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Electronic band-structure calculations onlgRu and YlsRu have been performed in order to analyze the large
structural differences found in these isoelectronic compounds. These constitute two structural extremes within
the family of monoclinic REIsRu phases (RE= rare-earth metal) that exhibit distortions ranging from one-
dimensional double chains of trans-edge-sharing octahedra (bioctahedral chains, BOH) to one-dimensional chains
of trans-edge-sharing square pyramidal units bonded base to base (bisquare pyramidal chains, BSP). The structure
of LaglsRu was established by single-crystal X-ray diffraction (monocliR®/m, Z = 4, a = 9.343(1) A b =

4.3469(8) Ac = 12.496(3) A s = 93.42(2)) and found to be isomorphous with the BOHJIBRU. It is determined

that the structural variation in this BlZ family of materials depends largely on the differences in orbital energies
between the corresponding rare-earth metal and the interstitial. These bonding considerations can be generalized
to account for structural variations in a variety of other rare-earth halides as well as several group 4 or 5 reduced
metal halide cluster phases.
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Table 1. Selected Data Collection and Refinement Parameters for  Table 2. Atomic Orbital Parameters Employed in the EH

LazlsRu Calculations
space groupZ P2;/m(No. 11); 2 atom  orbital Hj[eV] g1a clh g2 c
a(A) 9.343(1) P20 6s  —4890 1377 1.0
b (A) 4.3469(8) -
A 151905 6p 3320 1377 1.0
' 5d  —6.350 2779 05766 1.404 0.4641
f (deg) 93.42(2) Y30 55  —7.020 1740 1.0
vV (A?) o 506.6(2) 5p  —4400 1700 1.0
no. of obgd rejllnsl(, > 20(lo)); variables 731; 44 2d 6800 1560 08215 3554 0.3004
# (Mo Ka; cm™) 229.1 RA? 55  —7293 208 1.0
transm factor range 0.9472.0000 s : :
e oo 5p 4022 204 10
iy R 4d  —11533 558 05343 2300 0.6368
: 3132 5s  —21.069 268 1.0
ARy = Y ||Fol — IFcll/Z|Fol. ® R = {[ZW(|Fo| — [Fel)?l/ S W(Fo)?} 2. 5p —11.561 2.32 1.0

w = 1/(0%(Fo) + (0.01F)?).

structural families can reasonably be traced to the relative orbital ©or Lasl=Ru

a Coefficients used in the singleer doubleg expansions? Slater-
) ) ) ) type orbital exponents.
remarkable structural distortions in these systems. In this present N _ _
work we demonstrate that these distortions within isoelectronic Table 3. Positional and Isotropic-Equivalent Thermal Parameters

energies (electronegativities) of the respective rare-earth and atom X y z U
interstitial elements. Lal 0.09766(8)  0.25  0.89152(6)  0.0174(2)
La2  012057(8) 025  0.33723(6)  0.0194(3)
Experimental Section La3 0.31863(8) 0.75 0.12271(6) 0.0172(3)
11 0.39138(9)  0.75  0.86265(7)  0.0214(3)
General Techniques.Because of the air and moisture sensitivity 12 0.3774(1) 0.75 0.38335(7) 0.0249(3)
of the reactants and products, all manipulations were carried out under 13 0.1377(1) 0.25 0.61825(7) 0.0224(3)
Rul  0.1144(1) 0.25  0.12623(9)  0.0156(3)

