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Three-Dimensional Lanthanoid-Containing Coordination Frameworks:
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Two lanthanoid-containing 3D coordination polymers,
[Gd,La(H20)s], (1) and {[TbL; 5(H,0)]-0.5H,0}, (2) (L = suc-
cinate), have been prepared by hydrothermal reaction. The
difference in structure between the two 3D coordination
polymers is a result of the flexibility of the ligand conforma-
tion. The magnetic properties of 1 and 2 have been investi-
gated in the 1.8-300 K range. Both complexes exhibit ferro-
magnetic interaction between lanthanoid ions. AC magnetic

measurements revealed long-range magnetic order in com-
plex 2. Especially 2 integrates the ferromagnetic, fluorescent
and porous properties into a single entity. This motif may be
developed to achieve new multifunctional molecular-based
materials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Solid-state assembly of coordination polymers has at-
tracted increasing attention due to their fascinating struc-
ture as well as their potential applications in materials sci-
ence, such as zeolite-like porous structures and optoelec-
tronic properties.!?! To construct coordination polymers,
polydentate organic ligands are usually employed as space
linkers to connect the metal ions.[>* The resultant function-
ality might not only rise from the organic ligand molecules
but also from the inorganic metal ions. Accordingly, the
wide-ranging functionality of the metal moiety, such as
magnetic and optoelectronic properties, can be associated
with the ability of the organic ligands to modulate special
structural arrangements, to develop new molecular-based
materials. Moreover, this supramolecular entity could lead
to a multifunctional materials.”) For this purpose, more
new unique 3d- and 4f-metal containing coordination poly-
mers have been investigated.[*'!] Most work involving lan-
thanoids has focused on the structures and luminescent
properties of the complexes rather than on magnetic prop-
erties. In these lanthanoid-containing coordination poly-
mers, many organic ligands containing oxygen atoms are
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employed as a bridge to connect the lanthanoid ions be-
cause of the high affinity of the lanthanoid ions for oxygen-
containing ligands, such as the terephthalate anion!''4 and
4,4'-bipyridine N,N’-dioxide.[''®?l Among them, aromatic
polycarboxylate anions are widely used because of their ri-
gid structure.[®'!! However, the structural variation of coor-
dination polymers is ascribed to both the metal-ligand co-
ordination modes and the conformational isomerism of lig-
ands that arises from their flexibility. Generally, for ali-
phatic carboxylate ligands, the conformational variation of
flexibility plays a more remarkable role than that in aro-
matic carboxylate ligands. As a simple aliphatic dicarboxyl-
ate ligand with multi-conformation isomerism, the succi-
nate anions is the better choice to investigate the effect of
conformational variation in coordination polymers because
of the uncomplicated results. To date, in (succinato)metal
coordination polymers, the inorganic species are mostly d-
block metals such as Fe!' succinate!'?d and several (suc-
cinato)cobalt(i1) coordination polymers with different struc-
tures.['?#-¢] Recently, a few (succinato)nickel(i) coordina-
tion polymers as porous materials and one example of a
(succinato)Sc™ 3D coordination polymer as a hetero-
geneous Lewis acid catalyst have been reported.'>!4 There
are only two examples of lanthanoid coordination polymers
involving succinate, prascodymium succinate %41 and lute-
tium succinate.'>*! In this paper, we present two 3D lan-
thanoids coordination frameworks, [Gd,L;(H,0),], (1) (L
= succinate) and {[TbL,s(H,0)]-0.5H,0}, (2), both of
which exhibit ferromagnetic interaction between lanthanoid
ions. Moreover, 2 emits an intense green fluorescence in the
solid state at room temperature.
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Results and Discussion

Crystal Structures

[Gd>L;(H30) ], (1)

