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ABSTRACT:

Homometallic {Nill
4} cubane-like clusters with a rare chiral core have been prepared via the employment
of enantiomerically pure 2-(1-hydroxyethyl)pyridine (Hmpm). Comparison with the achiral cubanes

derived from the related 2-pyridinemethanol (Hpym) ligand reveals drastic structural changes as a
consequence of the transfer of chirality from the ligands to the whole structure. Their magnetic
properties have Homometallic {Nir

4} cubane-like clusters with a rare chiral core have been prepared via the employment

of enantiomerically pure 2-(1-hydroxyethyl)pyridine (Hmpm). Comparison with the achiral cubanes

derived from the related 2-pyridinemethanol (Hpym) ligand reveals drastic structural changes as a consequence
of the transfer of chirality from the ligands to the whole structure. Their magnetic properties have

been related to the structural features of their cubane-type cores.been related to the structural features of their

cubane-type cores.
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INTRODUCTION

The search for new polynuclear metal complexes (or metal clusters) is driven by a number of
considerations, the most crucial of which is the selection of the bridging/chelating organic ligand(s). The
chemical, structural and electronic nature of these groups can undoubtedly affect the properties of the
resulting molecular species, leading to compounds with interesting supramolecular, magnetic, optical,
conductive, chiral and catalytic properties, to name a few. To this end, there is a continuous need for
new multifunctional organic chelates that afford metal clusters with more than one physical and/or
chemical property.

2-Pyridinemethanol (Hpym, Scheme 1) is a classical chelating/ bridging ligand employed in
coordination chemistry for which around 500 entries corresponding to transition or lanthanide
complexes can be found in the CCDC database. In contrast, the chemistry of the related chiral ligand 2-
(1-hydroxyethyl) pyridine (Hmpm, Scheme 1) remains practically unexplored and only a few
organometallic derivatives,1 polyoxometallates2 and coordination complexes3 have been reported to
date. Hmpm is a very interesting ligand because in addition to excellent donor properties that can be
inferred from its similarity with Hpym, the employment of enantiomerically pure (R)- or (S)-Hmpm
opens up the way to incorporate additional properties into the resulting clusters.

The employment of chiral ligands promotes new optical properties that can be spectroscopically studied
by means of electronic, infrared or Raman circular dichroism (absorption) or circular polarize
luminescence (emission, in particular more favourably related to lanthanide systems), as well as chiral
supramolecular effects that become particularly important in molecular recognition processes or
enantioselective catalysis.4 In cluster chemistry, the chiral information introduced by the ligands is
transferred to the system at different levels inducing A or A conformation on the octahedral environment
of the cations, generating chiral cores or chiral supramolecular networks that cannot be obtained from
racemic mixtures of the starting ligands or achiral donors.5

In this paper we report the first derivatives of Hmpm in nickel chemistry with the formula [Ni4(R-
mpm)4(MeCOO)4]-6.5H20 1R-6.5H20, [Ni4(S-mpm)4(MeCOO)4]-2.5H20-0.5H20
1S-2.5H20-0.5H20 [Ni4(R-mpm)4(t-butCO0O)4]-H20 2R-H20 and [Ni4(S-mpm)4-(t-butCO0)4] 2S
that have been structurally characterized by X-ray diffraction and further studied by electronic circular
dichroism (ECD) and magnetic susceptibility measurements. The new complexes are the first cubane
derivatives from Hmpm and provide exceptional examples of the transfer of chirality from the ligands to

the cluster core in homometallic cubanes
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EXPERIMENTAL

Materials and methods

IR spectra (4000—400 cm—1) were recorded on a Bruker IFS-125 FT-IR spectrometer with samples
prepared as KBr pellets. Variable-temperature magnetic studies were performed using a MPMSS5
Quantum Design magnetometer operating at 0.03 T in the 300-2.0 K range. Diamagnetic corrections
were applied to the observed paramagnetic susceptibility using Pascal constants. The quality factor was
parametrized as R = (yMTexp —yMTcalc)2/(yMTexp)2. ECD spectra in the solid-state and solution
(methanol or dichloromethane) were recorded on a Jasco-815 spectropolarimeter.

