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Molecular and Crystal Structures of Tetra(methylgermanium) Hexa-

sulphide

By Robert H. Benno and Charles J. Fritchie, jun.,” Richardson Chemical Laboratories, Tulane University,

New Orleans, Louisiana 70118, U.S.A.

The title compound has been shown by X-ray crystallographic methods to have an adamantane-type structure.
Mean distances and angles are Ge—S 2-218(3), Ge—C 1:922(10) A, S—~Ge-S 111-8(3), Ge-S—Ge 104-6(2), and

S—Ge—-C 107-0(3)".

Crystals are monoclinic, space group C2/c. with a = 9-422(5), b =16-779(8). ¢ =

10-708(5) A, B = 107-94(3)", and Z = 4. Molecular symmetry C, is required. Refinement of 738 independent

counter measured reflections gave R 5:2%.

THE versatility of sulphur as a bridging ligand and the
importance of sulphur-metal (iron) complexes in enzyme
systems ! have led us to investigate the crystal structure
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of the organogermanium complex (MeGe),Sg.2  Sulphur
is capable of sharing two electrons with two other atoms
(as in H,S) or sharing four electrons with three other

1 W. D. Phillips, E. Knight, jun.,, and D. C. Blomstrom,
in ‘ Non-Heme Iron Proteins,” ed. A. San Pietro, Antioch Press,

Yellow Springs, Ohio, 19665, pp. 69—85.
2 K. Moedritzer, Inorg. Chem., 1967, 8, 1248.

atoms {as in [EtSFe(NO),),,2 [EtSFe(CO),l,,%4 and SyNi,-
(C;H;)s}.® Both ‘adamantane’ (I) and ‘open cage’
(IT) structures which have been suggested 2 for (MeGe),Sq
involve the former type of bonding.

EXPERIMENTAL

A single crystal, bounded by {110} and having a diamond
cross-section with major diagonal (b*) 0-3, minor diagonal
(a*) 0-2, and length 0-6 mm, was mounted on [001]. Pre-
cession (Mo-K,) and Weissenberg (Cu-K, radiation) photo-
graphs were used to obtain preliminary unit-cell and space-
group data. Refined unit-cell parameters were obtained
by a least-squares fit to sin? § values determined by use of a
Picker four-circle diffractometer and Mo-K, radiation.

Crystal Data—C,H,,Ge, Sy, M = 542-9, Monoclinic, g =
9-422(5), b = 16-779(8), ¢ = 10-708(5) A, B = 107-94(3)°,