A single-crystal X-ray analysis revealed that the solid-
state structure of gadolinium(i) succinate differs from that
of previously reported praseodymium(in) succinate and lu-
tetium succinate. There are two crystallographically inde-
pendent gadolinium ions in the asymmetric unit (Fig-
ure la). Each gadolinium ion is ninefold coordinated by
eight oxygen atoms from carboxylate groups of six succi-
nate ions and one oxygen atom from the water molecule.
Gd-O bond lengths vary in the range 2.357(8)-2.562(9) A —
in agreement with those of previously reported carboxylate-
containing gadolinium complexes (2.308-2.597 A).1
Table 1 gives selected bond lengths and angles. Two Gd™!
ions are connected by three carboxylate groups, in which
one acts as a carboxylate bridge in the usual #’:5’:u, mode
while the other two serve as oxo-carboxylate bridges in the
less common #°::u5 fashion.®4 Along the « axis, the edge-
sharing GdOy polyhedra extend to a 1D metal oxide like
zigzag chain. In the chain, the metal-metal separation for

@

(b)

Figure 1. (a) Coordination environment of the complex
[Gd,L3(H,0),], (1) with ellipsoids drawn at 50% probability level;
for clarity, all hydrogen atoms are omitted and only the asymmetric
half of the succinato ligand is shown; symmetry code: (A) = x +
1, y, z; (b) coordination environment of 2; lattice water molecule
and all hydrogen atoms omitted for clarity, and thermal ellipsoids
shown at 50% probability; symmetry code: (A) = —x + %5, y — Y,
—z+ %
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Table 1. Selected bond lengths [A], angles [°] and torsion angles [°]
for 1

Gd(1)-0(12) 2.35809)  Gd(1)-O(7) 2.378(8)
Gd(1)-0(10) 245409)  Gd(1)-O(1W) 2457(11)
Gd(1)-0(3)! 246109)  Gd(1)-0(2) 2.462(10)
Gd(1)-0(5)! 2467(9)  Gd(1)-O(1) 2.474(8)
Gd(1)-0(9) 2.514(8)  Gd(2)-0(6) 2.357(8)
Gd(2)-0(2W) 240209)  Gd(2)-O(11) 2.412(9)
Gd(2)-0(9) 24198)  Gd(2)-O(1)® 2.427(9)
Gd(2)-0(8) 2458(8)  Gd(2)-0(4) 2.483(10)
Gd(2)-0(3) 2.537(9)  Gd(2)-O(7) 2.562(9)
O(12)-Gd(1)-0(7) 75.8(3)  O(12)-Gd(1)-O(10) 75.2(4)

O(7)-Gd(1)-0(10) 119.33)  O(12)-Gd(1)-O(1W) 78.1(4)

O(12)-Gd(1)-0(3)&! 139.73)  O(7)-Gd(1)-O3) 142.8(3)
O(12)-Gd(1)-0(2) 757(3)  O(12)-Gd(1)-O(5)&! 142.2(3)
O(12)-Gd(1)-0(1) 125.43)  O(7)-Gd(1)-O(1) 101.3(3)
O(2W)-Gd(2)-O(1)™ 142.73)  O(6)-Gd(2)-O(8) 79.003)

O(11)-Gd(2)-0(4) 113.74)  O(9)-Gd(2)-O(4) 75.2(3)

0(9)-Gd(2)-0(3) 99.73)  O(8)-Gd(2)-0(3) 140.6(3)
0(6)-Gd(2)-O(7) 124.6(3)  OQ2W)-Gd(2)-0O(7) 72.2(3)

0(3)-Gd(2)-0(7) 155.93)  C(9)-C(10)-C(11)HC(12)1  89.4(12)
C(5)-C(6)-C(TEC@)T  —70.7(14)  C(1)-C(2)-C(3)E-C(4)l) 178.8(11)