(R)- and (S)-2-(1-hydroxyethyl)pyridine were purchased from TCI Chemicals and used without further
purification. The syntheses were performed in open air in reagent grade materials and solvents. Only

well-formed crystals were employed for the performance of the reported measurements.

Single-crystal X-ray crystallography

Green prism-like specimens of dimensions 0.095 mm X 0.125 mm % 0.289 mm (1R-6.5H20) and 0.111
mm x 0.201 mm X 0.202 mm (1S-2.5H20-0.5H20) were used for the X-ray crystallographic analysis.
The X-ray intensity data were measured on a D8 Venture system equipped with a multilayer
monochromator and a Mo microfocus (A = 0.71073 A). The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The final cell constants were based upon the
refinement of the XYZ-centroids of reflections above 20c(I). The structures were solved and refined
using the Bruker SHELXTL software package.6 The compounds 1R-6.5H20 and 1S-2.5H20-0.5H20
are not enantiomers in its strict sense, because they crystallize in different space groups (C2221 and
P21212 respectively). This difference is due to the different number of crystallization solvent molecules
that allow different space groups with two quasi identical cell parameters and a double size for the third
one. On the other hand, the arrangement of the clusters in the network, topology of the clusters and their
bond parameters follows the mirror-image that must be expected for a normal pair of enantiomers.
Single crystals of dimensions 0.20 mm x 0.15 mm x 0.05 mm for complex 2R-H20 were mounted on a
Bruker APEX-II CCD diffractometer equipped with a CCD area detector and an Oxford Cryoflex low
temperature device. Cell refinement and data-reduction were carried out using SAINT. The structure
was solved by direct methods in SHELXS-97 and refined using SHELXL-2014 in the Bruker
SHELXTL suite.6 The estimated electron density from the SQUEEZE process suggests that there is at
least one water molecule associated with the formula unit of the cluster, consistent with the elemental
analysis data. Cell parameters (monoclinic, a = 12.45 A, b=20.45 A, ¢ =12.02 A, 0. =90°, B = 114.35°,
v =90°, V =2789 A3) for 2S confirm its isostructurality with 2R.

Details of crystal data, collection and refinement for 1R, 1S and 2R are summarized in ESI, Table S1.}
[Ni4(R-mpm)4(MeCOO)4]-6.5H20 (1R) and [Ni4(Smpm) 4(MeCOO)4]-2.5MeOH-0.5H20 (15).
Ni(MeCOO0)2 (0.5 mmol, 0.046 g) was dissolved in MeOH (10 mL) and the ligand S- or R-Hmpm (0.5
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mmol, 0.62 g) was dissolved in MeCN (5 mL). The solutions were mixed, and the resulting green
solution was stirred for four hours. The solution was then filtered and left to crystallize in a closed vial
with a slow diffusion of diethylether. After two weeks, green crystals, adequate for X-ray diffraction
were collected. The yield is around 40% of well-formed crystals. Anal. calcd for C36H57N4Ni4018.5
(1R-6.5H20): C, 40.16; H, 5.34; N, 5.20%. Found: C, 40.7; H, 5.1; N, 5.3%; Relevant IR bands: v =
3450 (br), 2970 (w), 2920 (w), 2850 (w), 1608 (s), 1455 (s), 1400 (s), 1123 (s), 1048 (w), 1017 (w), 908
(w), 771 (w), 665 (w), 560 (w) cm—1. The same reaction was performed with the racemic mixture of
Hmpm ligand with the aim to perform the crystallographic characterization of the crystals (discussed in
further sections).

