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Gdli2Zn: A Group 12 Atom in the Octahedral Gds Cluster
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The title compound was synthesized from Gd, Gdlz and Zn under Ar atmosphere at 850 °C. It crystallizes in the
space group R3 (No. 148) with lattice constants a = 15.686(1) A and ¢ = 10.4882(8) A. The structure features
isolated Zn-centered Gds octahedra with all edges and corners capped by | atoms. The disorder of the Gd atoms
is rationalized via electron microscopic techniques. A computational analysis using the extended Hiickel method
has been carried out in order to understand the bonding of this compound. The structure of isotypic Lasl1,Co is

also remarked (a = 16.040(1) A and ¢ = 10.905(2) A).

Introduction

Reduced rare earth (R) metal halide chemistry has proven
to be extremely rich, filled with novel crystal structures and
unexpected physical properties. A central feature of the
reduced rare earth halide compounds is their hosting capabil-
ity. Many compounds in this category have been synthesized,
with most of their structures consisting of octahedra or
trigonal prisms of rare earth metal atoms centered by a
variety of atoms.'™"? A quite common phase is R7X;,Z,
where X represents halogen atoms and Z represents main
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group or transitional metal atoms. The electronic structure
of these phases has been studied extensively.®'%1472% The
electronic requirement is that there be no more than 8/6
electrons per cage R atom when Z is a transition metal, or
one electron per cage R atom when Z is a main group
element. However, this rule is not strictly followed.?"?? For
example, Ni and Au can be included in the R¢X» cluster.>??
In this contribution, we describe the synthesis and structure
investigation by X-ray diffraction of two new compounds,
GdsI12Zn and LasI;,Co. Gds11,Zn is the first compound with
a group 12 endohedral. Electron microscopy and bonding
analyses of this compound have been carried out. The
electron microscopy investigation focuses on one old and
unresolved problem related to all structures of R;X,Z =
R[R¢X/,Z] phases, namely, the unusual anisotropic atomic
displacement parameters U;; and Us; of the isolated R atom.

Experimental Section

Synthesis. R (R = Gd, La) metal (sublimed, 99.99%; Alfa-Aesar,
small pieces), Rl3, and T (T = Zn, Co; 99.99%; Aldrich) were
used as starting materials. GdI; was synthesized from the reaction
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of Gdy03 (99.9%) with HI and NH,I; Lal; was obtained from the
reaction of La with I, and the products were purified by sublima-
tion. Due to air and moisture sensitivity of the reactants and
products, all handling was carried out under an Ar atmosphere either
in a glovebox or through the standard Schlenk technique.

The stoichiometric mixtures (1075 mg of Gdls, 236 mg of Gd,
33 mg of Zn (GdsI;»Zn); 1039 mg of Lals, 210 mg of La, 29 mg
of Co(Lasl,,Co) of the starting materials were arc-sealed in Ta tubes
under an Ar atmosphere. These were then sealed inside silica glass
ampoules under a vacuum of ca. 1072 mbar. After 18 days at 850
°C for GdsI;,Zn and 21 days at 800 °C for Lasl,,Co, the ampoules
were opened under an Ar atmosphere. Many black, irregularly
shaped single crystals were observed in the products. The yield,
estimated from powder X-ray diffraction and Guinier measurements,
was larger than 90% for Gd;l;»Zn and approximately 50% for
La;I;,Co. Energy dispersive X-ray (EDX) analyses, using a
TESCAN scanning electron microscope equipped with an Oxford
detector, showed the presence of the component elements in an
approximate atomic ratio of 7.8:11.1:1.1 (R/X/Z, average of seven
spectra) for Gd;1;,Zn and 7.0:12.3:0.7 (average of four spectra).

Structure Determination by Single Crystal X-Ray Diffrac-
tion. The reaction products were ground to a fine powder under an
Ar atmosphere and sealed in a glass capillary for phase identification
on a STADI P powder diffractometer (Stoe, Darmstadt), using Ge
monochromatized Mo Kol radiation (1 = 0.7093 A). Single crystals
were transferred to glass capillaries under Na-dried paraffin oil and
sealed under an Ar atmosphere. They were first examined by the
precession technique before being characterized on a STOE IPDS
IT or a Bruker CCD diffractometer. The structure was solved with
direct methods and full matrix least-squares refinement on F? carried
out using the SHELXTL package.?