Symmetry transformations used to generate equivalent atoms: [a]
M:x+ 1,y z.[b]A): x—=1,p z. [c]A): -x + 1, -y + 2, =z + 2.
[dAV):—x+1,p+2,—z+1[e](V)ix+2,y-1,z

the two symmetrically independent gadolinium ions GdI-
Gd2 is 4.0583(12) A. The distance between two adjacent
symmetrically related Gd"™ ions is slightly elongated to
4.0595(13) A [Gd1-Gd2" (I: 1 + x, y, z) or Gd2-Gd1™ (II:
x — 1, , z)]. In the lattice, all metal oxide like chains are
connected through the carbon-hydrogen chains of the suc-
cinate ions to produce 3D lanthanoid coordination frame-
works. Notably, there are three conformations in the car-
bon-hydrogen chains of succinates, which can be observed
along the a axis (Figure 2). Two of them adopt gauche-stag-
gered conformations and extend along the ¢ axis, approxi-
mately. One such conformation has a torsion angle of
89.5(12)° (C9-C10-CI1™M-CI2", IIL: 1 — x, 2 — 3, 1 — 2)
and the other of 70.7(13)° (C5-C6-C7™V-C8™, IV: 1 — x,
2 —y, 2 — z). The third succinato ligand possesses an anti-
staggered conformation and extends along the b axis, ap-
proximately. Here, both carboxylate groups serve as #°:’ ;15
mode bridges. In the gauche-staggered conformations, how-
ever, one carboxylate ion acts as a carboxylate bridge in
n':n’:u, fashion and another as a #°:#':1, mode bridge.

Figure 2. 3D framework of 1 projected down the 1D chain; hydro-
gen atoms omitted for clarity

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 767
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{[TbL; 5(H>0)]-0.5H,0}, (2)

Complex 2 also has a 3D framework, but differs from
complex 1, containing a mononuclear asymmetric unit that
consists of a terbium(i) ion, a coordinating water mole-
cule, 12 succinate ions as well as %2 a guest water molecule.
The terbium(in) ion is also ninefold coordinated by eight
oxygen atoms from six carboxylate groups and one water
oxygen atom. All oxygen atoms around the Tb'! ion form
a TbOy unit that can be viewed as a tricapped trigonal
prism. Tb-O bond lengths are in the range 2.294(4)-
2.507(4) A, which are consistent with that of a previously
reported  carboxylate-containing  terbium = complex
[2.264(6)-2.533(6) A].17") Table 2 gives selected bond lengths
and angles. Along the b axis, the TbOy polyhedra extend to
a 1D zigzag chain by sharing the polyhedron edge. The 1D
metal oxide like chains are linked by carbon chains of the
ligands to form a 3D metal-organic framework (3D MOF).
Although the succinato ligands function in the same modes
asin 1, there are 1D channels that include guest water mole-
cules in the 3D MOF and only one Tb:Tb separation
[4.0211(5) A] in the metal oxide like chains. Guest water
molecules are bound to the framework through weak hy-
drogen bonds, O(2W)-H(2WB)--O(1W) (Table 3). How-
ever, the conformations of the carbon-hydrogen chains of
the succinato ligands differ slightly from that of 1. There are
just two conformations of the carbon chains in 2 (Figure 3),
a gauche-staggered with a torsion angle of 72.8(7)° (C1-C2-
C3V-C4Y, V: x, y — 1, z — 0.5) and an anti-staggered
(Table 2). Therefore, the host structural difference between
the two complexes is probably caused by the flexibility of
the ligand.

