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The title compounds were obtained by arc melting of the elements. They are also thermodynamically stable at 900 OC. Their 
crystal structure is monoclinic, space group C2/m with 2 = 2 formula units per cell. It was determined from single-crystal X-ray 
data for EraRhSC12, which has the lattice constants a = 2772.6 (3) pm, b = 349.09 (4) pm, c = 729.8 (1) pm, and j3 = 94.17 (1)'. 
The full-matrix least-squares refinement resulted in a conventional residual of R = 0.031 for 1868 structure factors and 73 variable 
parameters. The structure contains a finite chainlike centrosymmetric polyanion [RhsC12]2e with two Rh-Rh bonds (270.8 pm) 
and six pairs of carbon atoms (C-C bond lengths: 127, 132, 133 pm). The hydrolysis with 2 N hydrochloric acid yields mainly 
methane, ethane, propane, and n-butane but no unsaturated hydrocarbons. Y8Rh5Ci2 is a metallic conductor but does not become 
superconducting above 1.9 K. Magne+tic susceptibility measurements of Y8RhJC12 show temperature-dependent weak para- 
magnetism, while the other Er8RhSC12-type compounds are Curie-Weiss paramagnetic with magnetic moments corresponding 
to those of the rare-earth-metal ions. 

Introduction 
The ternary systems of the rare-earth elements with iron or 

cobalt and carbon contain numerous ternary carbides.' Structure 
determinations were reported for C ~ C O C ~ , ~  D ~ C O C ~ , ~  ScCoC2$ 
SC~COC, ,~  Y C O C , ~  Y2FeC4,' and Er2FeC4.7 Very little is known 
about homologous carbides with the platinum metaha We have 
recently started to investigate such systems and briefly reported 
already on Er8RhSC12 and ErloRuloC19.'o Here we give a full 
account of our experimental work on the EraRh5C12-type com- 
pounds. Chemical bonding in these compounds will be treated 
in a further paper.]' 
Sample Preparation and Lattice Constants 

Turnings of the rare-earth metals (nominal purity >99.9%), rhodium 
powder (>99.9%, 240 mesh), and graphite flakes (99.5%) were used as 
starting materials. The samples were prepared by arc-melting cold- 
pressed pellets of the ideal elemental 8:5:12 mixtures in an atmosphere 
of argon (99.996%), which was further purified by melting a titanium 
button prior to the reactions. For the annealing in evacuated silica tubes 
(10-15 days at 900 "C) the samples were wrapped in tantalum foil. They 
were subsequently quenched in cold water. Only minor amounts (up to 
about 3%) of second- and/or third-phase products were observed in the 
Guinier powder patterns of the Gd, Dy, and Ho phases. No impurity 
phases were detected in the other samples. Energy-dispersive analyses 
in a scanning electron microscope did not reveal any impurity element 
heavier than magnesium. 

The Guinier patterns were recorded with Cu Kal radiation and a- 
quartz (a = 491.30 pm, c = 540.46 pm) as a standard. Indices were 
assigned on the basis of the monoclinic C-centered cell found from the 
single-crystal work on ErBRhSC12 by using the intensities of the calculated 
patternsI2 for guidance. The evaluation of the powder pattern of YE- 
RhSCI2 is shown as an example in Table I. Table I1 lists the lattice 
constants obtained by least-squares fits of the data. The plot of the cell 
volumes (Figure 1) shows the expected lanthanoid contraction. 
Chemical Properties 

In contrast to the binary rare-earth-metal carbides, the ternary 
rhodium-containing carbides R8Rh5C12 are stable in air for some 
time, especially if they are well crystallized. The powdered 
samples, however, show serious signs of deterioration after several 
months. The gaseous products of the hydrolysis of Er8RhsC12 with 
2 N hydrochloric acid at  room temperature were analyzed in a 
gas chromatograph by a flame ionization detector. Besides hy- 
drogen (which was not measured), the hydrolysis products con- 
sisted mainly of the following hydrocarbons (in wt %): 45, CH,; 
30, C2H6; 10, C3H8; 13, n-C4Hlo. Minor amounts of i-C4H,o and 
the various isomers of pentane and hexane were also detected. 
Thus, even though the structure determination shows that the C-C 
bond distances of the C2 pairs are close to those of double bonds, 
no unsaturated hydrocarbons were observed, in contrast to the 
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results for related carbides under similar c o n d i t i ~ n s . ~ ~ ~ ~ ~ * l ~ J ~  
Electrical Conductivity and Magnetic Properties 

