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Abstract: Ga(CN} has been prepared for the first time

with a new method for preparation of inorganic cyanides.

Pure crystalline material is formed by reaction of§@4N; with SiMe;CN via elimination of SiMgN3; and SiMeCl.
Reaction of GaGlwith SiMe;CN also provides Ga(CN) A new convenient route to GeM@N and SnMgCN is

described, but reactions of GaQlith these compounds

result in Lewis acidase adducts. The composition of

Ga(CN} was confirmed by spectroscopic and elemental analysis. Quantitative X-ray powder diffraction was used
to refine the cubic structure, which has CN groups with orientational disorder in a Prussian-blue-like network structure.
The symmetry iPmBm, a = 5.295(2) A. Ga is octahedrally surrounded by on average three C and three N atoms
with a Ga—(C,N) bond length of 2.072(2) A, and the-®l bond length is 1.148(1) A. LiGa(Cllas prepared by
reaction of Ga(CNywith LiCN and was characterized by quantitative X-ray diffraction. The symmetPdan, a
=5.874(2) A, and the structure consists of Lihd GaG tetrahedra linked by €N bonds to form two interpenetrating
networks of the Zn(CN)type. CuGa(CN) has a similar structure wita = 5.729(5) A, but Cu,Ga and/or C,N
disorder cannot be ruled out.

of In(CN):® and alkylcyano complexes of Ga and 7Imo
cyanides of column 13 elements have been descfibeidre

we report the synthetic routes to, and characterization of,
crystalline anhydrous Ga(Cp)which has an empty Prussian
blue framework structure (Figure 1). LiGa(CiN)with a
structure consisting of Ga@nd LiN, tetrahedra linked together

by C—N bonds to form a simple cubic structure (Figure 2)
similar to that of Zn(CN), has also been prepared and
characterized. CuGa(Chis shown to have the same structure.
The synthetic routes to these new phases are simple and are
expected to lead to a general preparation of other anhydrous
cyanide frameworks.

Introduction

Cyanide inclusion compounds have attracted considerable
interest since the discovery of the “Hofmann compounds” one
hundred years agbln particular there has been much recent
interest in compounds containing open frameworks with
stoichiometry M(CN} with M having a d° configuration in its
normal oxidation state, such as Cu(l) and Znf#h, and
particularly Cd(ll)22¢  Hydrated transition metal cyanide
compounds also form well-known structutegth open frame-
works of ideal stoichiometry M(CN)and with water and
additional cations in the cavities; the classical examples are

pigments such as Prussian blue, which has been formétated
as Fe_4(CN)s'nH0O. The Cr analogé¢ with compositions
Cr2.4(CN)g+6.1H,0 and Cp.1(CN)s-2.8 H0 are interesting high-
T ferrimagnets. Anhydrous CdPd(CiNyith an empty M(CN)
framework has been descrilfeaind ScIin(CN) is believed to

be isostructurat. Except for brief reports (without structures)
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Results and Discussion

Synthesis of Ga(CNj by Reaction of MeSiCN and
Cl,GaNs;. We initially prepared Ga(CN) by an unusual
synthetic route involving direct interaction of azidodichloro-
gallane, CiGaNs, with MesSiCN. This reaction takes place via
displacement of the azide group and the chlorine ligands by
cyanides at room temperature according to the procedure
summarized in reaction 1.

3Me,SIiCN + Cl,GaN, —
2Me,SiCl + Me,SiN, + Ga(CN), (1)

The MgSiCl and MgSiN3 byproducts were readily removed
by vacuum distillation, and the residue was collected at nearly
guantitative yield to give Ga(CN)as a colorless solid that is
soluble in highly polar solvents such as tetrahydrofuran (THF)
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Synthetic Routes to Ga(CNand MGa(CN) Structures

Figure 1. The structure of Ga(CN)The octahedra of six (C,N) atoms
(spheres) are shown connected by heavy lines representihgoonds.

Figure 2. The structure of LiGa(CN) The structure is shown as LiN
tetrahedra (lighter) and Ga@etrahedra (darker) and the heavy lines
are the C-N bonds.

and dimethylformamide (DMF), and which decomposes to a
black amorphous solid when heated above 460 Samples
left exposed to the air rapidly deteriorated to an amorphous
material that was shown by IR not to be a cyanide.