The two compounds crystallize in the trigonal space group R3
(No. 148), and Z = 3. Refinement in the accentric space group
R3%** did not lead to an improvement. The crystallographic
information including the fractional coordinates and selected bond
lengths is listed in Tables 1-3.

Structure Determination by High-Resolution Transmission
Electron Microscopy. The real structure of Gd;I;,Zn was char-
acterized by high-resolution transmission electron microscopy
(HRTEM) and selected area electron diffraction (SAED). The
transfer of the sample was carried out under dry Ar by applying
Schlenk techniques.>® A perforated carbon/copper net served as
support of the crystallites. The studies were performed with a Philips
CM30 ST microscope equipped with a LaBg cathode. At 300 kV,
the point resolution is 0.19 nm. HRTEM images were calculated
with the EMS program package®® using the multislice formalism
(parameters: Cs = 1.15 mm, A = 7 nm, o« = 1.2 mrad).

Computational Study. The density of states (DOS) and the
crystal orbital overlap population (COOP)?’ curves were computed
using the tight-binding extended Hiickel method (EH).>**° A total
of 256 k points in the irreducible wedge of the Brillouin zone were
used in the EH computation of the DOS and COOP curves based
on the EH parameters listed in Table 4.
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Table 1. Crystal Data and Structure Refinement for Gd;I;,Zn and

La7112C0

empirical formula

formula weight

space group

unit cell dimensions, a (A)
c(A)

V(A3

V4

caled density (g/cm?)
cryst size (mm?)

Gd71122n
2688.92

R3 (No. 148)
15.686(1)
10.4882(8)
2234.9(3)

3

5.994

0.18 x 0.13 x 0.08

La7I|2C0
2554.10

R3 (No. 148)
16.040(1)
10.905(2)
2429.7(4)

3

5.237

0.18 x 0.12 x 0.03

max. and min. transmission 0.2895/0.0526 0.4194/0.0166

abs. coeff. (mm™!) 28.554 20.937

F (000) 3342 3186

6 range (deg) 2.45 to 29.99 2.37 to 25.00

range in hkl —18<h=22 —19=<h=19
—22<k=<22 —19<k=<18
—14=<1=<13 —12=<1=12

total no. reflns 7709 6043

independent reflns [Rin(] 1446 [0.0408] 949 [0.0409]

data/parameters 1446/35 949/35

goodness-of-fit on F? 1.202 1.334

final R indices [/ > 20(I)], R1 0.0265 0.0295

wR2 0.0459 0.0567

R indices (all data),” R1 0.0344 0.0342

wR2 0.0475 0.0577

largest diff. peak and hole 1.279/—1.071 0.894/—0.853

(elA3)

“R1 = JFl — IFI/XIFl. wR2 = {J[W(F> — F2X/Z[w(F2)H 2.

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (A2) for Gd;I2Zn and La;I;,Co®

atom  Wyck. occ. X y z Ueq

Gd7I 1 ZZn

Gdl 18f  1.00 0.1695(1) 0.5494(1) 0.0125(1) 0.015(1)

Gd2 6c  0.4942) 0 0 0.0265(1)  0.020(1)
11 18f  1.00 0.4125(1) 0.4323(1) 0.1644(1) 0.023(1)
12 18f  1.00 0.4791(1) 0.1989(1) 0.1749(1) 0.023(1)
Zn 3b  1.00 0 0 172 0.013(1)

La7112C0

La(l) 18 1.00 0.1731(1) 0.5508(1) 0.0163(1) 0.020(1)
La(2) 6¢c  0.496(3) 0 0 0.0246(2) 0.024(1)
I(1) 18f  1.00 0.4121(1) 0.4318(1) 0.1640(1) 0.034(1)
1(2) 18f  1.00 0.4776(1) 0.1971(1) 0.1762(1) 0.029(1)
Co 3b  1.00 0 0 172 0.017(1)

“U(eq) is defined as one third of the trace of the orthogonalized Uj;
tensor.