[Ni4(R-mpm)4(t-butCOO)4]-H20 (2R) and [Ni4(S-mpm)4 (t-butCOO)4] (2S). The R- or the S-
enantiomer of Hmpm (0.6 mmol, 0.074 g) was dissolved in MeCN (20 mL). To this solution were added
NEt3 (1.2 mmol, 0.167 mL), pivalic acid (t-butCOOH; 0.6 mmol, 0.069 mL), and Ni(C104)2-6H20 (0.6
mmol, 0.22 g), respectively. The reaction mixture was then stirred at room temperature for 20 min.
Green crystalline blocks of 2R and 2S were obtained via the slow evaporation of the reaction mixture at
0 °C after 1 day. The yields were 39% and 40% for 2R and 28, respectively. Anal. calcd for
C44H70N4Ni4013 (2R-H20): C, 50.31; H, 6.16; N, 4.89%. Found: C, 50.45; H, 6.00; N, 4.92%.
Relevant IR bands: v =2953 (mb), 1606 (m), 1560 (s), 1530 (s), 1481 (s), 1427 (s), 1358 (m), 1283 (m),
1223 (m), 1107 (m), 1082 (m), 900 (m), 771 (mb), 662 (m), 564 (m), 478 (m), 426 (m) cm—1.
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RESULTS AND DISCUSSION

Structural description

As expected, all three complexes crystallize in chiral space groups. The structures of 1 and 2 have a
common core that consists of a Ni4O4 cubane-like unit that has a two-fold rotation axis that passes
through the centre of the cube, the vertices of which are occupied by four Nill cations and four p3-
Oatoms (Nil, Ni2, O1 and O2 and symmetry related). A labelled plot is shown in Fig. 1 and selected
bond lengths and angles are summarized in Table 1. Each crystallographically unique Nill ion has a
distorted octahedral geometry. The coordination sites of the Nill cations are fulfilled by four
carboxylates and four mpm— ligands that provide the four p3-O donors (n1:n3:u3), resulting in neutral
charged clusters. Two carboxylates act as a bridge between Nil and Ni2 in its syn—syn coordination
mode (n1:n1:u) and the other two carboxylates act as bidentate chelating ligands (Scheme 1). The N204
coordination environment of Nil is fulfilled by two mpm— ligands, one u3-O donor from another mpm-—
ligand and one O atom from one syn—syn carboxylate, whereas the O6 environment of Ni2 comes from
three u3-0 ligands, one bidentate chelating carboxylate and one O atom from a syn—syn carboxylate.
The Ni40O4 cubane core is very distorted. The two faces that bind the syn—syn carboxylates are not
planar i.e. the dihedral angle between Ni1-O1-02 and Ni2—O1-02 is close to 28°, with Ni-O—Ni bond
angles less than 90°, whereas the other four faces are roughly planar with bond angles close to 100°.
Although the cubanes are similar in their general trends, there are many differences in their crystal
packing (Fig. 2). Complexes 1 show layers of cubanes alternatively reversed by 180° and forming a
large set of H-bonds involving the O-carboxylate atoms and the solvent molecules in the crystal lattice.
In contrast, the hydrophobic shells of complexes 2 isolate efficiently the clusters, allowing less space to
host polar solvent molecules and thus reducing the H-bonding interactions. The shortest distance
between the centroids of neighbouring cubanes is 10.339 A for the acetato complexes and 12.053 A for

the pivalato clusters, consistent with the larger size of the tert-butyl substituents in the latter.

Discussion pertaining to cubane-like clusters

The small N---M---O bite angles (M = metal) induced by the 2-pyridinemethanol ligand and its
substituted derivatives (L in the following formulas of this section), combined with the p3 ability of the
O-donor, are adequate features to build cubanelike clusters that typically have the general formula
[M4(L)4(X)4(S)x], where X— is a monoanionic ligand and S are solvent molecules.7—13 Very
frequently, x = 4 for monodentate X— ligands (i.e., Cl—, N3—, carboxylates), zero for bidentate ligands
(typically carboxylates), or x = 2 for intermediate cases. Coordination of four bidentate L ligands to the
{M404} core is not trivial and can be achieved in three main arrangements: one ligand linked to each
cation arranged in two pairs of parallel ligands rotated by 90° between them (Fig. 3-A); one ligand
linked to each cation with the four ligands parallel between them (Fig. 3-B); or two pairs of ligands

