.7 22.6 
165 14..2 111.9 075 22+.9 25.2 
166 9.3 7.7 076 18.0 16.3 

260 - 6.9 7.9 170 25.9 28.6 
261 - 5.0 7.9 171 - 24.0 23.9 
262 27.5 28.2 172 - 8.1 9.6 
263 25.11 28.4. 173 24.5 26.6 
264 - 11.1 10.8 174 7.9 8.3 

175 - 8.8 9.3 
360 - 24.2 23.7 
361 - 35.9 37.2 270 - t8 .7  24.1 
362 - 17.1 19.6 271 - 112.7 4.1.5 

/.7£+ 19.9 20.7 78} - 9.9 7.0 
447~ 15.4 15.0 

9.8 10.8 091 22.9 26.11 
O92 28.9 30.8 

57T - 15.7 13.7 093 18.6 19.6 
572 12.1 16. I 09/+ 26.1 23.1 
573 25.2 23.4 095 22.5 22.2 
57~ - 15.2 16.5 

190 7.6 8.1 
67~ 3.1 4.9 191 - 38.136.0 
673 - 2.3 2.11 192 -13.5 15.3 
67E - i i . 2  9.6 195 - 17.4 12.7 
67~ - 13.8 14.3 

290 - 22.0 24.9 
77~ - 19.3 16.9 291 - 31.332.2 
774 II.4 II.5 292 - 34.233.9 

293 - 17.3 17.8 
080 33.3 35.@ 
081 - 6.7 4.9 390 -15,2 12,8 
082 - Z+.7 23.d 391 16.11 18.2 
083 10.2 9.9 392 23.621.3 
084 15.8 111.6 393 1.6 3.7 

180 - ~+.5 34.0 490 7.8 10.8 
181 - 18.8 19.9 
182 - 16.3 16.2 591 14.5 12.0 
183 8.8 7.2 592 - 8.1 4.1 
184 15.1 14.0 
185 15.3 15.6 690 9.1 6.5 

280 - 11.5 13.7 19T 12.3 11.6 
281 - 25.0 26.4 192 - 10.311.6 
282 12.6 15.7 t9~ 22.5 19.11 
283 7.8 5.5 195 I I . 0  I 0 . I  
284 - 11.3 9.7 
285 - 11.3 9.6 297 - 1 8 . 9 2 3 . 1  

292 - 18.8 21.3 
293 - 8.7 9.2 
29E 13.3 14.4 
293 7.8 9.8 
29~ 8.5 ~.3 

1,1111 - 7.8 5.7 

2,110 - 15.8 14.5 
2,111 - 11.5 8.9 
2,112 - 17.11 15.3 

397 17.7 19.9 3,111 8.3 6.8 
39~ 15.7 17.9 3,112 22.2 17.7 
39~- 5.11 6.2 
39~ - 9.5 8.7 / * , I I0  1.0 2.4 
395 13.7 12.1 4,111 - 5.6 7.3 

