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Three new lanthanide metal polysulfides have been synthesized in supercritical ammonia: [Yb(NH3)8][Cu(S4)2]‚
NH3 (I ), [Yb(NH3)8][Ag(S4)2]‚2NH3 (II ), [La(NH3)9][Cu(S4)2] (III ). Compounds were prepared in sealed quartz
tubes which were filled to one-third volume with liquid ammonia and heated at 170°C for 3 days. Compounds
I andII were obtained from the reaction of a premade ytterbium polysulfide with M and S in the ratio of 1:1:4,
while [La(NH3)9][Cu(S4)2], III , was obtained by reacting La, Cu, and S in the ratio of 1:1:8. In all these compounds,
the lanthanide cation is coordinated only by ammonia, while the M+ is chelated by S42- to form metal tetrasulfide
rings. [Yb(NH3)8][Cu(S4)2]‚NH3 and [Yb(NH3)8][Ag(S4)2]‚2NH3 contain [M(S4)2]3- anionic units with M+ in a
distorted tetrahedral coordination environment chelated by two S4

2- groups. CompoundIII , [La(NH3)9][Cu-
(S4)2], also contains anionic [Cu(S4)2]3- units; however, Cu+ is in a trigonal planar coordination geometry due to
the presence of one monodentate S4

2-. All the compounds are unstable with respect to loss of ammonia, and
decomposition yielded known ternary and binary phases. Crystallographic data for the compounds are the
following: I , space group) I4h , Z ) 2, a ) 10.024(4) Å,c ) 9.752(4) Å;II , space group) P212121, Z ) 4 ,
a ) 11.177(4) Å,b ) 20.472(6) Å,c ) 9.754(3) Å; III , space group) P21/n, Z ) 4, a ) 9.891(2) Å,b )
12.600(3) Å,c ) 17.812(3) Å,â ) 103.57(2)°.

Introduction

The use of supercritical ammonia as a synthetic medium for
the preparation of novel inorganic compounds is a relatively
unexplored technique. Jacobs and Schmidt1 have thus far been
the primary contributors to ammonothermal synthesis, and they
have examined several systems that include amides, nitrides,
chalcogenides and polychalcogenides. In their studies, the
temperatures (g500°C) and pressures (g6 kbar) used far exceed
the minimum values necessary to obtain supercritical ammonia
conditions. We recently demonstrated that performing reactions
in supercritical ammonia at 160°C is a unique and fruitful
method of obtaining new metastable inorganic solids. For
example we have prepared a number of new complex quaternary
phases that have the general formula AwMxEyQz (A ) K, Rb,
Cs; M) Cu, Ag; E) As, Sb; Q) S, Se) like A2AgSbS4 and
A2Ag3Sb3S8.2 These new metal sulfide phases often have
complicated, low-dimensional structures. The alkali metals act
as isolated cations, while the anionic frameworks are made of
clusters or polymers of 15/16 anions, for example SbS4

3- or
Sb(S2)∞-, held together by Ag+ or Cu+. We have systematically
prepared an extensive array of compounds having this general
formula. While they are structurally unique and interesting, they
all contain a closed shell transition metal with a valence-precise
main group building block. Thus, all of the solids are
electronically precise compounds and most of them are dia-
magnetic, wide-bandgap semiconductors.
In an effort to prepare more electronically interesting solids,

we have begun trying to introduce open-shelled di- and trivalent
metal centers into the extended framework. Our initial effort
involved attempts to substitute lanthanide ions for the alkali

metal ions, as it is known that lanthanides will combine with
metal sulfides to form a variety of new lanthanide-transition
metal sulfide phases.3 It is well-known that lanthanide metals
dissolve in ammonia to form reducing solutions much like alkali
and alkaline earth metals.4 We anticipated that the lanthanides
would behave like the alkali metals, reducing sulfur in liquid
ammonia to form polysulfides, which would in turn, react with
elemental Ag or Cu. This might then lead to new ternary solids
with trivalent lanthanides within the framework, much like
alkali-metal-containing ternaries.5