3 J. T. Thomas, J. H. Robertson, and E. G. Cox, Acta Cryst.,
1958, 11, 599.

4 L. F. Dahl and C. H. Wei, Inorg. Chem., 1963, 2, 328.

5 L. F. Dahl, V. A. Uchtman, and H. Varenkamp, J. Amer.
Chem. Soc., 1968, 90, 3272.
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Titanium(~r~). Titanium hydride (Fluka, AnalaR,
>99-5% purity; 0.5 g) was dissolved in concentrated
hydrochloric acid (10 ml) maintained a t 35-40 "C (ca. 6 h)
under oxygen-free conditions. The excess of solid was
removed using a No. 4 filter and the solution diluted six-
fold with nitrogen-degassed water. Small amounts of
titanium(1v) were removed by electrolytic reduction a t a
mercury-pool cathode (5.3 V, 0.3 A) for 2-3 h. The extent
of electrolysis was checked by monitoring the absorption
of the titanium(n1) ions a t 502 nm until i t was constant;
low absorption a t 300 nm [E 24-9 for titanium(1v) and
E < 1.0 1 mol-1 cm-1 for titanium(111)l was also consistent
with removal of titanium(1v) ions. The titanium(II1)
solution was standardized by addition of an excess of
cerium(1v) and back-titrating with iron(I1) in ~M-H,SO,
using f erroin as indicator. The absorption coefficient,
= 3-97 1 mol-l cm-l, a t 502 nm was used for subsequent
standardizations ([H+] = 0-5-1.0~).
Vunadium(~v). Vanadium(1v) sulphate (B.D.H. Reagent
Grade, 100 g) was dissolved in O-~M-HC~O, (250 ml) a t 40 "C.
The solution was passed down a 3 x 16 cm column of
Amberlite IR 120(H) cation-exchange resin initially in the
acid form. The column was washed free from sulphate
ions and the vanadium(1v) ions were eluted with 1 . 0 ~ -
HClO,. The vanadium(1v) concentration was determined
spectrophotometrically a t 760 nm ( E 17.2 1 mol-l cm-l).
V U ~ U ~ ~ U W Z ( I I ) . A solution of vanadium(1v) ( 0 . 1 4 ~ ) in
O-GM-HC~O, was reduced under oxygen-free conditions a t a
mercury-pool cathode (5-2 V, 0.3 A, cu. 4 h). The extent
of the electrolysis in its final stages was followed spectro-
photometrically by measuring the absorbance due to the
vanadium(1r) and vanadium(n1) ions a t 850 and 400 nm.
Vanadium(I1) is the only absorbent a t 850 nm (c 3.22
1 mol-l cm-I), whereas a t 400 nm both vanadium(I1) (E 1-1
1 mol-l cm-l) and vanadium(II1) (E 8-35 1 mol-l cm-l) absorb.
Solutions of vanadium(I1) prepared in this way contained
(2% vanadium(II1). Solutions were stored a t 0 "C in air-
free conditions for periods of up to 10 days.
The hydrogen-ion concentrations of titanium(1v) ,
titanium(m), vanadium(Iv), and vanadium(I1) solutions
were determined by passing aliquot portions down a
column of Amberlite IR 120(H) cation-exchange resin.
The hydrogen-ion concentration of the eluent solution was
determined by titration with 0-lM-NaOH.
Kinetic experiments were carried out on a Durrum-
Gibson stopped-flow spectrophotometer. All reactant
solutions were deoxygenated by bubbling argon through
them for ca. 30 min. Solutions were transferred using
Atlas nylon syringes fitted with stainless-steel needles.
We wish to thank British Titan Products for an S.R.C.
postgraduate C.A.P.S. award (to J. D. E.) and for numerous
discussions with members of the Research Division, in
particular Mr. T. Wiseman.
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U = 1611(1) A3, F(000) = 1186, Z =4, D, = 2-239(2).
Space group C2/c from systematic absences.®* Mo-K,
radiation A = 0-7107 A; p(Mo-K,) = 85-28 cm™. Since
the general position of space group C2/c is eight-fold, the
molecule is required to have either C2 or C; symmetry.
The former was found to be the case.

Intensity data were measured by use of zirconium-filtered
Mo-K, radiation on a Picker card-controlled four-circle
diffractometer fitted with a pulse-height analyser and a
scintillation counter. Reflections with 3° < 26 < 40° were
scanned in the 20 mode at 1° min™, using a scan range of 2°.
On each side of the scan range a 20 s background count was
recorded. A standard reflection was measured ca. every 2 h,
but showed no significant changes.

A total of 738 reflections was scanned, constituting the
independent quadrant of reciprocal space within the given
20 limits. A standard deviation, aj, was estimated for each
reflection on the basis of standard counting statistics in peak
and background readings and of scale factor uncertainty.
Any reflection for which I < 207y was considered to be
unobserved and assigned I = 2a; for further computations.
Structure magnitudes were derived by use of Lorentz and
polarization factors. The standard deviation in F, o,
was derived by the propagation-of-error equation op =
or/(2|Fo| . L . P), where L and Pare Lorentz and polarization
factors. Unobserved reflections were included in least-
squares calculations only if |F¢| > |F,|. Twenty-two were
included in the final calculation. Reflection 2,0,8 for which
F, = 371 and F, = —486, was given zero weight.

Structure Analysis.—A trial structure consisting of the
four germanium and six sulphur atoms was obtained from
the three-dimensional Patterson function. With sulphur
and germanium atoms input isotropically, an initial R of
28:6%, was obtained after a single least-squares cycle. A
Fourier difference map was used to locate the carbon atoms.
Least-squares refinement with germanium, sulphur, and
carbon anisotropic yielded R 5-4%,. Hydrogen atoms were
located in additional general plane difference maps, but were
input in idealized positions in which the hydrogens of the
methyl groups were constrained to have tetrahedral sym-
metry with the rotation of the methyl groups fixed by
difference maps.

Convergence was reached at 529, after the hydrogens
were input with an isotropic B of 3 and only the non-
hydrogen atoms refined. The weight used for each re-
flection in the final least-squares calculations was 1/6z?%.
Scattering factors were taken from ref. 6(b), and were
corrected for the complex effects of dispersion. The least-
squares refinement program BLSA, modified from the block-
diagonal form of UCLALSI (Gantzel, Sparks, and True-
blood), was used to minimize the quantity: Zw||Fo| — |F|[?
by means of a block-diagonal matrix with a 9 X 9 block for
each atom. Other programs used were FOUR and
GENMAP for Fourier summation (C. J. Fritchie, jun.),
GSET4 for goniometer orientation (C. T. Prewitt), ORTEP
for plotting Figures (C. K. Johnson), CELL for determining
unit-cell constants (B. L. Trus), and MGEOM for determin-
ing standard deviations (J. T. Mague). Calculations were
performed on an IBM 7044 computer at the Tulane Com-
puter Laboratory.