49E 19.8 21.4- 
~92 25.0 24.0 
49~ 13.5 14.~ 
49& 11.7 11.4 
495 18.016.4 

59~ - 17.5 14.8 

69~ 6.0 6.0 

I , I I ~  10.6 11.8 
1,112 - 6.4 4.9 
1,114 25.0 16.9 

2,11{ - 8.7 10.7 
2,112 - 17.9 18.2 
2,11_3- 6.6 7.7 
2,11~ 2.3 2.2 

69~ 5.9 7.4 3,11~ 11.7 8.8 

010,0 - 3.3 8.2 
010,1 - 21.5 24.3 
010,2 - 38.935.1 
OLO,/* 15.7 13.1 

I , I 0 0 -  i6 .8  20.11 
I , I01 - I0.  I I I . 8  
I , I 0 2  - 7.3 7.5 
1,104 17.3 13.t 

2,100 7.0 9.1 
2,101 - 1~..11 11.8 
2,102 6.5 6.9 
2,104- 18.614.5 

3,100 - 5.9 6.2 
3,101 - 16.2 14.0 
3,102- 17.3 16.5 
3,103- 7.5 4.9 

/*,100 - 11.6 11.11 
4,101 14.6 12.11 
/*,102 16.7 13.3 

3,112 22.7 17.0 
3 , 1 1 4 -  6.3 3.6 

4,11~" 6.2 6.3 
4. , I i~ 16.0 13.6 
/*,11_3 8.4 8.5 
/*,114 13.9 12.8 

0,120 4.1 5.6 
0,121 - 11.9 9.6 
0,122 - 22.9 16.4 

1 ,122 -  6.0 3.7 

2 , 1 2 0 -  4.9 5.7 
2,121 - 16.7 14.1 
2 ,122 -  1.9 2 .7  

3,121 - 13.11 13.11 

4,120 2.2 3.2 

1,12{- - 16.6 13.6 
1,122 - 16.6 14.9 
1,123- 4.2, 4.4 

5,100 9.4 8.7 
5,101 8.7 5.8 2,127 17.6 13.2 

2,123 13.5 8.9 
1,10~_ - 25.226.4 2,123 - 6.6 7.0 
1,1o2-  28.1 30.3 2,12~ 9.2 7.4 
1,103 - 12.913.9 
1,10~ /+.9 3.6 3,125- 5.2 4.3 
1,10~ 13.2 10.1 

4,127 3.6 6.2 
2,10~_ 40.3 37.3 /*, 12~ 17.2 16.3 
2,102 21.5 21.8 4,123 14.8 12.1 
2,10~ - 10.1 7.6 
2,10@ 3.7 3.8 0,131 12.0 9.9 
2,105 17.1 20.3 0,132 6.0 8.0 

3,10_~ &.8 4.9 1,130 - 2.3 4.3 
3,10~_ 15.513.1 1,131 - 20.5 14.7 
3,105 15.511.6 1,132 - 19.6 13.1 

4,1o~-  12.9 13.1 2,130- 1.5 ~.~ 
/*,102 20.0 16.8 2,131 - 16.3 13.2 
4,103 I0 .3  I I . 0  
4 , 1 ~  - 12.5 1o.3 1,13~ 7.3 4.6 
4,105 - 9.9 8.2 1,132 - 10.3 9.7 

5,10~ 14.812.8 2,137- 4.5 3.4 
5,103 19.8 16.7 2,13~ 4.8 3.2 

6,10~ - 20.6 15.9 3,13~ i 3 .4  11.3 
3,132 27.5 17.7 

0 . I I I  7.5 6.9 
0,112 8.2 7.5 0,140- 4.5 5.9 
o,114 13.o 9.5 

1,110 - 2.1 4.1 
1,111 - 27.9 25.3 
1,112 - 23.819.8 
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Table  2. Ratios of peak heights and curvatures; B factors 

a' o/ 2Qc Mean eu  a- 
A t o m  @o/Qc ~ /  - ~  - ~ /  ~j2 ~zP/ ~z 9" ture ratio 

Fe 1.073 1.057 1.051 1.044 1.051 
S 1.017 0.968 0.984 0.984 0.979 
N 1 1.048 1.009 1.237 1.085 1-110 
1% 3 1.046 1.132 1.063 1-063 1.086 
O x 1.000 0.844 1-187 0.943 0.991 
03 0-972 1.130 0.936 0.952 1.006 
C 1 1.015 1.038 0.990 1.088 1.039 
C 2 1.012 1.010 0.901 0-947 0.953 

Means 1.023 1.024 1-044 1.013 1.027 

Value 
of B used 

1.50 A 2 
2.00 
3.30 
3.30 
5.10 
5.10 
3"00 
4.75 

1948). The  two i ron and  the  two su lphur  a toms  are 
l i nked  toge the r  in a p lane  r h o m b u s ;  each  i ron a t o m  is 
s u r r o u n d e d  a p p r o x i m a t e l y  t e t r a h e d r a l l y  by  two sul- 

Tab le  3. Atomic co-ordinates and standard deviations 
Atom Co-ordinates in Jr E.s.d. in Jr 

x 1.103 0.002 
Fe y 0.411 0.002 

z --0.389 0.002 

x 1.220 0.003 
S y -- 0.065 0.003 

z 1.861 0.003 

x 1.510 0.010 
N1 y 2.023 0.014 

z --0.448 0.011 

x 2"088 0"011 
N 2 y --0.707 0.014 

z --0.873 0.012 

x 1.988 0-012 
O 1 y 3.072 0.015 

z --0.579 0.013 

x 2.880 0.013 
09 y -- 1.275 0.013 

z --1-278 0.014 

x 1.263 0.0].5 
C~ y 1.546 0.017 

z 2.757 0.015 

x 2-771 0.018 
C9 y 2.047 0.017 

z 3.498 0.019 

Tab le  4. Bond lengths, angles and standard deviations 

Bond Bond length A s.d. (jr) 