The crystals of the ternary carbides are gray with a metallic 
luster. The temperature dependence of the electrical conductivity 
was determined for a small piece (250 X 75 X 25 pm3) of an ingot 
of Y8Rh5C12 contacted with indium solder. YaRh5CIZ is a metallic 
conductor. Its conductivity decreased smoothly by a factor of 1.36 
on heating from 298 to 554 K. At 25 OC the specific resistivity 
was p = 0.6 X Q-cm. As a probe for superconductivity, we 
determined the ac inductivity of YaRh5C12 at  low temperature. 
Such a transition was not found above 1.9 K. 

The magnetic susceptibilities were determined with a Faraday 
balance for samples of about 10 mg in a magnetic field of 1 T. 
The absence of ferromagnetic impurities was ascertained by the 
absence of a magnetic field dependence of the susceptibilities. 

YaRh5C12 is weakly paramagnetic with some temperature 
dependence. At room temperature a susceptibility of x = 43 (2) 
X lod cm3/formula unit (fu) was obtained. It increased to a value 
of x = 683 (50) X IO" cm3/fu at  75 K. With a correction for 
the core diamagnetism (computed from the  increment^,'^ where 
the increment for the C-C double bond is certainly problematic 
in a metallic solid) of xc = -352 X lo" cm3/fu, the 1/x vs T plot 
is approximately linear within this temperature range, suggesting 
Curie-Weiss behavior (with a paramagnetic Curie temperature 
of about -1 10 K). However, considering the large formula unit, 
the magnetic moment computed from the slope of this line is small: 
peXp = 1.3 pg. In view of the metallic conductivity, we ascribe 
this behavior to  a weak interaction between the itinerant electrons. 

TbaRh5C12 and HoaRh5C12 show Curie-Weiss-type paramag- 
netic behavior. The effective magnetic moments per lanthanoid 
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Table I. Guinier Powder Pattern of Y8RhSClZ" 

Qa Qc Io Ic hkl Qa Qc Ia Ic hkl Qa Qc Ia Ic hkl 

20 42 114 , 3799 200 52 
001 187 
400 207 

-4,0,1 367 
600 467 

-2,0,1 224 

-6,0,1 614 

' lo  1 816 202 
-4,0,2 894 
-8,0,1 964 
- l , l , l  

402 $997 
111 

-3,1,1 1082 

::A $1125 
-6,0,2 
10,0,0 1297 

511 1342 
-10,0,1 1418 

710 1435 
-1,1,2 1542 

112 1567 
-7,1,1 
-3,1,2 1617 

?; }1666 
802 

52 
185 
207 
224 
367 
467 
613 
814 
818 
896 
964 
992 
999 

1005 
1083 
1121 
1125 
1130 
1296 
1342 
1417 
1436 
1541 
1566 
1576 
1619 
1665 
1666 
1672 

20 25 
5 3 

30 29 
30 21 
20 9 
20 10 

5 3 
3 

40 39 
30 11 

30 { 1: 
3 

30 21 

60 { 4; 
4 

60 48 
60 50 
10 17 

100 100 
5 14 

60 61 
7 

100 98 
7 

30 1 11 

312 
-4,0,3 
-5,1,2 

910 
12,0,0 

-10,0,2 
512 
403 

-9,1,1 
-7,1,2 

603 
712 

-8,0,3 
-9,1,2 
-3,1,3 
-5,1,3 
12,0,2 

-10,0,3 
14,0,1 

004 
-2,0,4 

-14,0,2 
10,0,3 

020 
13,1,1 

-16,0,1 
14,0,2 

1695 

11796 
1850 
1867 
1907 

1951 
1979 
2086 
2246 
2265 

2474 
2526 
2693 

12770 
2816 

12960 

3102 

3202 
326 1 
3402 
3464 

1696 
1796 
1801 
1851 
1867 
1908 
1929 
1949 
1978 
2086 
2247 
2266 
2341 
2475 
2525 
2694 
2761 
2769 
2816 
2960 
2961 
3102 
3154 
3202 
3260 
340 1 
3461 

