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Fig.8. Axes of the rigid body vibration.
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The Crystal Structure of Nb»;Sg*
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(Received 15 February 1967 and in revised form 31 August 1967)

The crystal structure of Nb»;Ss has been determined from single-crystal X-ray diffraction data. The
compound crystallizes in the tetragonal system, space group J4/m with unit-cell parameters a=16-794 A,
¢=3-359 A. The unit cell contains two formula units. All atoms are located in layers separated by ¢/2.
Refinement of the structure was performed by least-squares treatment of x and y positional parameters
and isotropic temperature factor coefficients. Pauling bond orders indicate that the coordination of
sulfur in this compound is seven. This result is consistent with sulfur atoms utilizing 4 orbitals to form

electron deficient bonds to the metal atoms.

Introduction

The high temperature (ca. 1350°C) preparation of a
new subsulfide in the niobium-sulfur system, charac-
terized as Nb,S, and some crystallographic data for
the compound were recently reported (Franzen, De-
Jong & Conard, 1966). The compositions reported
were obtained by combustion techniques on samples
which have since been identified as containing two
phases. A more recent composition analysis is reported
below.

Previous studies of the niobium-sulfur system in the
range 0<S/Nb<1-0 resulted in the identification of

two phases, neither of which was the same as the phase -

reported here. Biltz & Kdocher (1938) reported a phase
with the homogeneity range 0-5<S/Nb<1-0; Jellinek

* Work was performed in the Ames Laboratory of the U.S.
Atomic Energy Commission. Contribution No. 2041.

(1962) observed a NbS;—; (x=0-1 to ?) phase with an
ordered NiAs-type structure.

Investigations of the lower sulfides of Hf and Ti,
namely Hf,S (Franzen & Graham, 1966) and Ti,S
(Owens, Conard & Franzen, 1966), have resulted in a
new interpretation of the bonding of sulfur in the mono-
sulfides and lower sulfides of transition metals (Fran-
zen, 1966). The interest in the crystal structure of
Nb,,;Sg stemmed from a desire to describe more com-
pletely the chemistry of sulfur in the lower sulfides of
transition metals.

Experimental

The previously reported crystallographic data for
Nb,;Sg are summarized as follows. The space group
was reported to be I4/m, the lattice parameters reported
were a=16-794+0-005, ¢=3-359+0-002 A, and the
number of ‘Nb,S’ formula units per unit cell was es-
timated to be between 21 and 24, based on a measured
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density of 88 g.cm—3 (which corresponded to 2-3
Nb,;Sg formula units per cell).

The density has been redetermined for a single
phase sample of Nb,;Sg to be 7-8 £0-1 g.cm=3, which
corresponds to 2:0 Nb,;S; formula units per unit cell.
More recent combustion analyses have been performed
on single—phase samples under more carefully controlled
conditions than before and yielded S/Nb=0-34.

Intensity data were collected with Mo Ka radiation
using a General Electric spectrogoniometer with a
scintillation counter detector. A total of 557 inde-
pendent reflections of 4k0 and Ak 1 types were measured.
Lorentz and polarization corrections were applied.
Absorption corrections, based on the crystal’s trape-
zoidal shape (average side length of about 40 x and
thickness of about 30 4) were made with use of a pro-
gram by Busing & Levy (1957) adapted to the IBM
360/50 computer. A total linear absorption coefficient
of 136-5 cm~! was used in the absorption correction
calculation. No extinction corrections were made.

Structuredetermination

Unitary structure factors were obtained from the ob-
served structure factors by a graphical method (Woolf-
son, 1961). Except for attenuation normally expected for
the increase in scattering angle, the intensity data were
observed to depend on / only so far as / was even or
odd, indicating a layered structure with all atoms in
the mirror planes of the centrosymmetric space group
(Franzen, DeJong & Conard, 1966). It follows that
Unki+o=Upki=Ugpi=Ugpi. Thus, by the Harker—
Kasper inequalities (Harker & Kasper, 1948) if Upx;
and Up—k, n+ky0 are sufficiently large, then Up—g, n+k,0
is positive, and a similar remark holds for Up+g, x-nso.