The infrared spectrum of the solid is simple, with strong
absorptions at 2215(CN)] and 440 cm? [¥(M—CN)]. These
values should be compared with those for dimethylgallium
cyanide® which has corresponding absorbances at 2207 and 42
cm L. The absence of any absorption above 3000 tm
indicates that the solid does not contairi@, N—H, or O—H

groups. The compound is volatile in the mass spectrometer.
Mass spectra obtained by direct vaporization of the solid at 225

°C reveal the molecular Ga(CN}pecies atwz 147 and 149
corresponding to the 69 and 71 amu gallium isotopes of the

compound. C, H, and N elemental analysis confirmed the phase

purity.
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Figure 3. (Top) Solid state (magic angle spinnin§iC spectrum of
Ga(CN3}. (Bottom) Themerandfacisomers of an octahedral GglG

(C is darker shaded). If thmerandfacisomers occur in equal amounts,
the three types of C environments labeled 1, 2, and 3 should occur in
the ratio 1:2:3.

All peaks in the powder X-ray diffraction pattern could be
indexed by using a primitive cubic cell with = 5.295(2) A.

The only plausible possibility for cubic Ga(CN¥ a disordered
structure (C,N rotational disorder) with Ga at the cell corners,
octahedrally coordinated by (C,N) and joined by bonds
aligned along the cell edges as in Prussian blue (see Figure 1).
The structure was verified by quantitative Rietveld analysis.
The C—N bond length was found to be 1.148(1) A, a value
normal for metal cyanide®, and the Ga(N,C) distance is
2.072(2) A.

Solid state (magic angle spinningJC NMR studies con-
firmed the presence of the CN ligands and revealed three closely
spaced peaks at an approximate ratio of 1:2:3 and centered at
141.5, 137.5, and 134 ppm, respectively (Figure 3, top). The
NMR data indicate the existence of at least three possible types
of carbon sites in the framework structure and confirm the C,N
disorder. The most plausible interpretation of the NMR data
is that each Ga is bonded to three C atoms in approximately
equal amounts of théac and mer isomers; in the former the
three C atoms are equivalent and in the latter there are two kinds
of C environments which occur in the ratio of 2:1 (Figure 3,
bottom). In Cd(CNj), which also forms a three-dimensional
framework structuré?a disordered structure was determited
from 113Cd NMR; in this case Cd is four coordinated by (C,N)
and evidence for Cdfz CdCN;, CdGN,, CdCN;, and CdN
was presented with Cd, predominating. Notice that the
earlier proposetd ordered Cd(CNpstructure is the same as that
described below for LiGa(CN)and would contain equal
amounts of Cdgand CdN tetrahedra.

g Efforts to prepare singly substituted cyanide material of the

form Cl,GaCN, analogous to M&aCN, by reaction of 1 equiv
each of Mg@SiCN and CjGaN; resulted primarily in formation
of the trisubstituted product, Ga(Ci\)as indicated by X-ray
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diffraction. (Dimethylgallium cyanide, M&aCN, is a tetramer
in which the metal is bound to four ligané&) However, C}-

Brousseau et al.

(2189 cntl) shows an increase in the-®l stretching frequency.
A similar increase was also noted when GelUld forms an

GaCN was formed as a minor byproduct, and it was isolated asadduct with boron trifluoridesyf(CN) for MesGeCNBF3: 2270

a Lewis acid-base complex with trimethylamine, (G@aCN}-
NMes. This material is a colorless solid that sublimes at-70
100°C, and its identity was established by IR, NMR, and mass
spectrometry. ThéH NMR spectrum reveals a single resonance
0 = 1.8 corresponding to the NMégand. The FTIR spectrum
confirms the presence of NMey the characteristic €H
stretches at 2950 cm, and shows a sharp cyanide stretch at
2181 cm?, as well asy(Ga—CN) at 440 cm'. The mass
spectra display the expected isotopic envelops for-(MCI)
and (M™— CN), the strongest peaks, as well as peaks for
[N(CHg)3 ]+ and (HCNY.