Table 2. Selected bond lengths [A], angles [°] and torsion angles [°]
for 2

Th(1)-O(4)&! 2.294(4)  Tb(1)-O(2) 2.395(4)
Th(1)-O(5)1 2.398(4)  Tb(1)-O(3) 2.416(4)
Th(1)-O(5) 2441(4)  Tb(1)-O(1W) 2.456(4)
Th(1)-O(6) 2462(5)  Tb(1)-0(1) 2.465(4)
Th(1)-0(2) 2.507(4)  O)“-Th(1)-O(2)1! 77.13(14)
O(@)lL-Tb(1)-O(5) 75.80(14)  O(2)-Tb(1)-O(5)! 68.55(14)
O(4)LTh(1)-0(6) 85.74(15)  O2)ELTb(1)-0(6) 71.48(14)
O(@)l-Th(1)-O(1) 82.66(15) O(2)ELTh(1)-O(1) 137.65(13)
O2)ELTh(1)-0(2) 152.63(4)  O(5)“-Th(1)-0(2) 104.77(14)
O(3)-Tb(1)-0(2) 78.11(13)  O(5)-Tb(1)-0(2) 66.13(14)
O(IW)-Tb(1)-0(2) 71.45(13)  O(6)-Tb(1)-O(2) 115.54(13)
O(1)-Th(1)-0(2) 51.65(13)  C(1)-CQ)-CRPLC@P  72.8(7)
CA)-C3)-CQE-C(E  72.8(7)  C(5)-C(6)-C(E)-C(5)  180.000(1)

Symmetry transformations used to generate equivalent atoms: [a]
(D: —x + 1/2, y — 1/2, —z + 1/2. [b] (IIT): x, —y + 1, z — 1/2. [c] (IV):
x,y+1,z+ 12 [dV):—~x+1,-y+1,—=z+1.

Table 3. Hydrogen bonds for 2

D-H-A dD-H)  dH-A)  dD-A)  <(DHA)
[A] [A] [A] |
O(IW)-H(IWB)-O(3)l 0.85 2.14 2.853(6) 141.4
O(1W)-H(IWA)--O(1)! 0.85 1.86 2.707(6) 173.4
OQW) HQWB)-O(IW)  0.85 222 2.927(5) 140.5

Symmetry transformations used to generate equivalent atoms: [a]
(ID): —x + 1/2, y + 1/2, —z + 1/2. [b] (VI): —x + 1/2, -y + 1/2, —=z.

768 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. 1D channels including guest water molecules in the 3D
frameworks of 2; all hydrogen atoms omitted for clarity

Thermal Properties

Thermal gravimetric analysis (TGA) is consistent with
the X-ray structural results of both coordination polymers.
For complex 1, the gradual weight loss from 115 to 197 °C
(5.35%) corresponds to the loss of coordination water mole-
cules (calcd. 5.16%). The complex then decomposes above
404 °C. In contrast, complex 2 shows a sharp weight loss in
the range 86-94 °C (3.26%) due to the loss of the guest
water (caled. 2.50%). The thermal analysis curve confirms
the presence of guest molecules in the channels of the 3D
MOF containing terbium. The second weight-loss (156—
202 °C, 5.52%) can be attributed to the loss of coordination
water molecules (calcd. 5.13%). Complex 2 decomposes
above 400 °C.

Magnetic Properties

The magnetic behavior of complex 1 is represented in
Figure 4 as y\7T vs.T. At room temperature, ;7 is 15.55
cm’ mol ! K, which is close to the value, 15.75 cm?
mol ' K, of two non-interacting Gd** ions in the 3S,,
ground state. With decreasing temperature, yy7 decreases
smoothly and reaches a minimum of 15.17 ¢m® mol ! at
50 K. Below this temperature, y\7 increases rapidly, indi-
cating that the ferromagnetic interaction between the Gd3*
ions dominates the magnetic properties of complex 1. This
overall feature indicates two conflicting effects. Ferromag-
netic interaction between two Gd3* ions increases the mol-
ecular magnetism, while some other factors induce the de-
crease of y\7. Similar behavior observed in other lan-
thanoid-containing complexes!®®* is suggested to arise
from the Stark effect caused by the crystal-field pertur-
bation and splitting f orbits. This effect tends to lower the
local contributions of the lanthanoid ions.['® However, the
Gd3* ion has a half-filled 4f shell and, to a first approxi-
mation, its ground state must not split in ligand fields. Ac-
tually, the crystal field distorts the ion symmetry and the
degeneracy is broken partly, and a slight splitting always