linked to only two cations (Fig. 3-C). The A arrangement is by far the most common for M = Fell,7
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Coll,8 NillL,9 Cull and ZnlI;10,11 the Barrangement has been reported in few cases for {Ni4O4}
cubanes,9f,j,p,12a and once for {Co404}12b and {Cu404}12c cubanes, whereas the C-coordination has
never been reported for homometallic {M404} cubanes. However, the C-arrangement is the preferred
for heterometallic {M2M'204} or {M3M'O4} cubanes (M = Coll or Nill, M' = MnllI or LnllI) in which
M’ is more oxophilic than the Coll or Nill cations.13

The ideal cubane structure is highly symmetrical (Td) but the presence of four bidentate ligands reduces
drastically the symmetry of the clusters, being S4 for the A-arrangement, D2 for the B-arrangement and
C2 for the C type. The A-type cubanes are intrinsically achiral due to the presence of the S4 improper
rotation axis but interestingly, the dissymmetric D2 and C2 groups are intrinsically chiral, Fig. 3. The
preparation of chiral systems from achiral components is unusual, and as can be expected, the achiral
type-A cubanes are the predominant arrangement.

The analysis of the structural data for the B-type cubanes reveals that they are closely related to the
presence of substituted pym— ligands that are chiral or bearing large substituents.9f,k,p,12 The cubanes
belonging to the C-type show a lower symmetry, containing two different cations and an heterometallic
core profiting from its different oxophilic character. In all of the reported cases, B and C-type cubanes
show both enantiomers related by an inversion centre in the network, but the subsequent resolution to
obtain enantiomerically pure chiral cubes was unsuccessful.

Complexes 1 and 2 exhibit a C-type core that has never been previously reported for homometallic
cubanes. The reason for this observation is directly related to the employment of the chiral mpm— ligand
and the transfer of this chirality as the driving force.

For the A-type cubanes with only one bidentate ligand coordinated to each Nill cation, transfer of
chirality resulting in octahedral chiral centres is not possible and the S4 symmetry excludes this
possibility due to the chiral character of the ligands. In the same way, the B-type could be possible, thus
yielding chiral cubanes in which the transfer of chirality is only possible to the cluster, but not to the
cations, because of the same reason as in the A-type. In contrast, the C-type core promotes the transfer
of chirality to the Nil/Nil’ cations, which are coordinated to four bidentate ligands with the AA
configuration for the enantiomer containing the (R)-mpm—ligands and the AA configuration for the
enantiomer containing the (S)-mpm— ligands. In addition, the asymmetric arrangement of the mpm— and
carboxylate ligands around the {Ni4O4} core determines the chirality of the entire cubane systems, Fig.
4, resulting in the maximum transfer of chirality from the ligand to the molecule.

The reaction of the racemic mixture of Hmpm with nickel acetate is noteworthy to reinforce these
conclusions. The simultaneous presence of both enantiomers of the ligand could a priori allow several
arrangements: the cubane with A-shape containing (R) and (S)-mpm— and S4 symmetry, the two
enantiomeric cubanes in the same network related by inversion centers/planes or the separate
crystallization of enantiomerically pure crystals of each enantiomer. The experimental result of this
reaction allowed the characterization of enantiomeri cally pure crystals of complexes 1, supporting the

maximum transference of chirality.
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Electronic circular dichroism (ECD) studies

Electronic circular dichroism confirms the enantiomeric nature of the 1R/1S and 2R/2S pairs of
complexes. The spectra are characterized by three absorptions. As a representative example, the
spectrum of 1S collected in methanol solution exhibits positive Cotton effects at Amax = 230, 270 and
310 nm and a weak negative Cotton effect at 385 nm, whereas 1R is the mirror image with absorptions
at the same wavelengths but with the opposite sign, Fig. 5. The spectra of 2R/2S recorded in
dichloromethane show the same signals at Amax = 280 and 330 nm ( positive) and the weak signal at
397 nm (negative).