It is worth noting that, unlike the reactions of B&CN with
Cl,GaNs which very readily produce Ga(Chpas the major
product, the reaction of MS8iN; (large excess) and GaCl
always gives the singly substituted product;&iN;, and any
additional substitutions of ClI by Nwith this method are not
possible. These results and the facile displacements;dfyN
CN in Cl,GaN; to form Ga(CNj} suggest that GaCN bonding
may be stabilized by a metal-to-ligamdbonding interaction
involving donations of electrons from the filled d orbital of the
metal to emptyr antibonding orbital of the ligand. This type

cm™1].18 The stretching frequencies of the cyanide ligand in
many metal cyanides have been previously discussed with
particular regard to the distinction between the bridging and
the terminal cyanide¥. It was demonstrated that the bridging
cyanide groups exhibit a higher absorption frequency than do
terminal cyanide groups as we have also observed in this study.
This is believed to be because electrons are removed from the
50 (HOMO) orbital which is weakly antibonding with respect
to the C-N bond!* We also noted that the M&eCNGaCk
compound is found to decompose in the mass spectrometer, as
the spectrum shows the corresponding molecular ions for the
GaCk and MeGe type constituents. While M8eCNGaCk
appears to be stable, the corresponding3m€NGaCk, which
forms as a viscous colorless liquid at room temperature,
decomposes at higher temperatures to yield @aGtl Me-
SnCN. Thermal decomposition of M@eCNGaCk and reac-
tion of MesSnCN with GaC at temperatures up to 20C did
not provide any Ga(CN)

The similarity in chemical bonding properties and size
between aluminum and gallium prompted attempts to prepare
the Al analog of Ga(CN) However, reactions of MSICN

of interaction is presumably not possible in the corresponding with trihalides of aluminum consistently resulted in formation

azides.

Synthesis of Ga(CNj by Reaction of M&SiCN and GacCl.
Highly pure and crystalline Ga(Chl)is also conveniently
synthesized by the reaction of Ga@nd MgSIiCN as shown
in reaction 2 below.

3Me,SiCN + GaCl,— 3Me,SiCl + Ga(CN),  (2)

The formation of Ga(CN)from GaCk and MgSiCN occurs

readily and completely under very mild conditions, and the

of amorphous cyanide material. A plausible explanation is that
m-back-bonding from Ga to the carbon atom may promote
extended bridge formation through the N atom because the
creation of the bridging bond exerts an electron withdrawing
effect on the CN ligand* This form ofz-back-bonding which
involves d-orbitals should not be possible with aluminum.

Synthesis of LiGa(CN), and CuGa(CN)

Very many fascinating structures have frameworks composed
of the cyanides of Zn and (especially) Cd. We expected that

material has the same composition and structure as the materiapimilar networks of composition LiGa(Chand CuGa(CNy

obtained from the reaction of M8ICN and CiGaNs. We also

explored the use of the Ge and Sn organometallic cyanides to

prepare Ga(CN) MesGeCN had been previoudhreacted with
GaMe; to produce the tetrameric GaMeN. The MgGeCN

and MgSnCN compounds used here were prepared by a new

and very efficient method involving direct interaction of the
corresponding halides and N&CN:

Me,SiCN + Me,;MCN —

Me,SiCl + Me;MCN (M =Ge, Sn) (3)

Reactions of GaGlwith MesGeCN and MgSnCN did not
yield Ga(CN) but resulted in formation of 1:1 Lewis acid
base complexes. In particular, direct reaction ogGeCN with
GaCk produces a colorless solid that melts sharply at85
and sublimes unchanged at 80 and 162 Torr. The identity

will be formed by reaction between LICN or CuCN and Ga-
(CN)a.

We synthesized LiGa(CM)y direct reaction of pure LICN
with a sample of Ga(CN)at 123°C in DMF. The two-stage
synthetic procedure is summarized below.

MeLi + SiMe,CN— LiCN + SiMe, (4)

(®)

The mixture of reactants was stirred for 24 h under dry
nitrogen in DMF, followed by low-pressure distillation to
remove the solvent and to obtain LiGa(GNis a light brown
solid in nearly quantitative yield. The IR spectrum of the
material displayed a weak but sharp cyanide stretch at 2227
cml. The X-ray powder diffraction spectrum revealed a simple
cubic structure with lattice parametar= 5.874(2) A. The