The 51 unitary structure factors with magnitudes
greater than or equal to 0-39, about 99, of the total
number of the observed reflections, were examined.
Application of the reasoning described above yielded
the sign of 19 of these as positive. One of the two
degrees of freedom with respect to sign determina-
tion for the tetragonal case is removed by the body-
center (Hauptmann & Karle, 1953), and thus only one
unitary structure factor sign could be arbitrarily deter-
mined. Us,4,1 was arbitrarily taken to be positive. This
sign, together with the 19 positive unitary structure
factors discussed above and the Harker-Kasper in-
equalities, yielded 15 more positive structure factors.
The sign of U,,s,; was designated a, and combination
of this structure factor and those known to be positive
with those of the original 51 whose signs were as yet
undetermined yielded 13 structure factors with the
sign a.

Two electron density maps were computed utilizing
the 47 unitary structure factors, one map with g positive,
the other with a negative. These maps contained more
peaks than could be explained on the basis of the cell
content given by the density and lattice parameters by
about a factor of two. Of several attempts to solve the
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structure utilizing these electron density maps and the
Patterson map, the following scheme resulted in a
structure which refined to an acceptable reliability
index.

The strongest peak on the electron density map ob-
tained with a negative was taken to be an atom posi-
tion x’,»’,0. A corresponding Patterson peak occurred
at 2x’,2y",0 in the zero section of the Patterson map.
A superposition of zero section Patterson maps was
performed with the origin of the superimposed map
placed at x",»’,0 on the primary map. A trial structure
in the x,»,0 plane was obtained. This trial structure
was superimposed on the electron density map dis-
cussed above and a second trial structure was obtained
from the coincident peaks. The second trial structure
contained an atom at the origin and six other indepen-
dent atom positions.

At this point in the structure determination, use
was made of the known structural chemistry of lower
transition metal sulfides (Owens, Conard & Franzen,
1967), and the niobium and sulfur atoms were distri-
buted among the six independent positions and the
position at the origin in an attempt to obtain a struc-
ture in which there were six niobium atoms about each
sulfur atom in a trigonal prism. There was an obvious
hole in the structure which resulted from this distri-
bution, and the placement of a niobium atom at this
position completed the trigonal prism of niobium
atoms about one of the independent sulfur positions.
This resulted in a final trial structure with a niobium
in the twofold position at the origin, and five indepen-
dent niobium atoms and two independent sulfur atoms

‘in the eightfold positions, x,y,0. This final structure

was refined by least-squares computation (Busing,
Martin & Levy, 1962) using atomic scattering factor
tables given by Hansen, Herman, Lea & Skillman
(1964), and after three cycles of refinement, a reliability
index, defined by R=Z||F,|—|F¢||/Z|Fo,l, of 0-12 was
obtained.

The structure was further refined by least-squares
computation of the 14 positional parameters and eight
isotropic temperature factor coefficients, using a
weighting scheme based on statistical counting errors.
The weights were assigned by calculating a relative
error in the observed structure factor for each reflec-
tion, namely,

a1
7F= SFLp) ’

where oy is the estimated error in the intensity corrected
forabsorption, F is the observed structure factor and Lp
is the Lorentz and polarization correction factor. The
square of the error in intensity, g%, was taken to be the
total counts plus the background counts plus the
square of 59, of the total counts plus the square of
594 of the background counts plus an estimated error
in the absorption correction. The goodness of fit, de-
fined by
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was equal to 1-:35, where w is the weight (1/oF) of the
ith reflection, # is the number of reflections and s is
the number of variables. A final unweighted R=0-063
was obtained. Table 1 lists the values obtained. Table
2 lists the observed and calculated structure factors for
all 557 observed reflections, and in addition, lists 60
unobserved reflections using parentheses to indicate
Fmin calculated using the background intensity. The
unweighted R including the unobserved reflections was
0-086. Only the observed reflections were used in the
least-squares refinement.