The spectra recorded in the solid state for 1R/1S show the same absorptions with the same signs shifted
~10-20 nm to higher wavelengths with respect to the methanolic solution (243, 280, 328 and 423 nm).
The agreement between the solid and solution spectra indicates that the clusters are stable in solution,

independently of the polarity of the solvent.

Magnetic properties

The magnetic response is not dependent on its R or S chirality and thus, the measurements were
performed for one of the enantiomers of each compound. The susceptibility measurements for 1R and
2R reveal a very similar response between them as can be expected from the similar structural
information (Fig. 6). Room temperature yMT values for 1R/2R are 5.07/4.85 cm3 mol—1 K, larger than
the theoretical value of 4.00 cm3 mol—1 K (g = 2.0) for four isolated S = 1 spins. On cooling, the yMT
values are quasi constant between 300 and 100 K and below 50 K they show a fast decrease and tend to
zero at low temperature. The presence of clear yM maxima at 12.5/17 K indicates an overall
antiferromagnetic response and an S = 0 ground state and weak magnetization under the maximum
applied field of 5 T, Fig. 6, inset, due to the partial population of the closer excited spin states, ESI Fig.
S1.t

A fit of the experimental data was performed on the basis of the structural data that show three opposite
pairs of faces with different bond parameters among them, Scheme 2.

For an antiferromagnetic system that tends to zero susceptibility at low temperature, it is not necessary
to consider the anisotropy of the cations and therefore the experimental data were fitted with the PHI

program14 applying the isotropic Hamiltonian:

H=—%,5 - 5+5-5)—2L(5 -5, + 5 -5)
— (5 - 5 + 5y 5s)

Preliminary fits with this three-J Hamiltonian show similar values for J2 and J3 and thus the fit was
simplified assuming J2 = J3. The best fit parameters are J1 =3.1 cm—1,J2=J3=-2.5cm—1, g=2.28
andR=14x10-4for IRandJ1=6.0cm—1,J]2=J3=-3.1cm—1,g=2.22and R=6.1 x 10-5 for

2R. As an example, a fit of the magnetization data for 1R was satisfactory, affording the very similar
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exchange parameters J1 = 3.1 ecm—1, J2 =J3=-2.5 cm—1, g = 2.28, Fig. 6 inset. For the {Ni4(u3-OR)4}
cubane topology it has been well established that there is a magneto-structural correlation between the
value of the Ni-O—Ni bond angles of each face and the sign and magnitude of the superexchange
interaction. The ferro-antiferromagnetic (FM/AF) border has been calculated to be around 99°, allowing
ferromagnetic interactions for smaller bond angles and antiferromagnetic coupling for larger angles.15
For strongly distorted cubanes, such as 1 and 2, it is not simple to justify the S = 0 ground state and the
sign of the interactions as solely being due to the presence of different distortions in the Ni-O—Ni bond
angles, the Ni-O-Ni—O torsion angles and the presence of additional carboxylate bridges. To understand
the coupling in the above described compounds, we have reviewed the metrical parameters and the
magnetic response of the {Ni4(pym)4} cubanes for which the magnetic susceptibility data are available
in the literature.

Firstly, we realized that all studied [Ni4(pym)4(X)4(S)4] cubanes, where X— is a monoanionic ligand
and S are solvent molecules, belonging to the A-type system, give a ferromagnetic response with a well-
defined S = 4 ground state. It is noteworthy that even with low barriers for the reversal of the
magnetization, some of these complexes exhibit single-molecule magnetic (SMM) behavior.9¢,d
Structurally, these cubanes are quite regular, with Ni-O—Ni bond angles close to the FM/ AF border,
being slightly larger for the two opposite top faces that coordinate the pym— ligands, than the other four
side faces, Table 2. The six faces of the cubanes are roughly planar with very small or negligible Ni—-O—
Ni—O torsion angles, Fig. 7.