vacuum or inert gas. Preparative techniques for the high-temperature

synthesis of new rare-earth metal halides using welded niobium tubing
are described in ref 25. X-ray powder patterns were obtained using an
Enraf-Nonius Guinier camera with monochrom_a_ted_ Qu tadiation . Electronic Structure Calculations. Calculations by the extended
(A =1.540 562 A) and were used for phase identification by comparison Hiickel tight binding methol were done with the aid of the EHMACC
of their patterns with those calculated_on the basis _of single-crystgl rogram, adapted to an IBM-compatible BCalculations were carried
data for prototype structures. Phase yields were estimated accordmgﬁut on isolated one-dimensional chains in which all interchain bridging
to the relative intensity distribution on the Guinier films as well as by iodides were replaced with terminal iodides to yield the repeat unit
careful examination of the bulk product. Precise Iatticg parametgrs were[RE6I 16Z5]* for both the BOHPEIsRu and the BSFYslaRu structure
obtained by least-squares refinements of the positions of indexed ,qjn " crystallographic coordinat&sThe atomic orbital parameters
reflections using Si as an intemal standard. employed in the calculations are summarized in Table 2. To model the
Synthesis LaglsRu was first observed in powder patterns of several effect of different ionization energies of the different rare-earth metals,
exploratory reactions loaded in the quaternaryl&—I—Ru system calculations were also performed using the Y parameters for the BOH
(A = alkaline metal) in the search for new lanthanum iodide cluster structure (Y orbitals and energies and Y energies with Pr orbitals) and
structures. However, LiRu is prepared in high yield from the  the Pr parameters for the BSP-metal arrangement (Pr orbitals and
combination of La metal (Ames Lab;99.9% metal purity), Lal energies and Pr energies with Y orbitals). The one-dimensional
(sublimed), Ru metal (Johnson-Matthey99.9% metal purity) in a  calculations were carried out with 100K points. Crystal orbital overlap
2:1:1 mole ratio. Reactions were typically run on a 300 mg scale. The population (COOP) plots for the different types of interactions within
reactants were welded into Nb tubes, which in turn were encapsulatedeach compound are put onto one common scale to make them
in evacuated silica jackets. The reaction vessels were heated t€900 comparable.
for 7 weeks. This reaction yielded X-ray quality single crystals in near
guantitative yield. The yield of the REZ phases is generally enhanced Results and Discussion
by La- and/or Z-rich loadings~5% excess), though more metal-rich
loadings result in the formation of kiiRu or LalRu,.°

*Ueq = 533 Uja* a* x a3.

Structure of LaslzRu. The structure of LgsRu was found
X-ray Structure Determination. A black single crystal of LgsRu to be isostructural with Br:Ru. The atomic coordinates and

(size: 0.04 mmx 0.04 mmx 0.25 mm) was fixed with grease inside  iSotropic-equivalent thermal parameters foglgRu are given
a 0.3 mm Lindemann capillary and flame-sealed. On a Rigaku AFC6R in Table 3, and the important distances appear in Table 4. This
diffractometer 15 reflections were centered in the rangeI® in 26. BOH structure contains infinite double chains of trans-edge-
These were indexed to a monoclinic cell with the lattice const@rts condensed octahedra, which run along the crystallographic
9.343(1) A,b = 4.3469(8) A,c = 12.496(3) AV = 506.6(2) &, and
Z = 4. One hemisphere of datag 2 50°, was collected at ambient
temperature. An empirical absorption correction was applied to the data
using the average of thregscan reflections. The structure was solved
using direct methods (SHELX-86j. The anisotropic refinement
gf’f;“’erged aR Ry = 2.27, 2.62%. The 'argesges"j{‘a' in the final ) '\ Vika P.. Lohr, L. L., Jrinorg. Chem 1981 20, 1950.

ifference Fourier map was a peak of 1.12%/A49 A from I1. A (30) Hughbanks, T.; Corbett, J. Inorg. Chem.1989 28, 631.
summary of crystallographic data is given in Table 1. Full details of (31) vela, A.; Gaquez, J. LJ. Phys. Chem1988 92, 5688.
the structural determination are available in the Supporting Information (32) Clementi, E.; Roetti, CAt. Data Nucl. Data Table4974 14, 177.
or from the authors. (33) Whangbo, M.-H.; Hoffmann, R.; Hughbanks, T.; Kertesz, M
Wijeyesekera, S.; Wilker, C.; Zheng, C.; Evain MHMACC: A
Program for Extended Hikel Molecular and Crystal Calculations
Department of Chemistry, Cornell University, Ithaca, NY, and
Department of Chemistry, North Carolina State University, Raleigh,
NC, 1987 (PC adaption by Kaerling, M. Solid State Chemistry
Department, University of Duisburg, 1996).