LICN + Ga(CN),— LiGa(CN),

of the compound was established by elemental analysis for cStructure was modeled after the structure of LiCo(£®)

and H, the results being consistent with theseCNGaCk
empirical formula, and by IR antH NMR spectroscopies. The
IH NMR spectrum reveals a single resonanée=f 0.86)
consistent with the GeMEN group. The IR spectra are

which'S there is a framework of corner connected Liénd
CoC, tetrahedra. Zn(CN)has been proposed to have the same
structure; however, we have determibé@m neutron diffrac-
tion data that this compound has C,N disorder. In the LiGa-

consistent with the assigned structure and correlate well with (EN)s compound it is assumed that Li is bonded to four N and

those in other related cyanide compounds. The IR shows the

Ga—Cl stretching band at 400 crhy, confirming the presence
of GaCk, and shows the €H stretching bands associated with
the GeMg ligand at 2983 and 2994 cth A sharp band at
2234 cnt! clearly corresponds to the-N stretch. A com-
parison of this stretch with that of the GepM@N compound

(12) Coates, G. E.; Mukherjee, R. N. Chem. Sacl963 229-233.

Ga is bonded to four C, but C,N disorder cannot be excluded
(C and N cannot be distinguished by X-ray diffraction in
practice). The metal-centered tetrahedra are linked bNC
bonds to form two interpenetrating networks in which LiN
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Synthetic Routes to Ga(CNand MGa(CN) Structures

Table 1. Observed and CalculatetiSpacings (A) and Relative
Intensities in the X-ray Diffraction Powder Patterns (Ca K
radiation) of LiGa(CN) and CuGa(CN,)

LiGa(CN), CuGa(CN)

hkl dobs I obs dt:alt: | calc dobs I obs dcalc I calc
100 5.855 48 5.866 59 5.729 0
110 4.145 100 4.147 100 4.044 100 4.051 100
111 3.386 73 3.387 63 3.314 19 3.308 13
200 2.933 0 2.864 3
210 2.624 32 2.623 31 2.562 0
211 2.395 29 2.395 23 2334 26 2.339 27
220 2.075 25 2.074 26 2.025 20 2.026 17
221 1.955 15 1.955 14 1.909 1
310 1.855 7 1.855 5 1814 9 1.812 8
311 1.769 8 1.767 9 1.727 1
222 1.693 1 1.654 1
320 1.627 4 1.627 4 1.589 0
321 1.569 14 1.568 15 1531 18 1531 14

tetrahedra are linked to four Gat&trahedra andice versaas
indicated in Figure 2. The EiN and Ga-C bond lengths were
found to be 2.021(5) and 2.00(1) A, respectively. ThelNC
bond length is found to be 1.07(1) A, which is reasonable for
a metal cyanide bond length.

CuGa(CN) was similarly prepared by the direct combination
of CuCN in DMF at 137°C, followed by low-pressure
distillation to remove the solvent. The IR spectrum of the
material displayed a single sharp cyanide stretch at 2133 cm
and indicated that no SIMEN or SiMeCl was present. The
X-ray diffraction pattern could now be indexed as a primitive
cubic structure witha 5.635(5) A, but because of the
similarity of scattering factors for Cu and Ga, and for C and N,
we could not distinguish between an ordered, as for LiGa4CN)
or a disordered, as for Zn(Cp)structure; we note that CuGa-
(CN)4 and Zn(CN) are exactly isoelectronic. Table 1 compares
observed and calculated intensities for the first few lines of the
powder patterns of LiGa(Cljand CuGa(CNy®

The lattice parameter is smaller for CuGa(gMian for LiGa-
(CN)s. We note that a similar contraction in the cubic lattice
parameter (from 11.774 to 11.609 A) is observed in going from
(NMey)LiZn(CN)420 to (NMey)CuZn(CN),.22

The change in CN stretch from 2227 chin LiGa(CN), to
2133 cntlin CuGa(CN) is striking. In Zn(CN) the frequency
was measured to be 2218 cinwe are unable to explain the
large shift in the Cu compound at this time.