-3,1,4 
30 j2i ' -15.1.1 3811 
30 27 
20 16 
40 32 

11 
10 24 
10 11 
30 14 
30 23 
30 17 

10 
20 18 
10 13 
10 7 

1 :  
2o 11; 

10 17 

10 8 
11 

40 55 
10 4 
5 5  
5 8  

-61211 

13,1,2 3892 
-11,1,3 

-14,0,3 3938 

15,1,1 4000 

-4,2,2 4099 
18,0,0 

:ii 14208  

-10,0,4 804 

-7,1,4 
-15,1,2 
-13,1,3 4405 

10,2,0 4497 
17,1,0 4546 
-9,1,4 

005 

-4'095 1 4701 -18,0,2 
023 
822 1 4870 

13,1,3 4907 
-4,2,3 5001 

3801 
3807 
3815 
3823 
3898 
3937 
3995 
3999 
4000 
4098 
4201 
4201 
4213 
4217 
4265 
4407 
4499 
4547 
4580 
4620 
4623 
4625 
4705 
4710 
4867 
4874 
4907 
4998 

9 

3 4  j 
5 7  
5 3  

f ;  
5 \  3 
5 11 

2 

1 0 1  1: 3 

lo{ : 1 

8 
20 19 
20 17 
20 30 

11 

1 0 1  32 
1 0 1  132 
10 18 
5 11 

'The diagram was recorded with Cu Kal radiation. The Q values are defined by Q = loo/& (nm-2). For the intensity calculation the positional 
parameters of Er8RhSC12 were used. Because of the large number of reflections, only those with I, 2 7 and all observed reflections are listed. 

Table 11. Cell Dimensions of Monoclinic Er8RhSCI2-Type Compounds" 
compd a, pm b, pm c, pm 8, deg V, nm3 

93.74 (1) 0.7232 (6) Y8RhSC12 2783.0 (3) 353.51 (4) 736.67 (9) 
Gd8RhSCI2 2791.5 (4) 360.31 (6) 745.3 (1) 93.28 (2) 0.7484 (8) 
Tb8RhSC12 2780.4 (6) 356.82 (8) 739.8 (2) 93.53 (3) 0.7326 (8) 
DY8RhSCIZ 2779.1 (4) 354.09 (7) 736.6 (1) 93.80 (2) 0.7233 (8) 
H08RhSClZ 2774.3 (3) 351.58 (5) 733.4 (1) 94.00 (1) 0.7135 (7) 
Er8RhSC12 2772.6 (3) 349.09 (4) 729.8 (1) 94.17 (1) 0.7045 (7) 
T"SCI2 2766.6 (3) 346.74 (6) 726.8 (1) 94.36 (1) 0.6952 (9) 

"Standard deviations in the least significant digits are given in parentheses. 

R8Rh5C12 

0.69 0.69 

R = Y  Gd Tb Dy Ho Er Tm 
Figure 1. Cell volumes of the Er8RhSC12-type carbides. The size of the 
dots approximately corresponds to the standard deviations. 

ion pcxp were determined from the linear slopes of the 1/x vs T 
plots, which we could extrapolate to T = 0 K for l/x = 0 (Figure 
2). For the other Er8Rh5C12-type carbides we determined the 
susceptibilities only at  room temperature and assumed similar 
behavior. The resulting magnetic moments are summarized in 
Table 111. It can be seen that the experimentally determined 
effective magnetic moments correspond to those of the lanthanoid 
ions, albeit the experimental values are all slightly lower than the 
theoretical ones. Such small deviations from the ideal values were 
also observed for other rare-earth-metal compounds.16 
Crystal Structure of EreRhSClz 

The single crystals of Er8Rh5CI2 used for the structure de- 
termination were isolated from a crushed arc-molten button with 

(16) Jeitschko, W.; Reehuis, M. J .  Phys. Chem. Solids 1987, 48, 667. 

I I I I 1 1 

50 100 150 200 250 300 
TIKI- 

Figure 2. Reciprocal magnetic susceptibilities of Tb8RhSCI2 and Has- 
RhSC12 as a function of temperature. 