(27) (a) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Socd 978 100,
6093. (b) Ammeter, J. H.; Bui, H.-B.; Thibeault, J. C.; Hoffmann,
R.J. Am. Chem. S0d.978 100, 3686.

(28) Pearson, W. BThe Crystal Chemistry and Physics of Metals and
Alloys Wiley-Interscience: New York, 1972; p 151.

(25) Corbett J. D. InSolid State Chemistry: TechniqueSheetham, A.
K., Day, P., Eds.; Clarendon Press: Oxford, 1987; Chapter1Lff.

(26) Sheldrick, G. M.SHELX-86 Institut fur Anorganische Chemie,
Universitd Gottingen: Gdtingen, Germany, 1986.
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Table 4. Important Interatomic Distances (A) for llagRu?

La—La La—I
Lal-Lal 3.999(2) Latll x2  3.536(1)
Lal—-La2 x2  4.044(1) LatI3 3.457(1)
Lal-La3 x2  3.883(1) Laz-12 x2  3.263(1)
x2  4.077(1) Laz-13 3.506(1)
La2—La3 x2  3.991(1) x2  3.319(1)
d 3.999 La3-I11 3.359(1)
x2  3.470(1)
La—Ru La3-12 3.270(2)
Lal-Rul x2  2.941(1) d 3.397
2.928(1)
La2—Rul 2.634(1)
La3—Rul x2  2.894(1)
d 2.872

a All atoms have two neighbors of the same kincdai, 4.347 A.
Figure 2. Approximate [010] view of two members of the monoclinic
series of REl3Z compound, representing the two extremes of the
structural distortion: RFsRu (A) defining the almost ideal BOH
bioctahedral metal arrangement anglsRu (B) with the face-to-face-
bonded BSP bisquare pyramidal metal arrangement.
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Figure 1. Section of the condensed cluster chain inlkRu viewed
slightly off [010]. La—La and La-Ru (hatched) bonding is emphasized.
Atoms are presented as thermal ellipsoids with 70% probability.
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axis. These chains can also be imagined to result from the side-

by-side condensation of two single chains of octahedra seen in C 0= 3
LaylsRu8-11 which have been displaced bi2 relative to each 7, W W W
other. lodine atoms form a sheath around the metal double B éh‘&f&éh.k\%éh‘&%éh'
chains bridging all exposed cluster edges and interbridging N i!/ i'/ N
between chains. Figure 1 shows an off-axis view of a section rIL\K/—:,!:L,\ @s é‘—.;ls
of such a double chain in k&Ru. 20020020

Structural Variations within the Monoclinic Series of
REj3l3Z Compounds. Comparison of the various members of
the monoclinic RElsZ family of cluster compounds shows a  Figure 3. Side view along [100] of the clusters with BOH arrangement
more or less continuous range of structural distortions. Views in PrlsRu (A) and with BSP arrangement ingl¥Ru (B).
of two extremes of this structural distortion are shown in Figure
2. The cluster chains of RgRu or LalsRu (Figure 2A) are the diagonal distance REREL increases. The degree of
best described as one-dimensional chains of trans-edge-sharinglistortion can be quantified by the difference betweenxhe
Z-centered (here, Ru) metal octahedra surrounded by iodinecoordinates of the RE3 and RE1 atom, relative to dkexis
atoms (BOH-bioctahedral). The discrete rare-earth octahedrallength (and multiplied by 100), described as d1 in Table 5.