Instead, we observed that the solvent ammonia ligates to the
trivalent metal ions, forming metal ammine complexes. The
polysulfides react with the Ag or Cu to form metal sulfides,
but the ammonia coordinated to the lanthanide centers ef-
fectively prevents them from becoming part of the metal sulfide
framework.
In this paper we report the synthesis, structural characteriza-

tion and thermal behavior of three new compounds, [Yb(NH3)8]-
[Cu(S4)2]‚NH3, [Yb(NH3)8][Ag(S4)2]‚2NH3 and [La(NH3)9][Cu-
(S4)2] . These ammine complexes act as relatively large
countercations which lead to the formation of molecular salts.
The complexes are believed to be the first homoleptic lanthanide
ammine complexes.
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Experimental Section

All elemental powders were purchased from commercial vendors
(S from Mallinckrodt (reagent grade); the metals Cu, Ag, La and Yb
from Strem (99.9%)) and used without further purification. The
anhydrous ammonia was obtained from LaRoche Industries. In initial
experiments, we further dried the ammonia by distilling it from
elemental sodium, but subsequent work demonstrated that it emerges
from the cylinder in sufficient purity for our purposes, so we continue
to use it directly. The methods used to perform syntheses in
supercritical amines are based on the modification of procedures used
by Rabenau.6 The air-sensitive starting material “[Yb(NH3)x(Sy)]” was
prepared by loading the elements Yb and S in a 1:8 mole ratio (170
mg scale) in fused-silica tubes in an argon-filled drybox. The tubes
were then filled to 40% volume with NH3 and sealed under vacuum.
The reactions were then placed in a Parr reaction vessel (internal volume
71 mL) and subsequently counter pressured to 3500 psi. Reactions
were heated in the vessel at 170°C for 3 days. The starting material
was collected as an orange powder. We have found that using this
premade starting material, instead of elemental Yb and S, in the
synthesis of the title compoundsI andII yielded single crystals, while
direct reaction of the elements Yb, M and S yielded only powders. We
have not structurally characterized “[Yb(NH3)x(Sy)]” , but its IR contains
a broad band at 597 cm-1 and sharp peaks at 487 cm-1, suggesting the
presence of metal ammine linkages as well as polysulfide groups (Vide
infra). On the basis of results with the lanthanide system, it is most
likely an ammine complex of Yb with a polysulfide anion such as
[Yb(NH3)x]Sy (x ≈ 8-9, y ≈ 6-8).
Synthesis of [Yb(NH3)8][Cu(S4)2]‚NH3 (I) [Yb(NH 3)8][Ag(S4)2]‚

2NH3 (II). The title compoundsI andII were synthesized in a similar
fashion using a modification of methods developed by Rabenau. In
an argon filled drybox, “[Yb(NH3)x(Sy)]” , copper or silver powders,
and S in 1:1:8 ratios (50-60 mg scale) were loaded in fused-silica
tubes. Reaction tubes were then filled with NH3 (40% fill), sealed
under vacuum and subsequently placed in a Parr reaction vessel that
was then counter-pressured to 3500 psi and then heated at 170°C for
3 days. Compounds [Yb(NH3)8][Cu(S4)2]‚NH3 and [Yb(NH3)8][Ag-
(S4)2]‚2NH3 were collected as well-formed orange and yellow crystals
with yields of 31% and 25%, respectively.
Synthesis of [La(NH3)9][Cu(S4)2] (III). CompoundIII (50-60 mg

scale) was prepared by loading stoichiometric amounts of the elements
in powdered form (La, Cu and S) in fused-silica tubes in an argon
filled drybox. Reaction tubes were then filled with NH3 (40% fill),
sealed under vacuum and subsequently placed in a Parr reaction vessel
that was then counter pressured to 3500 psi and heated at 170°C for
3 days. [La(NH3)9][Cu(S4)2] single crystals were orange. The amor-
phous starting material “[La(NH3)x(Sy)]” was also prepared in the same
fashion as the ytterbium analog and loaded in reaction tubes in the
same stoichiometric amounts as for the preparation of the Yb
compounds. However, single crystal yields and quality of compound
III were poor. In contrast to the Yb system, using the elements (La,
Cu, and S) in a direct reaction led to higher yields (68%) and better
quality single crystals of [La(NH3)9][Cu(S4)2].
Single-Crystal X-ray Diffraction and Refinement. Single crystals