All 47 signs assigned by the direct method agreed
with those obtained for the refined structure. For the
purpose of checking the correctness of the refinement,
a difference Fourier synthesis was performed using
all 557 reflections. The synthesis showed the highest
peaks, corresponding to about 0-8 electron, in the
z=0 section. Specifically, the atomic position for
Nb(2) had a positive go— @ corresponding to 0-8 elec-
tron, while those of Nb(3) and Nb(5) had negative peaks
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corresponding to about 0-7 electron. All other atomic
positions in the difference Fourier map had negligible
peaks. Interatomic distances obtained from the posi-
tional parameters of Table 1 are listed in Table 3.
The Thermal Ellipsoid Plot computer program written
by Johnson (1965) was used with Slater’s (1964) radii
to draw the stereoscopic view of the structure along
the ¢ axis. The illustration is presented in Fig. 1.

Discussion

The apparent coordination of both independent sulfur
atoms in Nb,;S; is similar to that of the sulfur atoms in
Ti,S (Owens, Conard & Franzen, 1967), to that of
phosphorus and silicon in compounds with the cemen-
tite structure as discussed by Aronsson, Lundstrom &
Rundgqvist (1965) and to that of Ta and Nb in K,TaF,
and K,NbF;, respectively (Hoard, 1939). Each sulfur
atom is surrounded by a slightly distorted trigonal
prism of niobium atoms with additional close metal
atoms around the waist of the trigonal prism, i. e. ideal-
ly, on lines perpendicular to the centers of the rectan-
gular faces of the prism, as shown for S(1) in Fig.2.

Table 1. Refined atomic positions for Nb;,;Ss

Wyckoff

notation X y
2(a) 0-0 0-0
8(h) 0-0813 0-4502
8(h) 0-2777 0-0202
8(h) 0-3843 0-1851
8(h) 0-1919 0-1986
8(h) 0-4509 0:3643
8(h) 0-1377 0-0637
8(h) 0-2126 0-3644

Nb(1)
Nb(2)
Nb(3)
Nb(4)
Nb(5)
Nb(6)

S(1)

S(2)