www.eurjic.org Eur. J. Inorg. Chem. 2005, 766772
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occurs. Generally, the Stark effect for Gd"! is of the order
of 0.05 cm™!, which is not enough to decrease yym7 in the
range 50-300 K. In both GdCl; and Gd(OH)s, both ferro-
magnetic and antiferromagnetic interactions are present.
They arise from the usual Heisenberg form of the exchange
plus magnetic-dipole interaction and they do not change
appreciably below 77 K.['7-1] The nearest-neighbor (J,,,,) in-
teractions (nn pairs) are antiferromagnetic while those of
the next-nearest neighbor (J,,,,) interactions (nnn pairs) are
ferromagnetic. The observed magnetic behavior depends on
the dominant interaction. The description of this system
closely follows the spin-wave theory used successfully for 3d
ions.'1 In complex 1, the two Gd-Gd separations men-
tioned above probably make the nn and nnn pairs, such as
Gd1-Gd2 and Gd2-Gd1’. The nnn pairs could not, seem-
ingly, be Gd1-Gd1’ or Gd2-Gd2’, because the shortest dis-
tance between them is ca. 7.707 A. Interaction at this dis-
tance should be very weak and could be neglected. How-
ever, it could not be confirmed as intrinsic source. The na-
ture of the Gd+--Gd interaction in 1 is supported by magne-
tization measurements in the 0-7 T range at 1.83 K. The
magnetization plot per Gd** ion closely follows the Bril-
louin function with a theoretical g factor (g = 2.0) (Fig-
ure 5).120
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Figure 4. Temperature dependence of 7 for 1

For complex 2, ymT increases with decreasing tempera-
ture over the whole temperature range (Figure 6), implying
that ferromagnetic coupling between Tb3* ions dominates
the magnetic properties. At room temperature, y\7 is 23.10
cm?® mol™ K, which is close to the value of two non-inter-
acting Tb* ions in the "F¢ ground state (11.82 cm? mol™!
per Tb>* ion).P%y\ T increases steadily from 300 to 20 K,
and then increases rapidly on further cooling to 1.8 K. All
these data indicate a ferromagnetic interaction between two
terbium ions in 2. AC magnetic measurements show a
strong temperature dependence of both in-phase magnetiza-
tion, y', and out-of-phase magnetization, y''. Both ¥’ and
x'' sharply increase below 4 K, suggesting long-range or-
dering in 1. The ordering temperature is <1.8 K because no
peaks are observed in ¥’ and y'’ vs. T plots (Figure 7). This
appears to be the first observation of long-range ordering
in fully structurally characterized lanthanoid-containing co-

Eur. J. Inorg. Chem. 2005, 766772 www.eurjic.org

MNBY(Gd Ymol”
(98] FN wn

N
T

—_

0 L 1 ! 1 1 | \

H/10KOe
Figure 5. Field dependence of the magnetization for 1 at 1.83 K

(circles); the solid line represents the Brillouin function for two
magnetically isolated Gd'! ions with g = 2.0
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ordination compounds that display a ferromagnetic interac-
tion.

The magnetic properties of most lanthanoid ions are
strongly influenced by their rather large unquenched orbital
angular momentum associated with the internal nature of
the valence f orbits.?”l This is one reason why lanthanoid
compounds are widely applied in magnet technology, but
also accounts for the difficulty in studying their magnetic
properties. Recent interest has focused on the magnetic be-
havior of the f-block coordination compounds.[#-10-211 Only
two examples of well-characterized lanthanoid complexes
containing gadolinium display ferromagnetic interaction
between lanthanoid ions;>4! others have observed ferro-
magnetism in dinuclear triple-decker complexes that include
Tb, Dy and Ho, but without structural characterization.?!]
The ferromagnetic interaction observed here in the gadolin-
ium carboxylate compound probably arises from the acci-
dental orthogonality between the magnetic orbitals of the
two interacting Gd"" ions, the angle at the oxo bridge, and
the Gd+Gd separation through it.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 769
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Fluorescent Properties