Table 111. Effective Magnetic Moments per Lanthanoid Atom in 
Carbides with the Er8RhsC12-Type Structure" 

compd k . p ?  l(B k f f ?  PB compd k p ,  WB kff? FB 
Gd8RhsCI2 7.71 (5) 7.94 HOsRhsC12 9.93 (9) 10.60 
Tb8RhSClz 9.48 (7) 9.72 Er8RhsClz 9.16 (7) 9.58 
Dy8RhsC12 10.08 (9) 10.64 Tm8RhsC12 7.22 (5) 7.56 

" The experimentally determined magnetic moments per lanthanoid 
atom pexp have error limits that are listed in parentheses in the place 
value of the least significant digit. They are compared to the effective 
moments calculated from the relation fieri = g [ J ( J  + 1)]1/2. 
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Table IV. Crystallographic Data for Er8RhSCI2 
lattice consts: see Table I1 
2 = 2  p = 533 cm-' 
fw = 1996.74 transmission ratio 
space group: C2/m (highest/lowest): 1.73 

(No. 12) R(F,) = 0.031 
T = 21 oc 
X = 0.7107 ..& 

pEald = 9.41 gem-) 

R,(F,) = 0.027 

Figure 3. Crystal structure and coordination polyhedra of ErsRh5C12. 
Atoms connected by thin and thick lines are at different heights of the 
projection direction. 

the initial atomic composition Er:Rh:C = 33:26:41. Burger 
precession and Weissenberg diffractograms showed the Laue 
symmetry 2lm. The extinction conditions (reflections hkl were 
observed only for h + k = 2n) led to the space groups C2, Cm, 
and C2/m,  of which the centrosymmetric group C2/m was found 
to be correct during the structure determination. The crystallo- 
graphic data are summarized in Table IV and in a more detailed 
table in the supplementary material. 

The intensity data were collected from a crystal of dimensions 
5 X 10 X 40 ~m~ in an automated four-circle diffractometer with 
graphite-monochromated Mo Ka  radiation by 0/20-scans in the 
whole reciprocal space up to 20 = 90'. An empirical absorption 
correction was made from $-scan data. 

The structure was determined from Patterson and difference 
Fourier syntheses. It was refined by full-matrix least-squares 
cycles using a program system supplied by the Enraf-Nonius 
company. The atomic scattering factors" were corrected for 
anomalous dispersion.18 Weights were assigned according to the 
counting statistics (w = 1 1 ~ 2 ) .  A parameter accounting for an 
isotropic secondary extinction was refined and applied to the 
calculated structure factors. As a check for the ideal composition, 
we fixed the scale factor and varied the occupancy parameters 
of all atoms along with their thermal parameters. All occupancy 
parameters were within five standard deviations of the ideal 
composition, and thus one may assume the ideal occupancies, 
especially also for the carbon atoms, where a large percentage 
of defects is found in some structures.19 However, since the 
occupancy parameters of all erbium atoms were all slightly greater 
and those of the rhodium atoms were all slightly smaller than the 
ideal values, we preferred to consider these least-squares cycles 
as the final ones. Nevertheless, this regularity may be accidental 
and we will not discuss it any further at this time. The final 
conventional residual is R = 0.031 (R, = 0.027) for 73 variable 

(17) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968, 24, 321. 
(18) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891. 
(19) Jeitschko, W.; Block, G. 2. Anorg. Allg. Chem. 1985, 528, 61. Block, 

G.; Jeitschko, W. Inorg. Chem. 1986, 25, 279. Block, G.; Jeitschko, W. 
J .  Solid Srate Chem. 1987, 70, 271. 

Table V. Atomic Parameters of Er8Rh5CI2" 
atom C2/m occupancy X Y Z B 

4i 
4i 
4i 
4i 
2a 
4i 
4i 
4i 
4i 
4i 
4i 
4i 
4i 

1.004 (2) 
1.004 (2) 
1.002 (2) 
1.010 (2) 
0.991 (4) 
0.999 (3) 
0.995 (3) 
0.88 (3) 
0.94 (3) 
0.91 (3) 
0.99 (3) 
1.04 (4) 
0.99 (3) 

0.29360 (2) 
0.30038 (2) 
0.41225 (2) 
0.45305 (2) 
0 
0.11105 (2) 
0.11565 (3) 
0.0226 (4) 
0.0461 (4) 
0.1689 (4) 
0.2167 (4) 
0.1588 (5) 
0.2067 (4) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.88381 (6) 
0.39119 (6) 
0.17097 (7) 
0.70235 (7) 
0 
0.4978 (1) 
0.1284 (1) 
0.755 (1) 
0.612 (2) 
0.347 (1) 
0.364 (1) 
0.870 (2) 
0.868 (1) 