a(x) o(y) B
0-36 A2
0-26
0-58
0-47
0-54
0-53
0-30
0-35

a(B)
0-05 A2
0-02
003
0-03
0-03
0-03
0-07
0-07

0-0001
0-0001
0-0001
0-0001
0-0001
0-0003
0-0003

0-0001
0-0001
0-0001
0-0001
0-0001
0-0003
0-0003

Table 2. Observed and calculated structure factors for Nb,;Sg

ROFIO) FIC, 31 81 -68 25 1€0 158 21 78 =76 27 46 B9 24 147 165 10 45 =30 15 63 =55 5 47 35 5219 224 7 212 218 22 {7} 13 K=25.le ]
33 145 14¢ 27 1e§ -167 2 97 ST 26 191 143 121ST) 0 21 T2 60 7 %0 -4 T 112 -118 9 342 247 24 £ 56 0 4§
Ks Osl= O 29 187 =181 25 (52) 66  Kalbsla O 14 108 =51
2 50 38 Ka &els € 21 (571 =3C 0 216 241 Ka2lsl= O .
4 27 31 0 20 11 Ke ELm 0 29 U5T) & 2 298 -275 1113 115 Ke29L= 0
6100 116 2 32 27 0 22& -229 31 82 68 4 363 -35% 2112 =92 1212 270
230 =229 4 85 96 2 41 AS4 6111 123 5 165 1¥s
10 139 140 6 A7 A4 & 4C2 271 Kel2el= O 8 193 =199 773 <86  K=30,L= 0
12 349 =351 B 412 406 6 2¢5 230 0 356 =351 10 196 152 11 47 -S4 O 147 -129 2 H
14 100 105 10 1e5 178 8 -f1 =51 2 22¢ 205 14 140 139 13 93 =96 4 120 117 2S¢ =72 25 {12} 44 31139 1¢0 11 ¢ T4
15235 281 12 41 %6 10 &1 52 4 191 17¢ 16 130 183 21 115 15C 14 1S 7T 4 169 169 27 (%2) -12 . K=lSela 1 13 1C1 163 K=26,l= 1
8 A2 -85 14 443 &2 1212¢ 131 8 157 136 20 231 24¢ 6163 169 29 €0 91 Kellelw 1 0157 1S3 17 11 70 1 5C 57
20 152) 26 14 10T 114 18°3El 359 10 41 231 Ke224Lw O Ke3l,ls 0 10 294 =2%§ 0671 709 4 61 67 1912 137 S &C S7
22 159 182 20 294 =256 20 E¢ =78 16 145 =142 KslTilw O 0 183 182 1 97T 78 12 113 116 Ks ol= 1 2355 360 6 142 142 21 {f1) 5SS 11 B¢ 66
26 (52) =27 22 104 -1¢8 22 61 68 18 215 21% 1182 -178 2 432 436 7 307 =261 16 225 <323 0 149 =147 6 177. 183 10 224 225 23 (f7) ~56 15 113 6
26 (520 &3 24 8¢ 75 24 &5 &S 20 200 238 31Ca 7 8107 12 265 266 4 13 15 8 68 =73 12 114 -119 25 &5 €6 17 32 -22
23 104 -21 26 127 -117 22 452) -5 3 82 T2 20 (ST} 32  Ks3a,te 0 2C 43 -42 8155 151 10172 170 14 28¢ 293 .
20 103 ~129 K= S.= € 28 122 136 26 %2 6¢ T 128 126 22 13 -52 ¢ @1 22 208 20 10 287 312 12 198 -2C5 16 342 342 K=Zlelx 1 X=27.Lw 1
2 e -n 3 37 17 30 (7 -7C 9 161 ~15%4 24 202 144 8 109 134 24 56 =31 12 246 256 16 S8 53 18 1CE -§6 2 130 -126 30 3%
5 415 367 32 161 107 K=l3slw O 11 414 -358 26 200 =146 14 129 152 18 25 =3 20{52) 1 6 214 228 4 254 =260
X= Lil= O ? 92 -S1 1 B2 =85 13190 185  Xa23,l= 0 Ks Oyle 1 28 B2 S5 16 290 =313 20 53 51 22 132 -13% B 1C7 -106 ¢ 1i¢ -117
7608 631 9171 163 K» Syle O 2 66 66 21 80 87 1 132-12¢ 1 S1 30;128 ~12C 18 128 =136 24 147 182 10 1¢¢ 176 12 €2
50 4B 11 462 451 1 142 -134 54 =48 3 66 -81 3 S4 78 32 92 1€ 20 (f2) -6 30 &5 -121 Krlbel= 1 14 129 =144 14 (51) 56
13 309 321 13 M -311 3 263 243 T 194 19%  Keld,le s ©5 -84 5 4TS 507 22 85 -9 1 8 88 16 €5 7 16 ¢4
17 161 142 17 6% <61 5 &Ce =598 9 105 -10% 0 85 -89 T 77 T¢ 7157 <147 Ke 4j)ls 1 24 £l 96 Kel2.le 1 5187 150 20 €9 76 18 12 6%
21 171 164 21 316 %6 €1 -23¢ 13127 131 2 93 9% (1] 11 678 709 1 146 147 26 (220 14 1 321 <316 9 147 t£2 22 1T -154
23 (520 31 23 4R 46 11 217 203 15 134 ~15§ 4 173 =196 13 117 107 15 203 193 3 727 738 28 17 RO S 243 -251 11 105 1c% Kn28yLu 1
25 (529 33 25 237 226 13 282 272 17 98 100 6 15% 152 17 220 21§ 17 203 -212 5 212 201 7 341 348 13 104 -1C5  K=22ele 1 1 30 -4l
27 185 -180 27 (32) 15 111 =106 19 152 =287 8 139 131 21 (57) S5 19 231 =248 7 121 11§ K= Esle 1 298 21 220 232 1:€2 =74 5 &t 78