Complex 2 emits an intense green light in the solid state
at room temperature. Excitation and emission spectra (Fig-
ure 8) show typical Tb™! excitation peaks at 319 ("F¢—>Dy),
342 ("Fg—3L,), 352 ("TFg—>Ly), 370 ("F¢—>Gs) and 379 nm
("F¢—>Gg), indicating that direct excitation of the terbium
ion operates in complex 2 when emission at 544 nm is ob-
served. The emission spectra are almost identical when exci-
tated at 352 and 370 nm. Emission peaks at 489, 544, 585
and 621 nm can be assigned to °D,—"F, (n = 6, 5, 4, 3)
transitions, respectively. The most intense emission, at
544 nm (°D,—"Fs), is a magnetic dipole transition (AJ =
*+1). Both excitation and emission spectra agree well with
the spectra of a terbium-ion-doped inorganic ceramic.?”
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Figure 8. Excitation (dotted line) and emission (solid line) spectra
of 2 in the solid state
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Conclusions

Magnetic properties of the coordination frameworks in 1
and 2, along with the fluorescence of 2, support their struc-
tural motif. Functional carriers, such as Gd'"!' or Tb™! ions
as the spin carriers and Tb"" ions as the luminescent cen-
ters, can be arranged into a special solid-state structure by
the support or connection of the ligands, e.g. a 3D array of
1D chains. Such solids can display properties induced by
the metals ions. Especially, the 3D framework consisting
of terbium ions integrates ferromagnetic, fluorescent and
porous properties into a single entity. This approach proba-
bly makes some coordination polymers promising candi-
dates for new multifunctional molecular-based materials.

Experimental Section

Materials and Methods: All starting materials were purchased from
China Medicine (Group) Shanghai Chemical Reagent Corporation
and used without further purification. Elemental analyses were car-
ried out with a Perkin-Elmer 240C elemental analyzer. IR spectra
were recorded with a Bruker VECTOR22 FT-IR spectrometer
using the KBr pellet technique. Thermogravimetric analyses (TGA)
were performed with a TA-SDT 2960 thermal analyzer at a heating
rate of 10 °Cmin! from room temperature to 600 °C under nitro-
gen. The solid-state excitation-emission spectrum was acquired
with an AMINCOeBowman Series AB2 Luminescence Spectrome-
ter at room temperature. Magnetic susceptibilities were measured
with a Mag Lab2000 system and a SQUID MPMS XL magnetom-
eter. Diamagnetic corrections were made using Pascal’s constants.

Syntheses and Characterization

[Gd,L3(H;0),], (1): A mixture of Gd(NO;);e6H,O (45.3 mg,
0.1 mmol), succinic acid (18 mg, 0.15mmol), NaOH (12 mg,
0.3 mmol), and H,O (10 mL) was sealed in a 25-mL stainless-steel
reactor with a Teflon liner and heated to 170 °C. After 3 d at
170 °C, the mixture was then cooled to room temperature. Color-
less block-like crystals of 1 were obtained in 77.0% yield (53.8 mg)
after filtration and washing with water. C;,HGd,O0,4 (698.75):
caled. C 20.63, H 2.31; found C 20.62, H 2.37. IR (KBr, cm™!): ¥
= 3300 (m, br.), 2983 (w), 2947 (w), 2925 (w), 2913(w), 1572 (vs,
sh), 1427 (vs, sh), 1304 (s), 1215 (s), 1176 (s), 1002 (m), 909 (m),
691 (s), 652 (s), 572 (m).