units are no longer obvious ing¥sRu or GalsMn (Figure 2B). Taking thea/b ratio of the lattice parameters as an indicator of
Rather, a description as the condensation of two one-dimensionathe distortion of compounds for which only powder-X-ray data
chains of trans-edge-sharing square pyramidakZREnits exist, GdlsRu is included between BgRu and Y;lsRu in the

bonded base to base seems more suitable (BSP-bisquarseries of isoelectronic Ru compounds with increasing distortion
pyramidal). The distorted chain structure can also be regardedtoward the bipyramidal metal arrangement, angldRu follows

as originating from ideal double octahedra in which oneRE  Y3lzRul?

unit was systematically displaced along the crystallographic To understand the driving force for this distortion, we must
direction relative to the second udftVirtually no displacement ~ turn our attention to the rare-earth elements because the
is observed along, the chain axis, as seen by the [100] view homologous interstitial in the Ru phases makes these materials
of the PglsRu and ¥;13Ru chains in parts A and B of Figure 3. formally isoelectronic. On comparison of the isoelectronic
On distortion toward the square pyramidal arrangement, the PrslsRu with YslsRu, it is striking that the average RIRE
apex-Z—apex angle (RE2Z—RE1) in each octahedral chain  distance decreases by0.3 A with a difference in the metallic
decreases as well as the interstitigterstitial distance, whereas  radii of only 0.06 A. At the same time the RiRu distance
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Table 5. Structural Parameters of BRgZ Compounds as Relevant
for the Observed DistortioAs

Kdckerling and Martin

Table 6. Results from the Extended dkel Calculations on
PrlsRu and YslsRu

J av R/ERE [A] av ’R);EZ ZXZ REZdefREl BOH-Prl3;Ru Structure
comp [no./RExleZ] A Al [deg] atom charges
PrlsRu 3.917[9] 2.818 4.180 179.4 , .
LaslsRu 3.999 [9] 2872 4.295 178.2 atom Pr parameters Pr orbitals Y energies Y parameters
GdslsRu RE +1.06 +0.76 +1.04
Y3lsRu 3.628 [8] 2.777 3.163 155.8 Ru —2.87 —2.49 —2.55
EnrslsRu | —0.46 —0.35 —0.52
Prsl30s 3.922 [9] 2.825 4.144 179.7 | latiorts
GdhlsC 3.535[9] 2548  3.956 169.3 overlap populatio
GdslsMn 3.764 [8] 2.997 2.665 145.6 bond¢  Prparameters Prorbitals Y energies Y parameters
Ylalr 3.625 [8] 2.790 3.143 153.7 RE-RE 106 166 118
compd dt  rred[A] rz 9[A] alb ref RE-Ru 3.53 3.52 4.05
PesRU 235  3.30 250 2147 12 RuRu 990 o 200
LaslsRu 2.36 3.38 2.50 2.149 this study ) ) )
GdslsRu 3.22 2.50 2.093 12 BSP-YslsRu Structure
YslsRu 1.43 3.24 2.50 2.079 12
ErslsRu 3.14 2.50 2.074 12 atom charges
PrlsOs 2.35 3.30 2.52 2125 13 atom  Prparameters Y orbitals Prenergies Y parameters
GdslsC 2.48 3.22 1.54 2.205 15
GdilsMn 112 3.22 2.34 2163 14 RE +1.04 +1.25 +0.93
Yalalr 1.26 3.24 254 2051 12 Ru —2.84 —2.83 —2.38
| —0.46 —0.59 —0.48
aGaslsRu and EslsRu have been characterized by X-ray powder I ations
diffraction only. Thus, parameters that require atomic coordinate data overlap populatio
are missing® Without the much longer chain-repeat lengtiistortion bond8  Prparameters Y orbitals Prenergies Y parameters
; _ - p ; -
gg(r:%r;:;iert]er.to CILleargggRES) x(RE1))A] x 100.9Metallic radii RE-RE 103 1.00 156
9 : RE-Ru 3.66 3.80 3.99
6.6 Ru—Ru 0.09 0.12 0.07
’ * RE-I 7.56 5.30 6.26
% i >l< a|ncluding all interactions up to 4.5 R.Total overlap population
E 621 ' « x% per [REl10RW] unit.
8 58+ ! F
o { .
54 + * _
>
o,
Py
Sc v LaCe PrNde SmEu GdTbDyHO ErTm YbLu én
53]