29 (ST) T 29 (57) =3¢ 17 311 295 21 64 =59 10 1&¢ 166 23 110 83 ) 212 =206 11 59 e8 1 49 50 11 13¢ -135 23 168 1é4 3103 95 11 132 -147
31 109 126 31 & T3 19 226 232 23 (52) 62 12 225 312 s 26 1 12179 164 3110 104 13176 181 25 118 19 5 12 27
21 €520 =12 25 117 114 12 178 -18¢  X=24,Ls 0 27 (52) 35 15 108 =1C€ 7 4¢4 452 15 180 176 11 €6 8 Ke29ota L
K= 24L= 0 6L 23 (£2) -12 27 27§ 211 20 80 - 2258 268 29 (511 20 11 S0 -3 9 6 =63 11157 167  KalZ7,l= 1 13 3¢e 3N 2 51 81
0 52 38 010C 116 25 €7 73 29 4T 82 22.(5N 39 4 11 -6e 2 T 16 189 1SS 13 174 198 21 100 105 0 212 =212 15 22 T2 4 131 -144
4 85 -21 B 153 -144 23 65 €6 21 141 131 17 31 251 23 i52) 12 2,278 2P 21 (EM-106 & 6z 1¢
Knlailn 0 2¢ 99 =76 10 191 -18S 22102 -1C1 15 25 42 25 (5T 2L §7 =83 23 112 -5¢ & 63 54
0124 108 28125 1¢9 16 70 100 K= 1yl= L 25 165§ 21 {£2) =8 27 95 =113 12 11¢ -11E 12 281 274
2122 1e 18 12 c 60 SL 27 61 TT 23 {2} -17 18 116 114 Kke22sLle 1 14 - 45 5¢
6157 15¢  Kal9,Lw O 20 (S7) =12 4 298 316 25 (871 42 25 125 -144  K=ld,le 1 20 (52) 18 O 2Cz -i0¢
8 3% =3¢ 7286 267 22 57 6165 161 31 199 -15) 0 26 34 22 181 -163 2 13¢ 144 Kx30lw 1
14 398 3% 88 -p4 8 157 -205 10 225 -213 9 99 1ol 8122 126 . Ke Syl 1 2 321 329 ‘more 1 11 80
16 100 97 22 146 =151 10 3C? 29F 186 184 -160 13 141 148 K=25.Le O 10 141 147 ¥= Selw 1 2 €9 59 4 92 2%  KslBet= 1 6 €1 11 5 1C 80
18 108 126 24 Bl 51 12 4Ce ~39C 78 . 15 48 =57 3 40 -24 12 Il 0 481 507 6150 193 & 210 ~206 1 164 148 2 86 7 T 64
20 86 85 26 182 183 14 118 -114 22 107 105 17 208 2CL  § 3§35 41C 16 61 =63 2 887 -911 8 244 234 B 262 -264 3202 203 12 111 113 - § 149 157
22 113 104 28172 13¢ 16 1CT 108  2& 152) 63 19 112 102 18 307 311 4 281 -2¢2 10 E} -8 10 $% -91 7 1C4 1C7 14 152 =165 11 TE =111
0 §¢ §2 20 127 126 26 212 =228 21 (57} =14  K=26,l= O 20 238 245 ¢ 219 213 12 &7 -78 12 34 61 1517 -1£2 16 ee 82
Ke 3,0= 0 32 75 6 22 119 -11C 30 4T =54 23 96 76 4 51 78 24 116 =113 8 200 -1§7 14 1€8 172 14 119 123 17131 129 20 122 154  Kedlole )
97 26 152y : 25 T4 -76 10 149 150 2¢ 59 5 10 468 5CC 16 151 =199 16 198 19T 21 (52) €1 22 € 94 © T 71
5 364 =376 » Tol= 26 128 111 KvlS,L= 0 27 100 80 16 2¢8 27C 28 (5T) 10 14 262 25F 18 42 -55 18 S& 3 23 143 14 2 11¢ =108
7 681 €96 1 202 1%C 1 11¢ 10% 18 (57) =11 16 1711 171 2¢ €5 =66 22 108 1. Kn2dele 1
9 182 168 "3 513 5C8  K=lls,es O 3 366 342 K=20els © - Xs 2,Le 1 1E 4T =31 22 218 232 24 (52) 69  K+19.iw 1 1 26 45 km32et= 1
13 85 -83 5 341 =317 1 79 =79 £ 37¢ 351 2 201 -187  X=27.Le O 1162 =167 20 215 218 24 349 317 2¢ 108 -1C6 0 246 =248 T 39 %3 1124 112
15 341 -335 1 58 3 1M 7¢ T 126 .13l 6121 133 9135 138 3 223 323 4 26 1£2) 18 28 10T 119 2 11% 118 9 4§ =47
17 80 86 11 111 -119 5173 172 S 52 42 1¢ 82 91 T 281 280 28 (ST) -12 20 122 122 6227 2322 13 T3 T2 K=3dslm ]
23 161 136 8¢ - 9127 118 1% 128 114 12 38 -4  Ke28,l= 0 9 ¢8 -73 30 (ST} -A2 Reléolu 1 12 18C 168 15129 -121 0O 12 &¢
25102 -98 17T 12¢ 122 11 420 40 21 18¢ 185 14 142 151 0 69 -87 11 -30 22149 4 R=lCol= L 51 14 €C €3 17T 1C2 91 2 205 16F
27 (52) 25 21 A& 1 13 2¢3 261 3 141 -146 16 287 =288 2 168 17t 13 ~65 1 40 =59 3 61 TS 18 122 13¢ 21 120 -128
29 111 123 23 (52} 22 19 2€2 -208 25 (57) &C 22 (ST 26 €116 =98 17 ~93 K= &L= 1 3 40 4B 5 2€0 -269 20 {52) 32