of the title phases are very air and thermally sensitive, particularly with
respect to ammonia loss. Single crystals of compoundII , being
extremely air sensitive, were isolated and mounted (glass fiber) with
epoxy on a frit under cold N27 and quickly moved into an N2 cold
stream on the single crystal X-ray diffractometer. Single crystals ofI
and III were mounted in capillary tubes with epoxy at room temper-
ature. Table 1 lists crystallographic data for compoundsI , II andIII .
The single crystal X-ray diffraction data forI andII were collected at
low temperature on a four-circle Rigaku AFC7R diffractometer (Mo
KR, λ ) 0.710 73 Å, graphite monochromator). CompoundIII was
collected on a four circle Nicolet R3mV at room temperature (Mo KR,
λ ) 0.710 73 Å, graphite monochromator). The unit cells ofI , II and
III were based on the indexing of 25, 25, and 42 reflections at 12° e
2θ e 25°, 13° e 2θ e 15°, and 12° e 2θ e 28°, respectively, using
the automatic indexing routine of the diffractometer. On the basis of

3 check reflections every 100 reflections, there was no decomposition
of the crystals during data collection. The data were corrected for
Lorentz and polarization effects. CompoundsI and III were solved
by direct methods with SHELXS-86 and refined with SHELXTL-PLUS
programs.8 CompoundII was solved by direct methods using the
SHELXS-86 format in teXsan9 and final refinements were performed
in SHELXTL-PLUS. The atoms were assigned to relevant intensity
peaks and refined with isotropicU’s. Table 2 lists atomic coordinates
and isotropicU’s. The absorption correction program XABS, a
modified version of DIFABS10 was utilized for compoundsI andIII .
A ψ scan absorption correction was applied to compoundII . Hydrogen
atoms were placed on nitrogen atoms as rigid groups and refined
isotropically with a group thermal parameter. Upon refinement with
anisotropicU’s (with H’s remaining isotropic) the Fourier difference
maps were flat. AnisotropicU’s are provided in the Supporting
Information. SinceI andII were refined in noncentrosymmetric space
groups, both configurations were refined. The results presented
correspond to the configuration with the lowest residuals.
Decomposition Studies. Single crystals obtained of each of the

title phases were loaded into quartz tubes, placed on a vacuum line
and pumped for several hours to remove as much ammonia as possible.
The crystals were noticably decomposed based on their appearance.
They had obviously turned to powder and their color changed to darker
shades. The samples were then sealed in quartz tubes under vacuum
and heated to 450°C overnight. The resultant black decomposition
products (powders) were then isolated in air and phases were determined
by X-ray powder diffraction. Decomposition products of all three title
phases were then identified by X-ray powder diffraction using a Scintag
XDS 2000 powder diffractometer at room temperature. Products were
determined by matching sample patterns to known phases.11

Results and Discussion

CompoundI , [Yb(NH3)8][Cu(S4)2]‚NH3, crystallizes in the
space groupI4h with isolated [Yb(NH3)8]3+ cations and [Cu(S4)2]3-

anionic units (Figure 1). Free ammonia molecules are located
between cations as viewed down thec axis. A Yb3+ cation
sits on the origin and is ligated by eight ammonia molecules
arranged in a slightly distorted square antiprismatic coordination
environment (Figure 2). The ammonia ligands are rotated to
create a 30° dihedral angle relative to an ideal cube, generating
a coordination environment between cubic and square antipris-
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240. 63.

(8) (a) Sheldrick, G. M. InCrystallographic Computing 3; Sheldrick, G.
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Table 1. Crystallographic Parameters for CompoundsI , II , andIII