Experimental Section

General Procedures. Reactions were performed under prepurified
nitrogen with standard Schlenk and drybox techniques. Solvents were
dried and distilled prior to use!H (300 MHz) and'®C (125.7 MHz)
NMR spectra were collected on a Varian Gemini 300 spectrometer an
were referenced to the solvent resonance®{CH, 6 7.17;%C, 6
128.0). FTIR spectra were recorded on a Nicolet Magna-IR spectrom-
eter either in Nujol mull or in a 10-cm gas cell with KBr windows.
Elemental analyses were performed by Galbraith laboratories (Knox-
ville, TN); samples were combusted at 108D in the presence of a
V05 catalyst and then analyzed by FTIR (for C and H) and by thermal
conductivity (for N). Electron impact mass spectra were collected on
a Finnigan-MAT Model 312 mass spectrometer §E70 eV, source
T = 225°C). Gallium trichloride, copper cyanide, and trimethylsilyl
cyanide (Aldrich) were used as received. Trimethylsilyl azide (Aldrich)
was purified and distilled and trimethylethylamine (Aldrich) was

d

(16) The calculation reported in Table 1 for LiGa(GN}ed the structural
data from the full profile (Rietfeld) refinement, which is described below
and which provides a much closer fit to the experimental data. The CuGa-
(CN)4 calculation used the same-@®l bond length and is for the ordered
model with Cu-N and Ga-C bonds. For the low-angle data reported here,
the calculated data are not very sensitive to the atomic displacement
(“thermal”) parameters used.
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purified over BOs and then distilled. Single-phase magic angle
spinning (MAS)*3C NMR spectra were collected at 9.4 T on a Varian
Unit Plus spectrometer. Samples were placed in a 5-mm (OD) silicon
nitride rotor with Torlon caps and were spun at 10 500 Hz in a 5-mm
Varian CP-MAS probe. The spectra were obtained with a single pulse
train, 2000 and 10000 transients, a recycle time of 10 s/transient, and
32° pulse width.

Synthesis of Ga(CN). GaCk (2.0 g, 11 mmol) was placed into a
Schlenk flask with a magnetic stirbar, and 48eCN (6 mL, 45 mmol)
was added dropwise. Gas was evolved as the mixture was stirred at
room temperature and it was shown by vapor-phase FTIR to e Me
SiCl. The mixture was stirred at room temperature for 6 h, and then
at 60 °C for another 60 h, during which time the mixture gradually
darkened to deep brown. The temperature was then raised to 75 °C
for 4 h to complete the reaction. The reaction flask was pumped to
remove MgSiCl and excess M&ICN, which were collected in
guantitative yields and identified by vapor-phase FTIR. The light brown
solid product was washed with dry hexane to remove the soluble
impurities and then pumped for several hours to remove any remaining
volatile components. The resulting product is a white solid that is
obtained in nearly quantitative yield.

In a similar manner a suspension 06G&N; (3.344 g, 18 mmol) in
10 mL of hexane was treated dropwise with Sgabl (7.4 mL, 55
mol). Initially the mixture becomes clear and the@4N; completely
dissolves. The solution is then stirred for 12 h over which time a
colorless precipitate is formed. The solid is isolated by filtration and
washed several times with hexane to yield Ga(&dNjantitatively. IR
(Nujol): 2215 cm! »(CN), and 440 cm! »(M—CN). EIMS (m/2):

147 and 149 [Ga(CN)*. Anal. Calcd for Ga(CNy C, 24.4; N, 28.4.
Found: C, 24.6; N, 26.2; H, 0.7.

Structure of Ga(CN)s. Samples for X-ray powder diffraction were
loaded into an environmental cell with a kapton window and data were
collected with a Rigaku D/max IIB diffractometer using CunK
radiation. The diffraction peaks could all be indexed by using a
primitive cubic unit cell witha = 5.295(2) A. The data refined
consisted of two sets, each being a sum of 10 step scans, one df 0.02
steps at a rate of 320min for the @ = 5° to 9C° set, and the other of
0.0%4 steps at a rate of 30nin for the 2 = 80° to 140 set. The
refinement withGSAS a Rietveld refinement codé fitted 5498 data
points for 35 reflections. For the final refinemegit= 2.0, R, = 5.9%,

Ruwp = 7.4% for a total of 23 parameters.