{ITbL, 5(H,0)]-0.5H,0}, (2): A mixture of Tb(NO3);e6H,O
(45.5mg, 0.1 mmol), succinic acid (18 mg, 0.15 mmol), NaOH
(12 mg, 0.3 mmol), and H,O (10 mL) was sealed in a 25-mL stain-
less-steel reactor with Teflon liner and heated to 170 °C, kept at
170 °C for 3 d, then cooled to room temperature. Colorless block-
like crystals of 2 were obtained in 69.0% yield (49.7 mg) after fil-
tration and washed with water. C;,H;30,5Tb, (720.10): caled. C
20.02, H 2.52; found C 20.08, H 2.44. IR (KBr, cm™'): ¥ = 3302
(m, br), 2983 (w), 2948 (w), 2925 (w), 2914 (w), 1576 (vs, sh), 1429
(vs, sh), 1304 (s), 1215 (s), 1176 (s), 1002 (m), 909 (m), 691 (s), 653
(s), 572 (m).

Crystallography

[Gd,L3(H,0),],, (1): A single crystal (0.21x0.16X%0.12 mm) was used
for structural determination with an Enraf-Nonius CAD-4 dif-
fractometer with graphite-monochromatized Mo-K,, radiation (1 =
0.71073 ) using an w-260 scan mode at 293 K. Intensity data were
collected in the 0 range 2.75-25.00°, data reduction was made with
the MolEN package.?3! Absorption corrections from y scans were

www.eurjic.org Eur. J. Inorg. Chem. 2005, 766-772
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applied. The structure was solved by direct methods using
SHELXS-97 4 and refined on F? by full-matrix least squares using
SHELXL-97 with anisotropic displacement parameters for all non-
hydrogen atoms.[*”] Hydrogen atom positions were fixed geometri-
cally at calculated distances and allowed to ride on the parent
atoms. Relevant crystallographic data are presented in Table 4.

Table 4. Crystallographic data for complexes 1 and 2

1 2
Empirical formula Clel()Gd2014 C12H18015Tb2
Formula mass 698.75 720.10
Crystal system triclinic monoclinic
Space group Pl C2le
T [K] 293(2) 293(2)
a[A] 7.7070(15) 19.919(3)
b [A] 8.0490(16) 7.7119(11)
¢ [A] 14.128(3) 13.807(2)
a [°] 96.90(3) 90
BI°] 97.03(3) 121.605(2)
y[° 103.25(3) 90
V [A3] 836.6(3) 1806.4(4)
D yieq. [g cm™3) 2.774 2.648
zZ 2 4
4 [mm] 7.937 7.847
Rin 0.0204 0.0296
Reflections measured 3165 4345
Unique reflections 2928 1592

N(parameters),efined 257 132

Goodness-of-fit on F? 1.004 1.006

Ry [ > 2o(D] 0.0640 0.0253
WR, [I > 20(D)]®! 0.1850 0.0581
R, (all data)® 0.0685 0.0313
WR, (all data)®! 0.1914 0.0592

[a] Ry = X|IFy| — [F/ZIF. [b] wRy = [Ew(Fo?| — [FZ) Zw(1F)" .

{ITbL, 5(H,0)]-0.5H,0},, (2): A single crystal (0.20x0.14X0.10 mm)
was used for structural determination with a Bruker SMART CCD
diffractometer with graphite-monochromatized Mo-K, radiation (1
= 0.71073 ) using both @- and w-scan modes at 293 K. Intensity
data were collected in the 6 range 2.40-25.00°, data reduction was
made with the Bruker SAINT package.[*! Absorption corrections
were performed using the SADABS program.?”! The structure was
solved by direct methods using SHELXS-97 and was refined on
F? by full-matrix least squares using SHELXL-97 with anisotropic
displacement parameters for all non-hydrogen atoms. Hydrogen
atoms were introduced in calculations using the riding model.
Table 4 gives the relevant crystallographic data.

CCDC-228741 (2) and -28742 (1) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk).
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