I II III

empirical formula YbCuS8N9H27 YbAgS8N10H30 LaCuS8N9H27

fw 646.4 707.7 612.2
space group I4h P212121 P21/n
Z 2 4 4
a (Å) 10.024(4) 11.177(4) 9.891(2)
b (Å) 20.472(6) 12.600(3)
c (Å) 9.752(4) 9.754(3) 17.812 (3)
â (deg) 103.57(2)
V 979.9(7) 2232(1) 2157.9(8)
d (Mg/m3) 2.191 2.089 1.884
abs coeff (mm-1) 6.680 5.797 3.713
T (K) 203 150 298
λ (Å) 0.710 73 0.710 73 0.710 73
R (%)a 4.15 3.86 4.62
Rw (%)b 5.19 5.28 6.46

a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2/∑w(Fo)2]1/2.
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matic. Table 3 lists selected bond distances and angles for the
title compounds. Yb-N distances range from 2.470(14) to
2.459(13) Å. Typical Yb-N distances reported in other
molecular compounds containing Yb-NH3 coordination also
vary between 2.4-2.5 Å.12 The copper ion is formally in a
+1 oxidation state and it sits on a site in a distorted tetrahedral
coordination environment, with two chelating S4

2- ligands
forming CuS4 rings. S(1)-Cu(1)-S(1) angles range from
100.0(2) to 114.4(1)°.
The tetrasulfide ligand coordinates to Cu(I) in a number of

different coordination environments13 and it is well-known that
tetrasulfides readily coordinate to transition metal centers.14 The

distorted tetrahedral coordination environment is very common
for divalent metal centers with S42- chelates. Surprisingly,
however, this type of geometry has not yet been reported for
either Cu(I) or Ag(I) metal centers. It is much more common
for the metal centers to form polynuclear clusters or low-
dimensional solids, with the polysulfide acting as a bridging
ligand.15 We attribute this to the higher charge buildup per
metal ion in the mononuclear complexes such as [Cu(S4)2]3-.
The presence of a trivalent charge will lead to a substantial
decrease in the solubility of such a complex, and thus lessen
the possibility of observing the formation of well-formed
crystalline products in more conventional solvents. The forma-
tion of multinuclear complexes leads to a lower anionic charge
on the metal complex. The ability of supercritical fluids to
enhance the solubility of some normally intractable molecules
may lead to the formation of well formed single crystals of
I-III , with the higher anionic charge.

(12) (a) Wayda, A. L.; Dye, J. L.; Rogers, R. D.Organometallics1984, 3,
1605. (b) Zalkin, A.; Henly, T. J.; Andersen, R. A.Acta Crystallogr.
1987, C43, 233.

(13) Kanatzidis, M. G.; Park, Y.J. Am. Chem. Soc.1989, 111, 3767.

(14) (a) Draganjac, M.; Rauchfuss, T. B.Angew. Chem., Int. Ed. Engl.
1985, 24, 742. (b) Müller, A.; Diemann, E.AdV. Inorg. Chem.1987,
31, 89.

(15) (a) Kanatzidis, M. G.Chem. Mater.1990, 2, 353. (b) Huang, S. P.;
Kanatzidis, M. G.Inorg. Chem.1991, 30, 1455.

Table 2. Atomic Coordinates (×104) and Equivalent IsotropicU’s
(Å2 × 103)

atom x y z U(eq)a

[Yb(NH3)8][Cu(S4)2]‚NH3

Yb(1) 0 0 0 18(1)
Cu(1) 0 5000 2500 29(1)
S(1) -1662(4) 4391(5) 974(5) 31(1)
S(1′) 1712(16) 4400(20) 957(5) 31(5)
S(2) -1040(4) 5125(4) -865(4) 37(1)
N(1) -1175(14) 1014(15) 1953(12) 44(4)
N(2) 1509(14) 1730(15) 922(13) 46(4)
N(3) 0 0 5000 103(16)

[Yb(NH3)8][Ag(S4)2]‚2NH3

Yb(1) 272(1) 3750(1) 2135(1) 13(1)
Ag(1) 5184(1) 3697(1) 2576(1) 21(1)
S(1) 6204(3) 4625(2) 3839(4) 21(1)
S(2) 6241(3) 5294(2) 2269(4) 25(1)
S(3) 4552(3) 5299(2) 1411(4) 24(1)
S(4) 4303(3) 4389(2) 558(3) 23(1)
S(5) 4063(3) 2894(2) 4104(3) 20(1)
S(6) 4209(3) 2037(2) 2881(4) 23(1)
S(7) 5992(3) 2001(2) 2348(4) 23(1)
S(8) 6389(3) 2829(2) 1255(4) 25(1)
N(1) 2084(10) 3213(5) 1322(11) 17(3)
N(2) -370(11) 2649(5) 1502(13) 22(3)
N(3) 1015(11) 4359(5) 123(12) 21(3)
N(4) -1417(10) 3869(6) 539(13) 27(4)
N(5) -586(10) 4819(5) 2682(13) 25(3)
N(6) -1432(10) 3526(6) 3644(13) 28(4)
N(7) 1936(10) 4417(5) 3100(10) 19(3)
N(8) 1006(11) 3182(6) 4151(12) 27(4)
N(9) 8510(12) 900(6) 3207(18) 44(5)
N(10) 1226(13) 1571(7) 3039(29) 86(10)