Reactions of GaC} with Me ;GeCN and MeSnCN. The GeMeg-

CN and SnMegCN compounds used in this study have been previously
synthesized by reactions of the corresponding halides and Ag@h.
discovered a new and much more efficient preparation method involving
reactions of the halides with SiME@N to produce the cyanides via
elimination of MgSICl. In a typical experiment a hexane solution of
MesMCI (M = Ge, Sn) was treated dropwise with a hexane solution
of MesSICN at 0°C. Upon addition a colorless precipitate formed
and the resulting mixture was stirred at room temperature for 24 h.
The solvent was then removed by distillation to yield a colorless solid,
which was further purified by sublimation to yield M&eCN (40%)

or Me;sSnCN (90%). Freshly sublimed M®eCN (0.49 g, 3.4 mol) in
hexane is slowly treated with a solution of Ga{@.60 g, 3.4 mol) in
hexane at CC. The resulting mixture was stirred for 24 h and the
solvent was removed in vacuo to yield a colorless solid (0.85 g, 77%
yield) which was purified by sublimation at 7& and melts sharply

at 85°C. IR (Nujol): 2978 (m,vas CH), 2932 (w,vs CH), 2234 (m,

v CN), 1265, (w), 863 (s), 785 (m), 636 (s), 481 (seC), 399 (vs,

v GaCl) cnt. 'H NMR (CeDs, 25 °C) 6 0.838. EIMS (n/z): 214
(GaCk)™. Anal. Calcd for C}GaNCGeMe: C, 15.12; H 2.84;
Found: C, 15.01; H, 2.65.

Synthesis and Structure of LiGa(CN). Ga(CN} (1.242 g, 8.0
mmol) and LiCN (0.5 M in DMF; 20 mL; 10.0 mmol) were combined
in a Schlenk flask with a magnetic stirbar and refluxed for 24 h. The
mixture was then filtered, leaving behind a pale yellow solid. The
solvent was removed from the filtrate in vacuo to give the excess LiCN.
The pale brown residue was completely dried by heating under high
vacuum to provide LiGa(CN)1.49 g, 98% yield). The X-ray powder
sample was loaded into the environmental cell and the data were
collected with a Rigaku D/max IIB diffractometer using CunK
radiation. All reflections could be indexed by using a primitive cubic
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unit cell with a = 5.874(2) A. The initial trial structure was modeled ~ simple cubic cell and the framework metal atoms form an
after that of LiCo(CO)'® which has symmetrp43m (a = 5.542 A); ordered array such as that in theNkFe(CN) family with M
in this model Ga replaces Co and N replaces O. The X-ray data used= Nj, Co, and Cu. The empty framework found here for Ga-

for refinement consisted of two sets collected in the same manner as(CN)3 is less common and has only been characterized earlier
described for Ga(CN) The structure refinement of 5498 data points for the ordered CdPd(CNYompound:

was again performed with GSASand proceeded smoothly, confirming heti . include facile displ f azid
the original model. For the final refinemept = 7.0, R, = 6.44%, Our synthetic reactions include facile displacement of azide

andRu, = 9.08 for 40 variables. and chloride ligands from Gaghlnd ChGaNs by CN with

Synthesis and Structure of CuGa(CN). Ga(CN} (0.317 g, 2.0 SiMesCN as the cyanide source, a method that can be potentially
mmol) and CuCN (0.183 g, 2.0 mmol) were combined in 20 mL of applied to prepare other inorganic cyanides. In similar reactions,
DMF in a Schlenk flask with a magnetic stirbar and heated at°@37  the related GeMgEN and SnMeCN reagents do not generate
for 24 h. The solvent was then pumped off and the remaining brown Ga(CNJ} but rather combine with Gagto produce Lewis base

solid further annealed at 13 for 60 h under a dynamic vacuum. adductS, the same trend has been pre\nous'y reported for' the
The X-ray powder sample was loaded into the environmental cell and system MMeCN/BF; with M = Si, Ge, Sn.

the data were collected with a Rigaku D/max I1B diffractometer using

Cu Ko radiation. All reflections could be indexed by using a primitive We have also shown that Ga(G@\gan combine to form

cubic unit cell witha = 5.729(5) A. Reflectionik0 with h + kodd ~ framework structures MGa(CNjM = Li or Cu), and we note
were unobserved, suggesting the possibility of disorder Rn@m that it should prove possible to prepare inclusion compounds
symmetry (see Table 1). in which guest molecules (such as GXieplace one of the
networks in a manner analogous to the situation in N{GH
Conclusion MZn(CN); (M = Cu?2 or Li%%) [MGa(CN), and MZn(CN)~

We have prepared the previously unknown Ga(£dase are isoelectronic].

that has a cubic Prussian-blue framework structure. This
structure is well established in many transition metal com-
pounds; however, in most well-characterized systems, larger
alkali metals and/or water fill the spaces in the center of the
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