Final atomic parameters are listed in Tables 1 and 2.
Observed and final calculated structure factors are noted in

* For details see Notice to Authors No. 7in J. Chem. Soc. (4),
1970, Issue No. 20 (items less than 10 pp. are sent as full-size
copies).

J.C.S. Dalton

Supplementary Publication No SUP 20609 (2 pp., 1 micro-
fiche).*
TaBLE 1
Final atomic parameters, with standard deviations
in parentheses *

Atom 10%x 10%y 104
Ge(1) 1(1) —1796(7) 858(1)
Ge(2) 1948(1) —315(7) 3037(1)
S(3) 2073(3) —1068(2) 1369(3)
S(4) 2049(3) —1054(2) 4781(2)
S(5) 0t 484(2) 1/4 1
S(6) 0t —2604(2) 1/4 ¢
C(7) 3660(11) 360(8) 3481(10)
C(8) 14(13) —2456(7) —622(11)
H(9) 184 —2130 —1347
H(10) —930 —2735 —971
H(11) 850 —2857 - 387
H(12) 4608 41 36566
H(13) 3654 721 2896
H(14) 3784 634 4308

* Hydrogen atoms are in idealized positions.
parameters are fixed by symmetry.

t These

TABLE 2
Anisotropic thermal parameters {x 10%),* with standard
deviations in parentheses

Atom By, By i Bgs By, By, By
Ge(l) 165(2) 138(4) 69(1) 4(1)  115(2) —5(1)
Ge(2) 123(1) 169(4) 69(1) —1(1) 80(2) 4(1)
S(3) 151(4) 253(12) 79(3) 6(4) 130(5) —3(3)
S(4) 151(4) 253(12) &7(3) 2(4) 70(5) 15(3)
S(8) 137(5) 128(14) 84(4) 0t 86(7) 0t
S(6) 242(7) 87(14) 86(4) 0t 149(8) 0t
C(7) 417(16) 490(60) 55(11) —25(17) 75(20) 20(15)
C(8) 241(18) 210(40) 99(11) —3(17) 177(21) —25(14)

All hydrogens are assigned an isotropic thermal parameter
of B 3-0 A~

* The thermal expression has the form:
t These

[Byh® + Baph® +
Bggl? + Byahk + Byghl + Bagkl]. parameters are

fixed by symmetry. } (x10%).

Ficure 1 The unit cell viewed down the b axis

DISCUSSION
Molecular Configuration.—The crystal structure is
illustrated in Figures 1 and 2. The molecule has the
8 ‘ International Tables for X-Ray Crystallography,” vol. I,

3rd edn., 1969, Kynoch Press, Birmingham, (a) p. 101; (b) pp.
202—245.
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adamantane-type structure, shown in stereoscopic view
in Figure 3. Every germanium atom is bonded to three
sulphur atoms and one carbon atom which are located at
The

the corners of a slightly distorted tetrahedron.

545

of the above or the root-mean-square deviation is quoted
for each mean.) Our bond angle for Ge-5-Ge [104-6(2)°,
see Table 4] agrees with Zachariasen’s Ge-S—Ge angles
(98, 104, and 107°), as well as the value of 104-5(1)° for the

FiGurRe 3 Stereoscopic view of one molecule showing the atom numbering system used; S(5) and S(6) lie on a crystallographic
two-fold axis

mean Ge-S bond length [2-218(3) A] (see Table 3) agrees
within 2¢ with that reported 7 for GeS, (219 A) and is
also essentially in agreement with the sum of the covalent
radii® (2-25A). (Throughout this paper, standard

TABLE 3
Bond distances (A) with standard deviations in
parentheses

Ge(1)-S(3)  2-224(3) Ge(2)—C(7) 1-907(11)
Ge(1)-S(6)  2:219(3) C(7y~H(12) 1-01#
Ge(1)-S(4)  2-221(3) C{7)—H(13) 0-87
Ge(2)-S(3)  2-219(3) C(7)-H(14) 0-97
Ge(2)-S(4)  2-220(3) C(8)—H(9) 1-00
Ge(2)-S(6)  2-202(3) C(8)-H(10) 0-99
Ge(1)-C(8)  1-936(11) C(8)-H(11) 1-00

* The hydrogen atoms are in idealized positions determined
with the aid of difference-Fourier maps.

deviations estimated by use of the least-squares normal
equations are quoted for individual measures; the larger

7 W. H. Zachariasen, J. Chem. Phys., 1936, 4, 618.
8 L. Pauling and M. L. Huggins, Z. Krist., 1934, 87, 205.
% J.C. J. Bart and J. J. Daly, Chem. Comm., 1968, 1207.