[La(NH3)9][Cu(S4)2]
La(1) 1813(1) 2570(1) 9040(1) 24(1)
Cu(1) 548(2) 2910(2) 2288(1) 44(1)
S(1) 1550(5) 3483(4) 3481(2) 53(2)
S(2) 1727(6) 5082(4) 3261(3) 63(2)
S(3) 2397(5) 5104(3) 2252(3) 57(2)
S(4) 826(5) 4267(3) 1511(2) 48(2)
S(5) -588(5) 1446(3) 1912(2) 47(1)
S(6) -1909(6) 1774(3) 844(2) 59(2)
S(7) -3879(6) 2120(3) 1012(3) 63(2)
S(8) -4250(6) 3696(4) 1101(3) 58(2)
N(1) 2304(15) 2332(9) 10592(6) 50(5)
N(2) -557(13) 3241(9) 9403(7) 40(4)
N(3) 1764(15) 4117(10) 7989(6) 47(5)
N(4) 2260(16) 4470(9) 9786(8) 57(6)
N(5) -416(13) 2274(10) 7804(7) 44(5)
N(6) 4442(13) 3261(9) 9130(7) 43(4)
N(7) 3621(15) 927(9) 9560(8) 53(5)
N(8) 308(15) 842(9) 9236(8) 55(5)
N(9) 2624(16) 1486(11) 7940(7) 57(5)

a Equivalent isotropicU defined as one-third of the trace of the
orthogonalizedUij tensor.

Figure 1. Perspective view down thec axis of [Yb(NH3)8][Cu(S4)2]‚
NH3, I : Yb atoms, cross-hatched; Cu, highlighted; S, striped; N, open;
H, omitted for clarity.

Figure 2. Coordination environments around (a) the [Yb(NH3)8]3+

cation in compoundI , (b) the [Yb(NH3)8]3+ cation in compoundII ,
and (c) the [La(NH3)9]3+ cation in compoundIII .

7622 Inorganic Chemistry, Vol. 35, No. 26, 1996 Young et al.



The Cu-S bond distances in the [Cu(S4)2]3- anion of
compoundI range from 2.316(4) to 2.360(18) Å, and these are
consistent with known compounds.13,16 S(1) is the sulfur atom
bonded to Cu(1) to form the tetrahedron and it sits on a general
position. S(1) is positionally disordered and well modeled as
S(1) and S(1′) which are each 50% occupied. The S(1)-S(2)
bond distance is 2.100(8) Å, typical for S-S bonds, and the
modelled disorder also exhibits reasonable bond distances and
angles.
Figure 3 shows a perspective unit cell view down thec axis

of [Yb(NH3)8][Ag(S4)2]‚2NH3. It crystallizes in the ortho-
rhombic space groupP212121 and is the molecular analog of
compoundI in which [Yb(NH3)8]3+ cations and [Ag(S4)2]3-

anions are present. Like compoundI , Yb(III) is coordinated
to 8 ammonia molecules in a square antiprismatic fashion
(Figure 2). The dihedral angle between ammonia ligands is
42°, creating an almost ideal antiprismatic coordination environ-
ment . The Yb-N distances are 2.435(11)-2.492(11) Å as
listed in Table 3 and are also comparable to previously reported
Yb ammine complexes.12 Two free ammonia molecules are

located near the [Ag(S4)2]3- anions, as shown in Figure 3. The
Ag(I) metal center is in a distorted tetrahedral environment in
which S-Ag-S angles range from 97.3(1) to 127.2(1)°. The
Ag tetrahedron is somewhat more distorted as compared to the
Cu tetrahedron found in [Cu(S4)2]3- of compoundI . This
increase in distortion is attributed to the closer proximity of
both the [Yb(NH3)8]3+ cation and the free ammonia molecules
located near [Ag(S4)2]3-, relative to the copper analog. Ag-S
distances are 2.535(4)-2.576(4) Å and are typical when com-
pared to those of molecular [Ag2(S6)2]2- (Ag-S ) 2.415(2)-
2.500(2) Å).17 S-S bond distances inII are 2.052(5)-2.070(5)
Å, typical for polysulfide bond distances.
Figure 4 shows a perspective view down thea axis of