F e . -  • Fe 2.72(0) 0-003 
Fe-S 2.26(2) 0.004 
Fe-S 2-27(7) 0.004 
Fe-N~ 1.66(8) 0.01 (4) 
Fe-N9 1.67 (4) 0.01 (5) 
N~-O~ 1.18(1) 0.02(0) 
N2-O 2 1.16(1) 0.02(2) 
S-C1 1.83 (9) 0.01 (7) 
C1-C 2 1.50(3) 0.02(1) 

Bonds Angle s.d. 

S-Fe-S 106.0 ° 0"1 ° 
N1-Fe-N9 117.4 0-2 
O1-Fe-O 2 106-6 0.2 
F e - N r O  1 167.7 3"5 
Fe-N2-O 2 167.2 3.5 
S-C1-C9 111.7 0"8 

p h u r  a toms  and  two n i t rosy l  groups  and  each  su lphu r  
is a t t a c h e d  p y r a m i d a l l y  to  two  i ron a toms  and  an  
e t h y l  group.  

The  F e - S  dis tances  in the  cen t ra l  r ing are ve ry  close 
to  previous  values - - 2 . 2 6  A for py r i t e s  (Parker  & 
Whi tehouse ,  1932) and  2.23 to  2.25 A for marcas i t e  
(Buerger,  1937). The  F e . . .  Fe  d i s tance  (2.72 A) is 
m u c h  longer  t h a n  the  2.46 /~ found  in F%(CO)9 
(Powell  & Ewens ,  1939) which  corresponds  to a single 
bond  (twice meta l l ic  rad ius  for C.N. 8). The  in ter-  
ac t ion  be tween  the  i ron  a toms  mus t  however  be s t rong  
enough  to  accoun t  for  t he  observed d i a m a g n e t i s m  
(Cambi & SzegS, 1931), and  for the  s t rong  absorp t ion  
of l ight .  

The  two e rys ta l lograph iea l ly  i n d e p e n d e n t  n i t rosy l  
groups  are b o t h  inc l ined  a t  abou t  13 ° to  the  F e - N  
bond.  No such dev ia t ion  f rom l inea r i ty  has  been 
observed  in the  carbonyls ,  bu t  in the  c o m p o u n d  
[Co(S~CNM%)2NO] A l d e r m a n  & Owston  (1956) found  
a g rea te r  dev i a t i on  (45 °) for  t he  C o - N - O  angle.  

The  m e a n  N - O  d is tance  of 1.17 A lies in the  range  
to  be expec ted  (cf. t he  spectroscopic  values  1.15 J~ in 
NO;  1.19 A in N20 ;  1-20 A for N = O  in O = N - O H )  
bu t  i t  is no t  ve ry  sensi t ive  to  changes  in bond  order.  
However ,  t he  non - l i nea r i t y  of the  O - N - F e  bonds  
suggests t h a t  t he  h y b r i d i s a t i o n  of the  n i t rogen  is no t  
pure  sp b u t  is i n t e rmed ia t e  be tween  sp and  sp 2, 
a l t hough  neare r  t he  former .  I t  seems h a r d l y  necessary  
in th is  case to  i nvoke  u n s y m m e t r i c a l  z -bond ing ,  of 
t he  k i n d  suggested by  A l d e r m a n  & Owston  (1956) 
to  accoun t  for  t he  m u c h  larger  dev ia t ion  in t he i r  
compound ,  a l t h o u g h  i t  should  be no t ed  t h a t  our  F e - N  
d is tance  of 1.67 A is subs t an t i a l l y  shor te r  t h a n  would 
be expec ted  for a single bond  (about  1.9 ~) .  

The  S-C d is tance  of 1.84 A is in  good ag reemen t  w i th  
accep ted  s ingle-bond values  (see review by  Abra hams ,  
1956). 