In contrast, the systems containing syn—syn carboxylate bridges with the formula [Ni4(pym)4(p-
RCO0)2(X)2(S)2] or [Ni4(pym)4(n-RCOO)4] exhibit an overall antiferromagnetic response and an S =
0 ground state. These systems belong to the A- or B-types and are characterized by strong distortions in
their cubane cores. The most important distortion is derived from the bite angle of the carboxylate ligand
that requires slightly shorter Ni---Ni distances to achieve the coordination, thus reducing the Ni-O—Ni
bond angles to 90°, or lower, and inducing an appreciable Ni-O-Ni—O torsion angle, Fig. 7 and Table 2.
For the systems with four faces linking syn—syn carboxylates, the two top faces coordinating the pym—
ligands increase the Ni-O—Ni bond angles up to 103°. In some cases, it has been postulated that the
antiferromagnetic contribution of the carboxylate bridge can promote AF coupling independently of the
reduction in the Ni-O-Ni bond angles.12a,16 However, studies on FM dinuclear {Ni2(u-OR)2(u-
RCOO)} systems17 with similar bond parameters or cubanes with [Ni4(u3-OR)4(u-RCOO)2] cores and
S =4 ground states demonstrate that there is always some ferromagnetic character in this pathway.18 In
light of these data it seems reasonable to assign the ferromagnetic interaction parametrized by J1 to the
Nil---Ni2 interactions and the antiferromagnetic interactions to the other four superexchange pathways

within the cubane cores of 1 and 2.
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CONCLUSIONS

In conclusion, two pairs of enantiomeric cubane-like {Ni4(pym)4} clusters have been characterized. The
reported systems are the first Nill complexes derived from the ligand 2-(1-hydroxyethyl)pyridine
(Hmpm). The chiral character of the ligand promotes the transfer of chirality to the Nill cations and the
cubane core resulting in an unprecedented homometallic asymmetric motif. The topology of the {Ni4(R-
pym)4} cubanes has been reviewed and their magnetic response, that can be FM (ground spin state S =
4) or AF (ground spin state S = 0), has been correlated to the [Ni4(pym)4(X)4(S)4] formula and the
distortions derived from the coordination of the X = carboxylate ligands. Comparisons of racemic or
achiral clusters versus their chiral counterparts is a poorly explored field that offers interesting

perspectives derived from their potential structural differences and their derived properties.
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Legends to figures

Scheme 1. (top) A plot of the Hmpm ligand (asterisk denotes the chiral C-atom); (bottom) Coordination
modes for mpm— and carboxylate ligands found in the complexes reported in this work.Figure. 1 (top)

Mirror image of 1R and 1S; (bottom) the labelled common core for 1R, 1S and 2R.

Figure.2 Packing of complexes 1 (top) and 2 (bottom) showing the different arrangement due to the size

and polarity of the methyl- and tert-butyl substituents of the carboxylate function.

Figure.3 (top) View of the three arrangements of four bidentate ligands around the {M404} core;

(bottom) symmetry elements for the three cases.

Figure.4. (top) View of the A or A configuration around the Nil cations for 1R/2R and 1S/28S,
respectively; (bottom) view of the R and S cubanes along the C2 axis showing the chirality of the

molecules. Bidentate carboxylates and one of the mpm— ligands have been emphasized for clarity.

Figure.5 ECD spectra for complexes 1R/1S in the solid state (top) or methanolic solution (middle) and
2R/2S (bottom). Red and black lines correspond to (R) and (S) enantiomers, respectively.

Figure.6 yMT vs. temperature plots for complexes 1R (red) and 2R (blue). Insets; yM vs. T plots
showing the susceptibility maxima and magnetization vs. field for 1R showing the low magnetization

due to close S # 0 lying spin levels.

Scheme 2 Left, coupling scheme for complexes 1 and 2. J1 refers to the faces that coordinate the syn—
syn carboxylates. Right, spin arrangement from the calculated J values that justify the S = 0 ground

state.