[La(NH3)9][Cu(S4)2]. The structure crystallizes in the mono-
clinic space groupP21/n. CompoundIII is different from I
andII in that La is coordinated to 9 ammonia molecules. La-N
distances are 2.661(4)-2.751(1) Å. The La3+ coordination
environment can be best described as a monocapped square
antiprism, as shown in Figure 2. The Cu+ in III is in a trigonal
planar coordination environment with two S42- ligands. Sur-
prisingly only one S42- is bidentate, forming a five-membered
ring. The other S42- ligand is monodentate to the metal center.
Cu-S distances are 2.181(4)-2.257(5) Å. The trigonal planar
Cu-S distances found inIII are slightly shorter than the
tetrahedral Cu-S distances found inI (2.316(4)-2.360(18) Å).
Furthermore, both Cu coordination environments and each of
their corresponding Cu-S distances match well with literature
values (ca. 2.3 Å), as expected. It should be noted that the
terminal S-S distance in the monodentate tetrasulfide is

(16) Müller A.; Bauman, W. F.; Bo¨gge, H.; Schimtz, K.Z. Anorg. Allg.
Chem.1985, 521, 89.

(17) Müller, A.; Krickemeyer, E.; Zimmermann, M.; Ro¨mer, M.; Bögge,
H.; Schmitz, K.Inorg. Chim. Acta1984, 90, L69.

Table 3. Selected Bond Distances (Å) and Angles (deg)

[Yb(NH3)8][Cu(S4)2]‚NH3

Cu(1)-S(1) 2.316(4) S(1)-Cu(1)-S(1a) 100.0(2)
Cu(1)-S(1′) 2.360(18) S(1)-Cu(1)-S(1b) 114.4(1)
S(1)-S(1′) 1.212(20) S(1′)-Cu(1)-S(1′a) 100.8(9)
S(1)-S(2) 2.036(6) S(1′)-Cu(1)-S(1′a) 114.0(1)
S(1′)-S(2) 1.959(20) S(2a)-S(2)-S(1) 105.1(2)
S(2)-S(2a) 2.100(8) S(2a)-S(2)-S(1′) 111.7(5)
Yb(1)-N(1) 2.459(13) Cu(1)-S(1)-S(2) 104.5(2)
Yb(1)-N(2) 2.470(14) Cu(1)-S(1′)-S(2) 105.4(7)

[Yb(NH3)8][Ag(S4)2]‚2NH3

Ag(1)-S(1) 2.535(4) S(1)-Ag(1)-S(4) 97.3(1)
Ag(1)-S(4) 2.617(4) S(1)-Ag(1)-S(5) 114.9(1)
Ag(1)-S(5) 2.547(4) S(4)-Ag(1)-S(5) 127.2(1)
Ag(1)-S(8) 2.576(4) S(1)-Ag(1)-S(8) 121.7(1)
S(1)-S(2) 2.056(5) S(4)-Ag(1)-S(8) 101.3(1)
S(2)-S(3) 2.063(5) S(5)-Ag(1)-S(8) 95.9(1)
S(3)-S(4) 2.060(5) Ag(1)-S(1)-S(2) 98.5(2)
S(5)-S(6) 2.070(5) S(1)-S(2)-S(3) 106.6(2)
S(6)-S(7) 2.063(5) S(2)-S(3)-S(4) 106.4(2)
S(7)-S(8) 2.052(5) Ag(1)-S(4)-S(3) 97.8(2)
Yb(1)-N(1) 2.435(11) Ag(1)-S(5)-S(6) 98.6(2)
Yb(1)-N(2) 2.445(10) S(5)-S(6)-S(7) 106.2(2)
Yb(1)-N(3) 2.468(11) S(6)-S(7)-S(8) 106.3(2)
Yb(1)-N(4) 2.457(12) Ag(1)-S(8)-S(7) 101.5(2)
Yb(1)-N(5) 2.451(11)
Yb(1)-N(6) 2.449(12)
Yb(1)-N(7) 2.492(11)
Yb(1)-N(8) 2.426(12)