Table 3. Interatomic distances in NbySg (+0-003 A)

Reference
atom

Nb(1)

Nb(2)

Nb(3)

Nb4)

Nb(5)

Nb(6)

S()

S(2)
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Ang3

NB 21 SBU

NB =N 1

7 T X

NB 2

NB S N8 U ’ NB S

@8 3
B 2 N8 6 I | ne 2
N
B u NB 6 52
B s 8 s 4
NB&[3 ~
A CE .
NB S NB S

ot s N/ \_)

Fig. 1. Stereoscopic illustration of the Nby;Sg unit cell viewed along the ¢ axis.

Neighbor

S(1)
Nb(6)

S(2)
Nb(2)
Nb(4)
Nb(3)
Nb(2)

s()

S(2)
Nb(4)
Nb(2)
Nb(6)

S(2)
Nb(5)
Nb(2)
Nb(3)
Nb(6)
Nb(5)

S(1)
S(2)
S(2)
Nb(4)
Nb(5)
Nb(6)
Nb(4)

S(1)
S(1)
Nb(1)
Nb(5)
Nb(3)
Nb(4)

Nb(5)
Nb(3)
Nb(6)
Nb(1)
Nb(6)

Nb(4)
Nb(5)
Nb(3)
Nb(2)
Nb(5)

Number of
neighbors

4
8

=R DN~ NN AR -

= NNN =N -

Lol S B SN S B S B

—_ e NI N =N

Distance

2-547 A
2-949

2:634
2:819
2-884
2:946
3:202

2:462
2-570
2:902
2:946
3-140

2-482
2877
2:884
2902
3-210
3-238

2:440
2-551
2:806
2-877
3-100
3112
3-238

2-533
2:548
2-949
3112
3-140
3:210

2:440
2:462
2:533
2-547
2:548

2:482
2:551
2:570
2634
2-806

The two bonding interpretations proposed for S in
Ti,S can be discussed with regard to Nb,;Sg. The first
interpretation was based on the assumption that all
bond orders are given approximately by the empirical
relationship due to Pauling (1960):