0.370 (6) 
0.391 (6) 
0.499 (6) 
0.700 (7) 
0.66 (2) 
0.69 (1) 
0.60 (1) 
0.4 (1) 
0.7 (1) 
0.3 (1) 
0.5 (1) 
1.2 (2) 
0.4 (1) 

"Numbers in parentheses are esd's in the least significant digits. 
The last column contains the isotropic B values of the carbon positions 
and the equivalent isotropic B values (X100, in units of nm2) of the 
anisotropic temperature parameters of the metal positions. 

Table VI. Interatomic Distances (pm) in the Structure of 
Er8Rh5Cl2' 

Er(l)-lC(6) 240.3 (10) Rh(l)-2C(l) 193.7 (11) . .  
2C(4) 
2C(6) 
W 3 )  
2C(5) 
2Rh(3) 
2Er( 1) 
2Er(l) 
lEr(2) 
ZEr(2) 
lEr(2) 
lEr(3) 

Er(2)-1C(4) 
W 4 )  
ZC(6) 
2C(3) 
2C(5) 
2Rh(2) 
2Er(2) 
lEr(3) 
lEr(1) 
2Er( 1) 
lEr(1) 
2Er(2) 

Er(3)-2C(1) 
2C(2) 
W 5 )  
2Rh(3) 
ZRh(2) 
2Rh(l) 
2Er(3) 
lEr(2) 
lEr(4) 
lEr(1) 
lEr(4) 
lEr(4) 

Er(4)-2C( 1) 

2C(2) 
ZRh(2) 

2Rh(3) 
2Rh(l) 
ZEr(4) 
lEr(3) 
lEr(3) 
lEr(3) 

25 1.5 (7). 
251.7 (7) 
268.9 (8) 
276.9 (9) 
306.9 (1) 
349.1 (1) 
351.6 (1) 
361.3 (1) 
362.0 (1) 
369.3 (1) 
377.0 (1) 

231.4 (10) 
256.6 (7) 
256.9 (7) 
267.8 (8) 
287.7 (10) 
307.3 (1) 
349.1 (1) 
359.6 (1) 
361.3 (1) 
362.0 (1) 
369.3 (1) 
374.4 (1) 

254.2 (8) 
257.1 (8) 
263.3 (9) 
285.8 (1) 
308.8 (1) 
331.1 (1) 
349.1 (1) 
359.6 (1) 
367.9 (1) 
377.0 (1) 
378.2 (1) 
395.9 (1) 

260.8 (8) 
282.1 (1) 
288.6 (9) 
292.3 (1) 
300.8 (1) 
349.1 (1) 
367.9 (1) 
378.2 (1) 
395.9 (1) 

4Er(4) 
2Rh(3) 
4Er(3) 

Rh(2)-1C(3) 
lC(2) 
lRh(3) 
2Er(4) 
2Er(2) 
2Er(3) 

Rh(3)-1C(3) 
lC(5) 
lRh(2) 
2Er(3) 
2Er(4) 
2Er(l) 
lRh(1) 

C(l)-lC(2) 
lRh(1) 
2Er(3) 
2Er(4) 

C(2)-1C(l) 
lRh(2) 
2Er(3) 
2Er(4) 

C(3)-1C(4) 
lRh(2) 
lRh(3) 
2Er(2) 
2Er(l) 

C(4)-1C(3) 
lEr(2) 
2Er(l) 
2Er(2) 

C(5)-1C(6) 
1 Rh( 3) 
2Er(3) 
2Er(l) 
2Er(2) 

C(6)-1C(5) 
lEr(1) 
2Er(l) 
2Er(2) 

300.8 (1) 
327.4 (1) 
331.1 (1) 

200.8 (10) 
203.8 (11) 
270.8 (1) 
282.1 (1) 
307.3 (1) 
308.8 (1) 

209.6 (10) 
230.4 (12) 
270.8 (1) 
285.8 (1) 
292.3 (1) 
306.9 (1) 
327.4 (1) 