[La(NH3)9][Cu(S4)2]
Cu(1)-S(1) 2.244(4) S(1)-Cu(1)-S(4) 104.3(2)
Cu(1)-S(4) 2.257(5) S(1)-Cu(1)-S(5) 130.1(2)
Cu(1)-S(5) 2.181(4) S(4)-Cu(1)-S(5) 125.5(2)
S(1)-S(2) 2.068(7) Cu(1)-S(1)-S(2) 99.9(2)
S(2)-S(3) 2.058(8) S(1)-S(2)-S(3) 103.8(3)
S(3)-S(4) 2.075(6) S(2)-S(3)-S(4) 101.6(3)
S(5)-S(6) 2.080(6) Cu(1)-S(4)-S(3) 100.2(2)
S(6)-S(7) 2.086(8) Cu(1)-S(5)-S(6) 106.3(2)
S(7)-S(8) 2.032(6) S(5)-S(6)-S(7) 108.5(3)
La(1)-N(1) 2.710(10) S(6)-S(7)-S(8) 114.0(3)
La(1)-N(2) 2.710(13)
La(1)-N(3) 2.695(12)
La(1)-N(4) 2.725(12)
La(1)-N(5) 2.751(11)
La(1)-N(6) 2.711(13)
La(1)-N(7) 2.750(12)
La(1)-N(8) 2.706(13)
La(1)-N(9) 2.661(14)

Figure 3. Perspective view down thec axis of [Yb(NH3)8][Ag(S4)2]‚
2NH3, II (atom types same as in Figure 1).

Figure 4. Perspective view down thea axis of [La(NH3)9][Cu(S4)2],
III (atom types same as in Figure 1).
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substantially shorter than any other S-S bond (2.032(6) Å vs
an average distance of 2.073(15) Å for the coordinated polysul-
fides). Trigonal planar coordination of Cu by S is not
uncommon for Cu(I), and has also been reported for Se18 and
Te19 polychalcogenide anionic units. Monodentate polychal-
cogenide ligands are somewhat rare, but examples have been
observed previously.20 However, in these previous cases, the
metal center is still coordinatively saturated (usually square
planar four-coordinate). In the case ofIII , the Cu(I) is only
three-coordinate. This is in marked contrast toI, where the
Cu(I) center is four-coordinate. It is unclear to us why the metal
center would eschew the free energy of chelation and choose
to remain three-coordinate.
It should be noted that several attempts were made to

synthesize the silver analog of compoundIII , both by direct
reaction of the elements (La, Ag and S) in supercritical ammonia
and by using premade “[La(NH3)x(Sy)]” with silver and sulfur
powder. However, none of these reactions were successful, and
only very poor quality single crystals of [La(NH3)9]Sx (x ) 5
or 6) and other amorphous powders were obtained. In no case
could we induce silver to become incorporated into the
framework. Given the similarity of the Cu(I) and Ag(I)
polysulfide complexes inI and II , it is not at all clear to us
why the silver analog ofIII does not form.
A number of distinct bands are observed in the IR and far-

IR spectra for all three compounds. Weak broad bands are
observed at 3300-3500 cm-1 for all three compounds due to
N-H stretches. In all three cases, strong broad bands are also
observed between 500 and 600 cm-1. These are assigned to
the metal-nitrogen stretches. The broadness of the bands is
attributed to the instability of the products relative to ammonia
loss and the likely presence of a number of different coordination
environments around the metal after mulling at room temper-
ature. In the case ofI andII , two sharper stretches are observed
at 474 and 401 cm-1 for I and 480 and 412 cm-1 for II . This
is a typical region for S-S stretches21 and they are assigned as
such. In III , there are no sharp bands observed in the S-S
stretching region. We attribute this to excessive broadening of
the La-N stretches into the S-S stretching region. The
increased broadening correlates well with extreme instability
of these compounds. There are a few weak shoulders which
appear in this spectrum at 400 cm-1 and they may be due to
S-S stretching, but this assignment is tentative at best. Lower
lying bands around 265 cm-1 can be assigned to metal sulfur
stretches.
To our knowledge, compoundsI-III are the first well-