D(n)=D(1)—0-6 logn . (0))

This interpretation yields, in this case, the approximate
niobium and sulfur valences listed in column two of
Table 4. These valences are reasonable if it is assumed
that niobium has a maximum valence of five and that
sulfur has a valence of about four, in accordance with

TR
Nb(5)\ Nb(6)§
Nb(6) \\
A ‘\ 295A
253 _
(245 A7 h . (290 A)
253A____ !,
(2‘45 A) 2-55 A
SRV 45 AAna ()
N\
255A L\
- N 2:95 A
@45A7y | x 290 A
255 AT N/ A ( )
A esm)
Nb(3) v Nb(6)
/ \,
Nb(6)

Fig.2. A sulfur atom is surrounded by a slightly distorted trig-
onal prism of Nb atoms with an additional close metal
atom just removed from one of the rectangular faces of the
prism. The values in parentheses are summations of Slater’s
radii.
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the bonding scheme utilizing sulfur 4 orbitals previous-
ly proposed (Franzen, 1966).

Table 4. Valences for Nb,;,Sg

Valence based

Valence on trigonal
based on 7-fold prismatic
coordination  coordination only

Nb(1) 497 2-86
Nb(2) 4-50 412
Nb(3) 3:62 3-62
Nb(4) 4-31 4-31
Nb(5) 3-86 3-67
Nb(6) 3-74 374
S(1) 422 3-69
S(2) 3-93 3:36

Interatomic distances less than 3-25 A are used.

The second proposal was based on the hypothesis
that sulfur bonding in compounds of this type is di-
rectional in nature, with the bonding orbitals directed
toward the corners of a trigonal prism. The basis for
this hypothesis was the marked tendency of sulfur,
selenium and tellurium to form compounds in which
the coordination of the chalcogen is trigonal prismatic
and the lack of structures in which the chalcogens ex-
panded their coordination beyond six. According to
this interpretation, the short S(I)-Nb(1) distance
would be primarily determined by the bonding of both
S(1) and Nb(1) to four Nb(6), as shown in Fig.2. The
valences calculated assuming that the only niobium
atoms to which the sulfur atoms are bonded are those
at the corners of trigonal prisms but that equation (1)
otherwise applies, are given in column three of Table 4
and are again in accord with the scheme in which sul-
fur 4 orbitals are utilized in the formation of sulfur—
niobium bonds.

Evidence favoring the proposal that sulfur is bonded
to 7 metals is provided by a comparison of the valences
of Nb(l) in columns two and three of Table 4. The
valence of 2-9 calculated on the assumption that the
waist niobium atoms are not bonded to the sulfur is
unreasonably low, while the value 5:0, obtained by the
assumption of equation (1) only, is entirely reasonable
for a compound of this kind.

THE CRYSTAL STRUCTURE OF Nb;Ss

It is concluded that the nature of the bonding of
sulfur in compounds of the types discussed here
(Ti,S and Nb,;S) is metallic, i.e. that the bonding is
of the delocalized, electron deficient type characteristic
of metals. It is furthermore concluded that there is a
significant contribution of the sulfur 4 orbitals to the
valence (conduction) band.

The authors acknowledge the suggestion of Professor
J. D. Dunitz that the direct method be used in the
structure determination. Prior attempts at solving the
Patterson function had been fruitless. The authors ex-
press their appreciation to Drs R. A. Jacobson and
D. R. Fitzwater and their co-workers for assistance in
using the IBM 7074 and 360 systems, to Mr Don Bailey
for his assistance in taking intensity data, and to R. Z.
Bachman and D. E. Carlson for performing combus-
tion analyses.
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