126.9 (16) 
193.7 (11) 
254.2 (8) 
260.8 (8) 

126.9 (16) 
203.8 (11) 
257.1 (8) 
288.6 (9) 

132.2 (14) 
200.8 (10) 
209.6 (10) 
267.8 (8) 
268.9 (8) 

132.2 (14) 
231.4 (10) 
251.5 (7) 
256.6 (7) 

133.0 (16) 
230.4 (12) 
263.3 (9) 
276.9 (9) 
287.7 (10) 

133.0 (16) 
240.3 (10) 
251.7 (7) 
256.9 (7) 

"All distances shorter than 400 pm (Er-Er, Er-Rh), 340 pm (Rh- 
Rh), 320 pm (Er-C), and 290 pm (Rh-C, C-C) are listed. Standard 
deviations, computed from those of the lattice constants and the posi- 
tional parameters, are given in parentheses. 
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C1-C2: 127pm C3-C4:  1 3 2 p m  C 5 - C 6 :  1 3 3 p m  
Figure 4. Near-neighbor environments of the C2 pairs in Er8Rh5CI2. 

parameters (the metal atoms with ellipsoidal and the carbon atoms 
with isotropic thermal parameters) and 1868 structure factors. 
The difference Fourier synthesis did not show any features a t  
additionally possible atomic sites. The atomic parameters and 
interatomic distances are listed in Tables V and VI. The structure 
and the coordination polyhedra are shown in Figure 3. Listings 
of the anisotropic thermal parameters and of the calculated and 
observed structure factors are available as supplementary material. 
Discussion 

The structure of EreRh5C12 represents a new structure type with 
three different kinds of C2 pairs (Figure 4). The C-C bond 
distances of 127, 132, and 133 pm are between those of a triple 
(120 pm) and a double bond (134 pm) in hydrocarbons. They 
are among the shortest found so far in ternary carbides of the 
rare-earth metals and actinoids with transition metals. Other 
carbides of this kind include (with the C-C bond distances in units 
of picometers in parentheses) DyCoC2 (1 37),3 DyNiC2 ( 137),3 
and SmRhC2 (134)m with CeNiCz (141) type structure:' CeCoC, 
(1 37)2 and isotypic NdCoC, ( 140),22 and UCoC, (148),13 CeRhC, 
(141),20 Sc3CoC4 (146),5 LapNi5C3 (136),22,23 Er2FeC4 (133),7 
and U2NiC3 (143).14 The structures of ScCoCj  and La12Re5ClSX 
also contain C2 pairs; however, their C-C bond distances of 126 
(7) and 150 (1 0) pm have standard deviations too large to make 
them suited for comparisons. For the other ternary carbides the 
standard deviations are about 1 or 2 pm. Nevertheless, it seems 
difficult at this time to find a correlation between the C-C bond 
lengths and the composition of the carbides. 

In this context it is of interest that the EreRh5C12 structure 
contains slabs a t  x = and 3/4, which may be considered as 
cutouts of the CaCz-type structure. Accordingly, the C(4) and 
C(6) atoms of ErsRh5C12 have atomic environments that are 
virtually the same as those of the carbon atoms in the CaC2 
structure (if we substitute Ca atoms for the Er atoms). The 
distances of the bonds connecting the C(4) and C(6) atoms to 
the neighboring carbon atoms (132 and 133 pm) are somewhat 
larger than the C-C distances of about 129 pm in lanthanoid 
carbides with CaC2-type structure.25 In the third Cz pair of 
Er8Rh5CI2, where both carbon atoms have a rhodium neighbor, 
the C-C distance is shorter (1 27 pm). 

If we count the interactions of the Er atoms with the Rh and 
C atoms as essentially ionic, we can write the formula as [Er111]8X+ 
[RhSCl2lz4-. The structure contains indeed a finite, chainlike, 
centrosymmetric Rh5C12 cluster, which is shown in Figure 5 .  Its 
shortest distances to neighboring Rh5CIz clusters are Rh-C dis- 
tances of 294 pm and Rh-Rh distances of 327 pm. Thus, the 
Rh5CI2 units may be considered as separated from each other. 
The two Rh-Rh distances of 270.8 pm within the Rh5CI2 cluster 
on the other hand must be considered as bonding. They compare 
well with the Rh-Rh bonds of 266.5 pm in p-CHz[q-C5H5Rh- 
(CO)]226 and 272.3 pm in [(RhFe(pPPh2)2(w-CO)(C0)3)2].27 