characterized homoleptic lanthanide ammine complexes. Al-
though it has been postulated that the lanthanide cations do
form solid metal ammine complexes, none have been well
characterized to date.22 There have been a number of organo-
metallic metal mono(ammonia) complexes reported,12 but they
always contain substantially different ancillary ligands. Given
the well-known tendency for lanthanide elements to dissolve
in ammonia, generating free electrons and soluble metal cations,4

this discrepancy is somewhat surprising. We attribute the lack

of results to the fact that the ammonia coordination sphere of
the lanthanum cations appears to be highly unstable, as exhibited
by the rate of decomposition of the crystals when removed from
the ammonia solvent. The free ammonia incorporated into the
lattice ofI andII also contributes to their instability, especially
since NH3 is relatively isolated and is not trapped in the
framework. This is evident by the immediate darkening of the
crystals upon removal of the solvent. Within several hours of
removal of the crystals from the liquid ammonia, the crystals
blacken and their facets disappear at room temperature. We
have also synthesized a number of other related transition metal
hexaammine pnictide sulfides (e.g. [Mn(NH3)6][CuAs7S12]‚
NH3),23 which contain free ammonia in the lattice, but this
compound remains intact for hours after the removal of ammonia
solvent. In this case, free ammonia in the manganese hex-
ammine transition metal compound are tightly trapped between
dense polymeric layers of the 15/16 anionic framework, and
thus decomposition is not as rapid. In addition, the ammonia
ligands coordinated to the transition metal center are not as labile
as those coordinated to the lanthanides.
The instability of the compounds relative to loss of ammonia

led us to investigate the identity of the decomposition products.
It was hoped that clean removal of ammonia could lead to new
ternary phases at low temperature. Decomposition of the title
phases at room temperature by removal of ammonia under
vacuum lead to amorphous uncharacterizable solids. Infrared
spectra of several of these solids indicate that there is still some
ammonia present, but the extreme broadening of the bands
implies that the crystal structure has completely broken down.
Similarly, powder diffraction of these powders showed no
interpretable lines. Thermogravimetric analysis of the com-
pounds reveals steady, almost linear, weight loss to about 320
°C. Further heating at 450°C overnight leads to formation of
black powders consisting of reasonably crystalline phases of
known compounds. X-ray powder diffraction data showed that
both [Yb(NH3)8][Cu(S4)2]‚NH3 and [Yb(NH3)8][Ag(S4)2]‚2NH3

decompose to the same phase, Yb2O2S,24 upon heating to 450
°C in evacuated-fused-silica tubes, while [La(NH3)9][Cu(S4)2)]
decomposes cleanly to LaS2.25 The fused-silica tube in which
the sample was reheated is the most likely source of oxygen
for Yb2O2S. There are no other peaks of any size in the X-ray
powder pattern, so we are unable to determine the fate of copper
or silver. They probably form amorphous metal sulfide phases.
Unfortunately, there is no evidence for the formation of Ln/
Cu/S phases at the relatively low temperatures that we are
investigating.
In summary, three new lanthanide ammine metal sulfides can

be synthesized in supercritical ammonia. These compounds can
be best described as homoleptic ammine lanthanide tri-cations
counterbalanced by molecular anionic metal sulfide complexes.
The cations exist in a lattice surrounded by anionic copper or
silver polysulfide clusters. The lability of the lanthanide ammine
bond causes these molecules to be very unstable. However,
the introduction of metals which form more stable metal ammine
complexes (i.e. the d-block metals) should lead to a wide variety
of new solids. We anticipate that use of more stable metal
ammine complexes will allow us to tailor the sulfide frame-
works, leading to extended arrays with Werner complexes acting
as templates.23 On the basis of what has been discovered in
this laboratory involving supercritical ammonia, we feel that
this synthetic route holds a great deal of promise for obtaining
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a wide variety of combinations of new compounds with metal
ammine complexes incorporated into metal sulfide frameworks.
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