Table 3. Selected Bond Lengths [A] for R/I;;M (R = Gd, La;
T = Zn, Co)

bond Gd71122n La7112C0
R1—RI (x2) 3.9657(5) 3.9817(7)
RI—R1 (x2) 3.9730(6) 4.0042(8)
RI1I—-R2 (x1) 4.0587(7) 4.225(2)
RI1-I1 (x1) 3.1333(4) 3.2340(6)
R1-11 (x1) 3.1600(4) 3.2383(6)
RI1-I1 (x1) 3.2393(4) 3.3909(6)
R1-12 (x1) 3.1599(4) 3.2840(6)
RI-12 (x1) 3.1635(4) 3.2912(6)
R2-12 (x3) 2.9681(5) 3.071(1)
R2—12 (x3) 3.2647(5) 3.357(1)
RI1-T (x1) 2.8068(3) 2.8234(5)

Results and Discussion

Endohedral transition metal atoms, for example, Co, have
been repeatedly identified in octahedral cages of rare earth

(30) Previously, we used the term “interstitial”’. However, this leaves an
ambiguity as the additional atom can occur inside the cluster or in
voids between the clusters. The term “endohedral” is therefore used
for an atom inside the cluster.
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Table 4. Extended Hiickel Parameters

orbital H;i (eV) & 13 c” &)

Gd 6s —7.67 2.14

6p —5.01 2.08

5d —8.21 3.78 1.381 0.7765 0.4587
1 5s —18.0 2.679

S5p 127 2322
Zn 4s —9.391 2.01

4p —5.163 1.70

3d —17.302 6.15 2.600 0.5900 0.5700

“ Exponents and coefficients in a double-§ expansion of the d orbital.

Figure 1. Section —0.19 < z < 0.57 of the Gd;l,,Zn structure along [001].
The Zn atom is at the center of the Gdg octahedron.

metal clusters.>® However, Gd;I;,Zn is the first representative
of a cluster with an endohedral Zn atom. This fact is
somewhat surprising as there exists a rich chemistry of R/Zn
intermetallics,®' indicating the mutual affinity of these
elements, as also clearly evident from the Miedema rule.’?

Crystal Structure. Gd;I;,Zn and La;I;,Co are isostructural
to Sc7Cl1,C.%* For the Gd compound, Gd1 (at Wyckoff site
18f in Table 2) forms octahedra with a Gd—Gd distance of
3.97 A. The 12 edges of the metal octahedron are capped
by I atoms with Gd—I distances (Gd1—I1 in Table 3) of
around 3.13—3.16 A. The six corners of the octahedron are
also capped by I atoms from adjacent Gdgl;, clusters. The
terminal Gd—I distance (also Gd1—I1 in Table 3) is slightly
larger at 3.24 A. Figure 1 shows the structure viewed down
the ¢ axis. In the figure, the I atoms form a close-packed
arrangement but with one atom replaced by the endohedral
atom Zn (gray spheres). The Gd¢ octahedron is oriented in
such a way that two of its opposite triangular faces are
perpendicular to the ¢ axis. Gd2 (at Wyckoff site 6¢) are
located above and below these two triangular faces at a
Gd1—Gd2 distance of 4.06 A. The I atoms capping six edges
in the waist of such an oriented octahedron are also bonded

(31) Villars, P.; Calvert, L. D. Pearson’s Handbook of Crystallographic
Data for Intermetallic Phases, 2nd ed.; ASM International: Materials
Park, OH, 1991; Vol. 4.

(32) Miedema, A. R.; Boom, R.; de Boer, F. R. Simple Rules for Alloying.
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Rooymans, C. J. M., Rabenau, A., Eds.; North-Holland: Amsterdam,
1975.
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Figure 2. SAED patterns of Gd;I;»Zn and simulations for zone axes
orientations (a) [001], (b) [122], and (c) [211].

to the corners of adjacent Gdg octahedra. Using the notation
of Schifer and Schnering,33 we can write the formula for
the octahedral cluster as (Gd2)(Gd1)glsl'%l* isnZn. Gd2
atoms are coordinated octahedrally to I atoms (black noncage
spheres in Figure 1). Therefore, one would expect a rather
spherical shape of the atomic anisotropic displacement
ellipsoid. However, the structure refinement with Gd2 atoms
in the 3a Wyckoff position resulted in high anisotropic
displacement parameters with a ratio Us3/U;; =~ 8. This
unusual ratio has been observed for all reported structures
of R7X»Z phases. The splitting of this position by setting a
free z parameter led to significant improvement. Therefore,
Gd2 atoms were refined in the 6¢ Wyckoff position with an
occupancy of 49.4(2) %. The same treatment was applied
to the La compounds.