Si-S-Si angle in (MeSi),Sg,? which is isomorphous with
(MeGe),Sg. Zachariasen reported no values for the

TABLE 4

Bond angles (°) with standard deviations in
parentheses *

Angle Value Angle Value
S(3)—Ge(1)-S(6) 110-8(1) S{4")—Ge(1)—C(8) 107-0(4)
S(3)—Ge(1)—S(4’) 112-5(1) S(3)—Ge(2)—-C(7) 106-8(3)
S(4')-Ge(1)~S(6) 112-0(1) S(4)-Ge(2)-C(7)  108-0(4)
S(3)—Ge(2)—S(4) 111-1(1) S(6)—Ge(2)—C(7) 106-0(3)
S(3)~Ge(2)-S(5) 112-5(1) Ge(1)-S(3)-Ge(2)  104-5(1)
S(4)—Ge(2)—-S(5) 112-1(1) Ge(1)-S(6)—Ge(1’) 104-8(1)
S(3)—Ge(1)—C(8) 106-8(4) Ge(2)—S(4)—Ge(1) 104-2(1)
S(6)—Ge(1)—C(8) 107-5(4) Ge(2)-S{6)—Ge(2) 105-0(1)

* Primed atoms are related to the corresponding unprimed
ones by the molecular two-fold axis.

S-Ge-S bond angle, but our mean value of 111-8(3)°
is identical to the corresponding angle S-Si—S of 111-8(1)°
in the silicon analogue® Deviations from the tetra-
hedral value in the R-S5-R bonding angle (where R is any
group bound to sulphur) are common and are probably
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due to repulsion between the R groups and the lone
pairs of electrons on the sulphur atom.

The mean Ge—C bond distance [1-922(10) A] is in
relatively good agreement with the Ge—C bond length of
1-98(3) g found in tetramethylgermanium.® Our value
for the S—-Ge—C angle [107-0(3)°] is identical to the
corresponding angle 5-Si-C [107-0(2)°] in the Si analogue.
The hydrogen atoms of the methyl groups have almost

10 I.. O. Brockway and H. O. Jenkins, J. Amer. Chem. Soc.,
1936, 58, 2036.
11 H. J. Milledge, personal communication.

J.C.S. Dalton

perfectly staggered configurations with respect to
corresponding sulphur atoms on the adjacent germanium
atoms. Such a staggered configuration is expected if
intramolecular forces are the largest factor affecting the
orientation of the methyl groups.

The structure of (MeSn),Sg has also been determined; 1
it is isomorphous with both (MeGe),S; and (MeSi),S,.

‘We thank Dr. Moedritzer for a sample of the crystals used.