Rare-Earth metal

Figure 4. Variation of the first ionization energy within the group 3
lanthanide series of elements.

decreases from 4.180 to 3.163 A. Thus, the size of the rare-
earth elements does not provide a sufficient explanation for the
observed distortions. Nevertheless, while formally isoelectronic,
there is a significant variation in the electronic nature of the
respective rare-earth elements. A plot of the first ionization
energies for the rare-earth elements is given in Figutely.

-14.0

DOS (E)

Figure 5. Total density of states (DOS) diagram for BOH;IERu
with the projected DOS of Pr (hatched) and Ru (solid black).

thus becomes apparent that the phases that exhibit the BSRf previous electronic structure calculations, which have pri-
distortion (Y, Gd, and Er) have a first ionization energy-d.0 marily focused on P¥ To model the influence of the orbital
eV whereas the nondistorted BOH structures are observed forenergy of the rare-earth elements on the structural distortion,
La and Pr with first ionization energies 6f5.5 eV. calculations were performed on both structure types using the
Electronic Structure Analysis. To confirm and further orbital parameters of Y and Pr (Table 2), as well as the
understand the apparent structural dependence on the firshypothetical parameters with the orbital exponents of Y and
ionization energy (or electronegativity) of the rare-earth element, the H; of Pr, and orbital exponents of Pr with thl of Y. The
we performed a series of band calculations to evaluate theresults of these calculations are summarized in Table 6 and
metal-metal bonding as a function of orbital energy. Ex- Figures 5-8.
tended Hgkel calculations were performed on both the BOH- The total density of states (DOS) for the BOHslBRu (Figure
PrlsRu (for the [PrslioRW]*" chain) and the BSP-Y:Ru 5) shows that the Fermi level & = —7.26 eV cuts through
([iYelloRug]“‘ chain). Similar conclusions are obtained if the a local minimum, consistent with that reported in ref 12. The
La structure and parameters are utilized. However, the electronicbands in the energy region around the Fermi level are dominated
structure analysis was performed utilizing the Pr parameters andby Pr-centered orbitals, whereas Ru contributes more to the
structure in order for this work to be understood in the context regions around-9 eV and between-11 and—12.5 eV. This
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Figure 6. Averaged crystal orbital overlap population (COOP) curves
for Pr—Pr, PRu, Ru-Ru, and Pr| contacts up to 4.5 A. Levels to
the right of the vertical axes are bondingr)(while to the left are
antibonding ). The Fermi levelEr is shown as a dashed line. The
arrows mark the Fermi levels for compounds with a one-electron-richer
interstitial (a) or one-electron-poorer interstitial (b).

Energy [eV]

DOS (E)

Figure 7. Total density of states (DOS) diagram for BSEsRu with
the projected DOS of Y (hatched) and Ru (solid black).

picture, with essentially filled Ru orbitals, is consistent with
the Ru being more electronegative than the Pr and hence th
calculated charge 0f-2.87. The projected DOS diagram also
shows some mixing of Pr levels into the I|-based levels,
indicating a small amount of Pil covalence. Analysis of the
crystal orbital overlap population curves (COOP), which are
given for all four types of interactions (PPr, PRu, Ru—

Ru, and Pr1) up to distances of 4.5 A (Figure 6) provides a
similar understanding of the bonding. Moderate-Pr and the