Figure.7 {Nill4} cubane cores derived from the pym— ligand without (left) or with two (middle) and
four (right) carboxylate coligands. The two top faces that coordinate the pym— ligands are highlighted in

orange.
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487  Table 1 Main bond distances (A) and angles (°) for complexes 1R, 1S and 2R

488
1K 15 2R
N 1}-0{1) 2039 4) 2 0393} 2 057(7)
M 1}-02) 20575} 20543} 2.060{H |
Hi{1}-0{1') 20955) 2407 143} 2. 1065
r-.'§1|—d. 1) 20600 5 20473 20626 |
N 1}-m1) 2065 6] 20583 204816 |
Wi 1}-Ni2) 20676 2407 54) 20716
Nz} 1) 203 5 20483 20625 |
Wi 2}-02) zni;tl}sj 2.107 3} 208405
N2} ) 204N 5] 2087 3] 2. 106(5 |
r;§z|—u:.1| 203005 20314 3] 2.032(7 )
N2} 5) 21015} 2.11144] 215206
NiZ}Of6) 2043 5] 2.11004] 2. 10406 |
Ni{1}-0(1"}-Ni2 an.32) HH.TEH 8414 3)
Wi 10 2)-Kifz2 ) w0z 97.2(1) HH B3]
Wi 1}-0 1)-Kif17) 1003 2] 10101} 105{2)
r-.'§1|—-. 1)-wifz’} . 52| a6(1] 1040.2{ 3}
r;§2|—¢‘a:z|—r.'jnp‘| 1272} 10151} W01.7{2)
N 102Kz 7. 32) HA3(1) G073
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Table 2 Bond parameters and magnetic response (FM or AF response, S ground state) for the reported

cubanes derived from 2-pyridinemethanol

Compound”  Ni-0-Ni (Top faces)  Ni-O-Mi (jDther fices]  Ni-O-Ni-O [Top faces)  Ni-O-Ni-O [(rther faces)  Type  FMJAR S Ref.

[ 4 pym)aiaSy|

AKISLL b S Wb b4 a8 A B S=4 e

AKISOC" o932 P15 b 732 2595 A P S=4 ad
LS SH. 4 WS 53 0.7

BEPEED 1014 S 9701 55 11L& A B 5=4 ad
w7 LI 7.4 75 .z

HECHIN 1L 958 .M, .2 4.5 1Ll A B 5=4 ad
5 R A SFLE; W3 ha a7

HECHOr =2 S WA - | a4 A PM; 5=4 S

HECNLUZ e ] Sy LS hA R A PG 5=4 ad

i) i LILIIE. ot B S HE55 4454 L5108 A B 5=4 a@

IROHIHS 96.7-94.9 SFLE-A5 1 5873 S2-9.8 A P 5=4 @

FALTOV 104L5 S T 5h .7 A P 5=4 a9
aH.7 L5481 4.1 a3

BEPEON" FLH ST e 3 EE.] 9545 A P S=4 b
w7 SELE; 8.3 a5 a9

[ i pymldp-R OO0

CEDCEW 10261022 Sho1-92.7 3512 129122 A AF, FM; 5=0 o

CEDCLA 1A 51027 951913 4.7-43 14.4-1189 A AF, FM; 5=0 S0

CEDOOGE 103.4-1032 23.7-91.46 L. o el 13.4-123 A AP, FML 5=10 %o

LA RAK 022 S5 599 25 122 A AF, FM; 5=10 %m

LEZXLE 1ZE7 ST, 954 3z 1.7 A AR FM: S=0 o

[ pyem R OO0 54

SIYSIL™ ) FL W 31N K983 0-913 5560 189-14;175-17.2 E AR FM: S=0
10235806 W2 1-10007 23915 4.7 Z4-17;195-17.8

u l"l-"l:'l.f 1022 10040 101 5-10N1.1 1813 22-019;20:2-19.2 B AP, FM; 5=10 12a

ML 7-HH.9

3 OO cmde. * Complaes with twa nonrequisalent cubses in the unit cell ©All angles of the arbe are different. The tabulaied vahes aymespond
iy the @ nge between the larger and shornter angles.