Our resul ts  for t he  i n t e r a tomic  dis tances  in the  red  
es ter  are ve ry  close to  the  cor responding  ones found  by  
J o h a n s s o n  & Lipscomb (1958) in the  caesium b lack  
salt ,  Cs[Fe4Ss(NO)~]H~.O, the  an ion  of which  consists  
essent ia l ly  of th ree  molecules  of t he  red ester  (minus 
the  e thy l  groups and  five NO groups)  fused t oge the r  
so as to  share  F e - S  edges. 

This  work  was s t a r t ed  by  one of us (E. G. C.) in  
1937 in co l l abora t ion  wi th  Mr A. g. Shor te r  and  the  
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late Dr  J .  S. Jennings,  whose help in the initial stages 
we wish to acknowledge. We have also to t h a n k  Dr  
G. J .  K a k a b a d s e  for help in checking some of the 
earlier work. We wish to t h a n k  the Royal  Society and 
the  Depa r tmen t  of Scientific and Indust r ia l  Research 
for financial help, the Univers i ty  of Manchester  for 
computing facilities and Miss D. E. Pilling for help 
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Beta-Wolfram Structure of Compounds Between Transit ion 
Elements  and Aluminum,  Gall ium and Ant imony 

BY E. A. WOOD, V. B. COMPTOZ~, B. T. MATTHIAS AND E. CORE~ZWlT 

Bell Telephone Laboratories, Murray  Hill, N.  J.,  U . S . A .  

(Received 11 April 1958) 

The compounds l~baA1, :Nb3Ga and CrzGa have the fl-wolfram structure (A 15) as determined by the 
powder method. The space group is O~-Pm3n with 2 formula weights in the unit cell. For :Nb3A1, 
ao ---- 5.187 /~; for Nb3Ga, a 0 = 5.171 A; for CraGa, a 0 = 4.645 /~. 

More complete data  are given for MoaGa, VsGa, V3Sb and lXTb3Sb whose preliminary lattice 
constants were reported previously. For Mo3Ga, a 0 = 4-943 /~; for V3Ga, a o = 4-816 A; for VaSb, 
a 0 = 4.932 A; for iNbaSb, a 0 = 5.262 A. 

The superconducting transition temperature for l~b3A1 is 17.5 °K.; for NbaGa, 14-5 °K. and for 
VaGa, 16-5 °K. The remaining compotmds are not superconducting above 1.02 °K. 

Three new beta-wolfram compounds have  been made  
in the course of a continuing search for superconduc- 
t iv i ty  in substances with the beta-wolfram structure  
(Matthias, Geballe, Geller & Corenzwit (1954); Geller, 
Mat th ias  & Goldstein (1955); Wood & Matthias  
(1956); Matthias ,  Wood, Corenzwit & Bal~ (1956)). 
These are NbaA1 , NbaGa and CraGa. Full da ta  are 
also given for MoaGa , V3Ga , V3Sb and NbaSb whose 
pre l iminary lattice constants  were reported by Mat- 
thias,  Wood,  Corenzwit & Bala  (1956). Our da ta  for 
MoaA1 which was assigned the beta-wolfram structure  
in a report  of the Chmax Molybdenum Co. of Michigan 
(1951) are also given. 

The latt ice constants,  interatomic distances and 
superconduct ivi ty  da t a  are listed in Table 1. The 
observed intensities are listed in Table 2, together  with 
the intensities calculated from the formula  

I oc plFhk~f2{(1 +COS 2 20)/sin ~- 0 cos 0} × 10 -5 , 

where p is the multiplicity factor,  F ~  the s t ructure  
ampli tude,  and the remaining term is twice the com- 
bined Lorentz and polarization factors. The scat ter ing 
factors for 1Nb, Mo, Ca, and 8b were obtained from 
the paper  by Thomas & Umeda  (1957), for Cr and A1 
from the paper  by Viervoll & 0gr im (1949) and for 
V from the International Tables (1935). Dispersion 
corrections from Dauben & Templeton (1955) were 
applied. 

The agreement  between observed and calculated 
intensities in Table 2 is sat isfactory with the exception 
of the case of l~baSb which is discussed in the last  
pa ragraph  of the paper.  Absorption most  p robably  
accounts for the low intensi ty of the low angle lines. 

The fl-wolfram structure  belongs to space group 