Electron Microscopy Investigation of Disorder. As is
well-known, the disorder in average structures is frequently
caused by the superposition of domains with ordered
structure. For Gd;I,Zn, a large number of crystallites was
investigated. In the following, a series of representative
results is reproduced. It should be mentioned that, even with
an isotypic phase where Zn is replaced by Ga, similar results
were obtained.** No indications for ordering, such as
superstructure reflections or diffuse scattering, were found
in all [uow] SAED patterns, with w = 0; compare the
examples in Figure 2. These patterns are consistent with the
metrics of the average structure, and their intensity is
convincingly reproduced by kinematical simulations when
transmitting thin areas.

The characteristic disorder, that is, the split positions of
Gd2 along [001], is revealed upon further examinations of
zone axes [uv0]. Thicker areas exhibit no signs of ordering.
Particularly, bright-field images demonstrate the absence of
microdomains with ordered structure. HRTEM micrographs
are consistent with the average structure, see Figure 3c for
zone axis [210] and Scherzer focus. The periodic pattern of
white spots, representing the cavities of the structure, is fully

(33) Schifer, H.; Schnering, H. G. Angew. Chem., Int. Ed. 1964, 76, 833.
(34) Kienle, L.; Lukachuk, M.; Duppel, V.; Mattausch, Hj.; Simon, A. Z.
Anorg. Allg. Chem. 2007, 633, 1708.
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Figure 3. HRTEM micrographs with inserted simulation [zone axis [210],
t = 5.4 nm, (a) Af = +25 nm, (b) Af = —25 nm, (¢c) Af = —65 nm].

consistent with the inserted simulated micrograph, which is
based on the average structure. No significant variations of
the contrast along [001] occur, even for the defocus values
in Figure 3a and b. Hence, ordering of Gd2 is not significant.

All observations described so far initiated the search for
low-symmetry structure models with a marginal significance
of the ordering. First, we checked for an absence of the
inversion center and created a structure model in the
maximum 2 subgroup of the average structure according to
Dudis et al.** The Wyckoff site 6a (R3) splits into symmetry-
independent positions 3a (R3). The split position in the
average structure could then be rationalized by assuming
inversion domains, and simulations based on noncentrosym-
metric models correlate with the low significance of the
ordering.

However, examinations on thin areas of zone axes [uv0]
reveal significant deviations from the average structure and
indicate an alternative. The ordering is not the result of
decomposition in surface layers as confirmed by EDX. In
the SAED patterns, reflections on positions rkl/2 are clearly
visible, as demonstrated for [210] in Figure 4a, left. The
intensity of these superstructure reflections varied in neigh-
boring areas of the same crystal and was strongly reduced
when transmitting thicker areas. In the latter case, only a
few streaks on £kl/2 can be seen in the diffraction patterns,
see the arrows in Figure 4a, right. For the interpretation of
HRTEM micrographs, a structure model with doubled unit

Figure 4. (a) SAED patterns for [210] with superstructure reflections on
positions £kl/2 (left, thin area; right, thick area). (b) HRTEM micrograph
with simulation (+ = 2.7 nm, Af = +35 nm) indicating the ordering and
the shift of neighboring nanodomains.