(20) Hoffmann, R.-D.; Jeitschko, W. Z. Kristallogr. 1988, 182, 137. 
(21) Bodak, 0.-I.; Marusin, E. P. Dopou. Akad. Nauk Ukr. RSR, Ser. A:  

Fiz.-Mat. Tekh. Nauki 1979, 12, 1048. 
(22) Gerss, M. H.; Jeitschko, W. Unpublished results. 
(23) Tsokol', A. 0.; Bodak, 0. I.; Marusin, E. P. Sou. Phys.-Crystallogr. 

(Engl. Transl.) 1986, 31, 39. 
(24) Block, G.; Jeitschko, W. Z .  Kristallogr. 1987, 178, 25. 
(25) Atoji, M. J. Chem. Phys. 1961, 35, 1950. 
(26) Herrmann, W. A.; Kriiger, C.; Goddard, R.; Bernal, I. Angew. Chem. 

19779 89, 342; Angew. Chem., Int. Ed. Engl. 1977, 16, 334. 
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Figure 5. The polyanion [Rh5C&" of Er8RhSClz. All atoms of this 
centrosymmetric cluster are at the same height of the projection direction. 
Interatomic distances (pm) and angles (deg) are indicated in the lower 
and upper parts, respectively. The weak Rh( 1)-Rh(3) interactions be- 
tween adjacent [Rh5C12]24- polyanions are also shown. 

They are also comparable to the shortest Rh-Rh bonds in poly- 
nuclear Rh clusters, e.g. 267.4 pm in [ R ~ I ~ C ~ ( C O ) Z ~ ] , ~ ~  269.9 
pm in [Rhe(C0)19C],29 271.4 pm in [N(C3H7)4]4[Rh12C2(C- 
O)23]," 272.7 pm in [N(PPh3)2]2[Rh12C2(C0)24]?1 273.8 pm in 
[H30] [Rhi5(C0)28C2],32 277.6 pm in [NMe3(CH2Ph)l2[Rh6- 
(CO),,C], and 276.5 pm in [ C U ~ R ~ ~ ( C O ) ~ ~ ( N C M ~ ) ~ ] -  
0.5MeOH,34 while the average Rh-Rh bond distances in these 
polynuclear Rh clusters are greater and range between 278 and 
283 pm in the compounds of ref 34 and 30, respectively. 

The Rh-C distances of EreRh5Clz cover the range from 194 
to 231 pm. These values may be compared to the Rh-C sin- 
gle-bond value of 203 pm for the bonds connecting the Rh atoms 
to the bridging CHz groups in pCHz[q-CSHsRh(C0)]2.26 In the 
carbonyl carbide clusters enumerated above the average Rh-C 
bond lengths of terminal carbonyl groups range from 182 to 193 
pm, while edge-bridging carbonyl groups have average Rh-C bond 
lengths of 203-212 pm. The mean Rh-Ctcarbide) distances in 
most of these clusters are between 212 and 214 pm. Thus, most 
Rh-C bonds in Er8Rh5CI2 have bond orders of about 1 and the 
Rh( 1)-C( 1) bond of 193 pm has some double-bond character, 
while the C(5) atoms at 231 pm can only be considered as weakly 
bonded to the Rh(3) atoms. 

The polyanion [Rh5Cl2Iz4- has an odd number of electrons; 
nevertheless, the paramagnetism of Y8RhSCI2 is weak and cor- 
responds to less than one unpaired electron per formula unit. The 
magnetism of the other Er8Rh5Clz-type compounds can be as- 
cribed to that of the lanthanoid components. Chemical bonding 
in EreRh5C12 will be analyzed in a forthcoming paper." This 
analysis shows that the d states of the Rh atoms are essentially 