[S)
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Figure 8. Averaged crystal orbital overlap population (COOP) curves
for Y=Y, Y—Ru, Ru-Ru, and Y-I contacts up to 4.5 A. Levels to
the right of the vertical axes are bondingr)(while to the left are
antibonding ). The Fermi levelEr is shown as a dashed line. The
arrows mark the Fermi levels for compounds with a one-electron-richer
interstitial (a) or one-electron poorer interstitial (b).
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Ru results in a significant admixture of interstitial character into
these bands, resulting in lower calculated charges for both
elements. The increased dispersion of the metal-based bands,
as well as increased relative overlap seen in the respective COOP
curves (Figure 8), suggests that there is significantly increased
metak-metal bonding (RERE and RE-Z) in the Y phase.
Interestingly, the increased band dispersion in the Y phase results
in the Fermi level cutting at a maximum in the DOS, suggesting
that this phase may exhibit properties of a poor metal as opposed
to the semiconducting behavior anticipated for the Pr phase.
The lower energy of the rare-earth elements also increases the
covalence of the ¥ interaction, most dramatically seen by
comparison of the overlap populations for both structure types
upon changing only thél; value of the RE while leaving the
orbital exponents unchanged to control for the differences in
atomic size (Table 6).

Pr—Ru bonding interactions are observed up to and even above The driving force for the structural distortion toward the BSP

the Fermi level, but no significant interstittainterstitial bonding

structure type is readily summarized by the orbital representation

is observed. For comparison, arrows mark the calculated Fermiin Chart 1. A largeAE between the orbital energies of the rare-

levels for isostructural systems with a one-electron-richer
interstitial (level a of Figure 6), e.g. Ir, and also a one-electron-
poorer interstitial (level b of Figure 6), like Mn. For the electron-
rich case, interstitiatinterstitial interactions would start to
become sharply more antibonding abde whereas the RE
RE bonding and REZ bonding would become even stronger.
Several features of the bonding picture are distinctly different
for the BOH-Pr and BSP-Y materials. Most significantly, as
seen in the plot of the DOS for BSPs¥Ru with Y parameters
(Figure 7), there is a significantly increased contribution by the

earth and interstitial elements results in significant charge
transfer to the more electronegative interstitial and in a greater
charge localization and thus a more ionic type of bonding. By
contrast, the smallekE between the rare earth and interstitial
results in a significantly increased covalence of the—RE
bonding. This is experimentally observed in the 8% contraction
of the cluster unit, as seen in the RRE distance, on going
from Prl3Ru to YslsRu compared with the 2% decrease in their
respective metallic radii (and 10% vs 2% for La vs Y). The
RE—Z distances are effectively equivalent when scaled to the

rare-earth elements to the lower lying bands. In the immediate respective metallic radii; however, in the BSP arrangement there

vicinity of the Fermi level Er = —7.91 eV) the character of

are seven REZ bonds as opposed to the six bonds in the BOH

the bands is still dominated by the rare-earth elements. However,structure type. The calculated overlap populationgl {Ru, Pr—

the smaller difference between the orbital energy of the Y and

Pr=1.06, P-Ru= 3.53, vs ¥3l3Ru, Y-Y = 1.56 Y—Ru =
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earth elements (La and Pr) result in the formation of a BOH
geometry whereas the more electronegative Y, Gd, and Er
exhibit the distorted BSP geometry. Interestingly, in the carbon-
centered GglsC phase, however, theE between Gd and C is
large, and thus, the BOH geometry is observed. The added
electron in the ¥lslr phase increases the electron density
primarily in the RE-RE bonding states, thus also favoring the
BSP geometry. The electron-deficient §&0n phase exhibits

the greatest distortion toward an idealized BSP geometry, giving
very short M-Mn contacts of 2.61 A. We observe no evidence
for significant Mn—Mn bonding in this phase but rather attribute
the distortion to the smaller size of the Mn interstitial (metallic
radii Mn = 2.34 A vs Ru= 2.50 A). The smaller size of the
interstitial allows strengthening of the RIRE and RE-Z
bonding without increasing the-ZZ repulsion, even though the
AE is slightly greater for Gd/Mn than for Y/Ru.