cell volume (R3, ¢’ = 2c¢) was created which enables
restricting Gd2 to alternating fully and non-occupied sites
6¢ along [001]. With respect to the average structure, a
symmetry reduction (i2) occurs which clearly contrasts with
the #-type transition mentioned above. Only the i2 model of
ordering is consistent with the observations. Simulated SAED
patterns reproduce the superstructure reflections, and in
accordance with simulated micrographs, the ordering can
only be visualized when selecting overfocus, see the con-
secutive brighter and darker spots along [001] in Figure 4b.
Underfocus conditions eliminate the significance of the
ordering. The image of Figure 4b also displays the charac-
teristic domain structure associated with the i-type group—
subgroup relation of averaged and real structure.®> Neighbor-
ing domains with clear ordering along [001] are shifted by
one unit length ¢, compare the arrows in Figure 4b. The
coexistence of such nanoscale antiphase domains (nAPD)
explains the split position of Gd2 in the average structure.
A shift of ¢ causes superposition of all atoms, except for
Gd2, which transforms into the closely neighboring off-center
positions within the Is octahedra. Therefore, the average
structure is an artifact based on the superposition of nAPD’s
with ordering of Gd2 along [001]. Neighboring nADP’s are
separated by areas of overlap which do not show any ordering
due to the superposition along the zone axes. Strong space
averaging which is particularly expected for the thick areas
inhibits the detection of ordering; hence, very low intensity
of the superstructure reflections is observed. A careful
examination of the corresponding X-ray patterns does not
reveal any superstructure reflections or diffuse scattering,
obviously due to enhanced space averaging.

Electronic Structure. The electronic structure of an isolated
rare earth metal octahedral cluster is well-known,''420
In the case of a transition metal endohedral, a triply
degenerate t;, level and an a;, orbital contributing to

(35) Bérnighausen, H. MATCH 1980, 9, 139.
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Figure 5. EH DOS and COOP plots for the idealized Gd71;,Zn structure.
(a) DOS: The solid line is the total DOS, the dashed line is the integrated
Zn DOS, and the shaded area is the contribution from Zn. The vertical
dashed line indicates the Fermi level. (b—d) EH COOP curves for
representative bonds in Gdsl»Zn. The + region is bonding area and the —
region is the antibonding area. The bond type, distance (d), and integrated
overlap population (OP) to the Fermi level are indicated in the panel.
metal—metal bonding can be filled, and in some cases,
still another a,, orbital can be occupied. Thus, a total of
eight electrons can be accommodated per octahedron.
La;I;,Co obeys this rule. However, this rule is not strictly
followed.?""** For Gd;I;»Zn, the EH DOS and COOP
curves were computed for an idealized GdsI,,Zn structure
without the split positions. Figure 5, parts b—d are the
COOQOP curves of relevant atomic contacts in the structure.
All of them contribute to bonding below the Fermi level.
Figure 5a shows the projected Zn DOS (shaded area)
together with the total DOS. The lowest peak is the I 5s
orbital, then come the Zn 3d, I 5p, Zn 4s, Zn 4p, and Gd 5d
states in order of increasing energy. The Zn 3d orbital lies
very low in energy, as expected, and in effect, Zn acts as an

4660 Inorganic Chemistry, Vol. 47, No. 11, 2008

Lukachuk et al.

OP 0.1
e, 2 —
8 b Gdt,
— t
% Zn 4p, Gd 5d
N
3 10
2
w
-12
- + }I p, Zn 4s
-0.1 MOOP 0.1

Figure 6. MOOP plot for an isolated Gdgl;sZn cluster.

s—p metal. The most important feature here is the Gd—Gd
COOP curve showing bonding below and near the Fermi
level. This feature can be understood from the EH molecular
orbital overlap populations (MOOP)*® calculated for an
isolated GdglisZn cluster taken out from the idealized
Gdy1,,Zn structure. The MOOP in Figure 6 reveals that above
the I 5p and Zn 4s orbitals there are orbitals of t;, symmetry
originating from Zn 4p and Gd 5d states, and three Gd 5d
orbitals of t;, symmetry with no admixture of Zn states. All
of them can be occupied without contributing to antibonding
states of the Gds cage.

The electron partitioning in Gd;I;;Zn can be formalized
within the ionic limit of the Zintl—Klemm concept as
(Gd*"),(I7)12Zn% +3e~ with three skeleton electrons shared
among the six cage Gd atoms, and the rule of a maximum
of one electron per cage Gd atom is followed as in the case
of a main group endohedral. This assignment falls in line
with a formal description of other endohedrals, H, O, N, C,
and B, the “charges” decreasing stepwise from —1 to —5.
However, as the integrated DOS in Figure 5a indicates, the
Zn 4p bands are only partly filled and the EH charge of zinc
is actually Zn® inside the [GdeZn]’* cluster.
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