(27) Haines, R. J.; Steen, N. D. C. T.; English, R. B. J.  Chem. SOC., Chem. 
Commun. 1981, 587.  
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(31) Albano, V. G.; Braga, D.; Chini, P.; Strumolo, D.; Martinengo, S. J.  
Chem. SOC., Dalton Trans. 1983, 249. 
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filled, in agreement with the almost nonmagnetic behavior of the 
Rh atoms. With the inclusion of the Er atoms, the Fermi level 
cuts through many bands. Thus, the metallic conductivity can 
be rationalized. 
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The crystal structures of R~(bpy),(NcS)~, solvated with CH,CN and (CH,),SO, have been determined. Ru(CloHEN2) (NC- 
S),.CH3CN crystallizes in the monoclinic space group C2/c with a = 10.230 (2) A, b = 15.209 (3) A, c = 16.186 (2) A, j3 = 
105.19 (l)', 2 = 4, and RF (RwF) = 0.037 (0.046) for 1023 reflections with F: > 3472); RU(C~~H~N~)~(NCS)~.(CH,)~SO 
crystallizes in the triclinic space group Pi with a = 12.402 (2) A, b = 12.732 (2) A, c = 8.853 (1) A, a = 105.70 (3)O, j3 = 103.06 
(2)O, y = 83.65 (3)O, 2 = 2, and RF (RwF) = 0.053 (0.068) for 3517 reflections with F: > 347:). In both complexes, the 
isothiocyanate ligands are cis. The CN absorbance in the IR spectra of the desolvated complex, as well as in the spectra of mulls 
of the DMSO-solvated material, has been determined and compared to those in the IR spectra of related cis and trans octahedral 
complexes of bis(is0thiocyanate) species. The I3C NMR spectra in DMSO-d, show the expected 11 resonances associated with 
the cis configuration observed in the X-ray determinations. The implications of the spectroscopic signatures of these complexes 
in relation to their structures in the solid state and the extent to which these signatures are diagnostic with respect to the symmetry 
properties of these complexes are discussed. 

Introduction 
The chemistry of Ru(I1) has received a great deal of attention 

in recent years, largely due to the richness of available oxidation 
states, large variability of ligand lability, and ease of coordination 
sphere modification available in ruthenium complexes.' Moreover, 
because of the great interest in determining the rate of electron 
transfer in biological systems, ruthenium complexes have been 
used as models for studying such processes on a rapid (nanosecond) 
time scale in a variety of chemical environments." In this latter 
context, variable-temperature Fourier transform infrared spec- 
troscopy (VTFTIR) has proven to be a potentially fruitful method 
to examine the rate of electron transfer in mixed-valence com- 
pounds. This approach is predicated on the assumption that each 
metal center can be ligated with an appropriate "reporter" ligand, 
the IR signature of which will reflect the oxidation state and 
molecular level architecture of the metal center to which it is 
bonded. As has been discussed7 previously for a variety of in- 
organic and organometallic compounds, the thiocyanate and 
selenocyanate ligands can play the role of such a reporter group, 
and the detailed IR spectra of a large number of such compounds 
have been reported. Despite the fact that Ru(I1) thiocyanates 
have been k n o ~ n ~ - ~  for a number of years, no detailed structural 
studies, based on single-crystal X-ray diffraction data, have been 
reported, and the structural details of such compounds have been 
inferred indirectly from other (largely vibrational spectroscopic) 
data. In this context, a detailed VTFTIR study of rigorously 
desolvated Ru(2,2'-b~y)~(NCS) has recently been reported.'O The 
observation of a single, symmetric absorbance in the C N  stretching 
region, as well as an absorbance in the Raman spectrum at nearly 
the same frequency, has been interpreted as evidence for a trans 
configuration of the two pseudohalide groups, in contrast to the 
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cis configurations that have been assigned to the corresponding 
bis(ch1oro)" and bis(cyano) comp1e~es . l~~ '~  In the course of this 
IR study, it was observed that well-formed single crystals of the 
title compound could be recovered from CH3CN and DMSO 
solutions. It has also proven feasible to examine the 'H and I3C 
NMR spectra of the title compound in DMSO-& as well as the 
infrared spectra of these solvated crystals in the presence of mother 
liquor. Finally, it has also proven possible to study the systematics 
of a number of related model compounds containing the SCN- 
ligand. The details of these investigations are summarized in the 
present paper. 

Experimental Section 

(a) Preparation of Ru(2,2'-bpy),(NCS),CH3CN ( 1 )  and Ru(2,2'- 
bpy)2(NCS)2.(CH3)2S0 (2). The parent aquo-solvated compound re- 
ported in this study was prepared by literature methods and characterized 
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