Generalization and Outlook. The importance of the differ-
ence in orbital energies between the rare-earth elements and
the interstitials for determining the observed structures of
specific cluster compounds must clearly extend far beyond the
REslsZ phases. As an example, we briefly consider the
composition of REsZ for which two basic structure types are
observed. One is composed of single chains of edge-sharing
octahedra, whereas the second structure type contains condensed
RE;¢l20Z4 clusters. The one-dimensional-chain structure, which
is less condensed because of lesser metaltal bonding, is
Figure 9. View of the BOH (A) and BSP (B) crystal structures found for the largeAE phases of RtsZ (Z = Co, Ru, Os§,
emphasizing the pseudo-closest-packing of spheres in the forghPr LaylsRu® GdylsSi,l0 and YslsC.1t By contrast, the condensed
compared with the noted distortion induced by metaktal bonding RE16X20Z4 oligomers have only been found for RE Sc, Y,
in YalsRu. and Gd; Z= Mn, Fe, Ru, and Ir; and %= | and Br20.2438-40
in which a smallerAE between RE and Z is observed.
Furthermore, even within the mono-octahedral,R&-chain
phases a tetragonal compression is observed, and in the
RE;6X20Z4 condensed clusters a “breathing-type” distortion is
observeéP that seems to be correlated to the difference in orbital
energies. We further anticipate that th& between the rare
earth and halide (bromide vs iodide) also plays a role in
determining the chain vs oligiomer formation. These distortions

3.99) also confirm the increased metahetal bonding in the
yttrium phase.

While the BSP-type distortion clearly results from a maxi-
mization of the RE-RE and RE-Z bonding, why does the more
idealized BOH-type structure form when only moderate metal
metal bonding is available? As indicated by Chart 1, a large
AE between the rare-earth and interstitial elements results in
significant charge transfer to the more electronegative interstitial. = - o S
In our model calculations, the charge on the Ru is 20% greaterW'II be the squect of 6,‘ future dgtalled investigation.
for PrlsRu than for YlsRu. Extended Hekel calculations are An extension of this analysis may also account for the
known to overestimate charges, a problem that is exacerbatedPPservation that ternary and quaternary mtersytlal-stabnlzed
by the uncertainty of the parametrization; however, this trend Phases of groups 4 and 5 metals normally exhibit only isolated
is consistent with a comparison of the elements’ respective first MeZ" cluster phases as opposed to condensed chains and
ionization energies or Pearsons absolute electronegatitities. ClUSters. The groups 4 and 5 elements are the most electro-
Furthermore, the assignment of negative charge to the interstitialne9ative (highest first ionization potentials) of the cluster-
atoms has been shown experimentally for some zirconium forming elements and thus yield the smallégt between the
clusters®37The longer Z-Z contacts in the BOH structure will cluster-forming a_nd |_nterst|t|al elements. As a consequence,
result in less Coulomb repulsion with the anionic charge placed Strong M-Z bonding is expected at the expense of significant
on the interstitial. Interesting too is the observation that a saltlike M—M bonding, which is required for the formation of con-
crystal packing, in which iodide anions and “anionic ~ densed phases.
interstitial” are nearly cubic-closest-packed and the rare-earth  The true test of any theoretical description of bonding is in
cations occupy/, of the octahedral holes (as shown in Figure its predictive ability as opposed to simply being a descriptive
9A), is present in the BOH structure type, consistent with a analysis. In this regard it is striking that a majority of the
more ionic bonding picture. By contrast, the increased metal ~condensed (metal-rich) ternary cluster phases are found for RE

metal bonding due to the smallE in the yttrium/ruthenium = SC, Y, and Gd, which are also the rare-earth elements with
phase destroys the saltlike packing (Figure 9B) and exhibits a relatively high first ionization energies. Thus, we suggest that
notable puckering to the closest-packed-type structure. the lesser explored, later rare-earth elements (Tb, Dy, Ho, Er,

These bonding conclusions can further be applied to under- TM, and Yb) are likely to form similar condensed cluster phases
stand all of the REsZ phases reported in Table 5. For all Pecause their relatively high first ionization energies (see Figure
transition metal centered phases, the more electropositive rare4) should yield a relatively smalAE with transition metals as
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