[2/1692 Received, 6th July, 1972]
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Study of the Mossbauer Effect in Europium(1li) Complexes
By Peter Glentworth,' Alan L. Nichols, and David A. Newton, Department of Physical Chemistry, University
of Leeds, Leeds LS2 9JT
Norman R. Large and Richard J . Bullock, Chemistry Division, A.E.R.E., Harwell
151Eu Mossbauer spectra of a number of europium(ll1) complexes. including aminopolycarboxylates. p-diketones.
and 1 ,I O-phenanthroline complexes, have been investigated. Isomer shifts of these complexes fall within a
remarkably small range, indicating that their bonding is predominantly ionic in character, with the possibility of a
small covalent contribution.
THE application of Mossbauer spectroscopy to the study
of structure and bonding of lanthanide compounds is of
interest .l, In particular, solid compounds of europium
can be investigated by means of 151Eu Mossbauer
spectroscopy. The isomer shift, with its dependence on
the electron density at the nucleus, can yield information
on the type of bonding found in europium compounds.
Some of the earlier interpretations of the measured
isomer shifts of EurIr compounds were based on reports
by Hufner et aL3s4 that the 151Eu isomer shift of Eu203
relative to EuF, was less than 0.05 mm s-l. However,
recent investigations 5 9 6 have shown that the isomer
shift of Eu,O, (in the form commercially available)
relative to EuF3,2H,0 is 1.06 & 0.01 mm s-l. There is
therefore a need for further information on isomer
shift values of EuIII compounds. Mackey and Green-
wood' have interpreted studies of the magnitude of
the resonant effects in EuX1I chelates as an indication
of the presence of polymerisation in EuIII amino-
polycarboxylate chelates.
EXPERIMENTAL
Preparation of Complexes.-A series of europium(II1)
chelates of the general formula M[EuL],,yH,O, where M
1 S. Ofer, I. Nowik, and S. G. Cohen, in ' Chemical Applic-
ations of Mossbauer Spectroscopy,' ed. V. I. Goldanskii and R. H.
Herber, Academic Press, New York and London, 1968, p. 427.
N. N. Greenwood and T. C. Gibbs, ' Mossbauer Spectros-
copy,' Chapman and Hall, London, 1971, p. 636.
a S. Hufner, P. Kienle, D. Quitmann, and P. Brix, 2. PhysiR,
1965, 187, 67.
4 P. Brix, S. Htifner, P. Kienle, and D. Quitmann, Phys.
Letters, 1964, 13, 140.
G. W. Dulaney and A. F. Clifford, in ' Mossbauer Effect
Methodology,' ed. I. J. Gruverman, Plenum Press, New York,
1970, vol. 6 , p. 66.
6 N. R. Large, R. J. Bullock, P. Glentworth, and D. A.
Newton, Phys. Letters, 1969, 29, A , 362.
J. L. Mackey and N. N. Greenwood, J . Inorg. Nuclear
Chem., 1972, 34, 1629.
is a cation and L a multidentate aminopolycarboxylate
ligand were prepared as described by Moeller et aL8 Com-
pounds were prepared with Nt-(2-hydroxyethyl)ethylene-
diamine-NNN'-triacetic acid (hedta) , ethylenediamine-
NNN'N'-tetra-acetic acid (edta), 1,2-diaminocyclohexane-
NNN'N'-tetra-acetic acid (dcta) , and diethylenetriamine-
NNN'N'N"-penta-acetic acid (dtpa) as ligands, and H+,
K+, NH,+, or Baa+ as cations. A number of preparative
methods 9-11 for europium(II1) P-diketone complexes were
attempted and found to give uncharacterisable products.
The methods described by Melby et ~ 1 . 1 ~ and Bauer et uZ.l3
were used as a basis for the preparation of EulI1 (4-diketone
complexes. Complexes of the general formula, L[Eu-
(P-diketone),] where L is a cation (Na+, K+, (C,H,),N+)
were prepared by mixing together stoicheiometric amounts
of europic chloride, the P-diketone, and a suitable base in
an ethanolic mediuni.12 The preparation and isolation
of solid tris-P-diketones proved more difficult and no
general method was evolved. A series of EulI1 (1,lO-
phenanthroline) (P-diketone) compounds were prepared by
the method of Bauer et u1.13 Other 1,lO-phenanthroline
complexes of EulI1 were prepared as described by
Hart et a1.14 and Sinha et uZ.15 Oxalato-complexes,~6~17
T. Moeller. F. A. J. Moss, and R. H. Marshall, J . Amer.
Chem. SOL, 1966, 77, 3182.
N. McAvoy, N. Filipescu, M. R. Kagan, and F. A. Serafin,
J . Phys. and Chem. Solids, 1964, 25, 461.
lo R. E. Whan and G. A. Crosby, J. Mol. Sfiectroscopy, 1962,
8, 315.
l1 G. A. Crosby, R. E. Whan, and K. M. Alire, J. Chem. Phys.,
1961, 34, 743.
le L. R. Melby, N. J. Rose, E. Abramson, and J. C . Caris,
J . Amer. Chem. SOC., 1964, 86, 6117.
l3 H. Bauer, J. Blanc, and D. L. Ross, J . Amer. Chem. SOC.,
1964, 86, 6125.
l4 F. A. Hart and F. P. Laming, J . Inorg. Nuclear Chem.,
1964, 26, 579.
l6 S. P. Sinha and E. Butter, Mol. Phys., 1969, 16, 286.
l6 P. C. Stevenson and W. E. Nervik, ' The Radiochemistry
of the Rare Earths, Scandium, Yttrium, and Actinium,' NAS-NS
3020, 1961, p. 21.
l7 B. S. Azikov and V. V. Serebrennikov, Russ. J . Inorg. Chem..
1967, 12, 228.
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