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The design and synthesis of wheel clusters still continues to
attract intense interest not only because of their fascinating
physical properties but also because of the architectural
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beauty of their structures."™ So far, most of the work in this
area has focused on the assembly of transition-metal (TM)
wheels, thus many high-nuclearity TM wheels have been
obtained.’® However, the analogous chemistry of lantha-
nides is still underdeveloped.”! As lanthanide ions have
variable and high coordination numbers as well as poor
stereochemical preferences,'”! the construction of high-nucle-
arity lanthanide wheels is more difficult than the construction
of their TM analogues. In comparison with a number of TM
wheels such as [Mo,5],2 [Mng],?? [Niy],* [Fe,q],b
[Crio] [ [Copp] 7 [Cuyo] B [Tig) M and [Vi] '™ only a
few lanthanide wheels such as [Lng],”*®! [Ln,] =4 [Ln,,] P!
and [Ln,s] have been made.**#

In general, ligands in the periphery of metal ions play an
important role in forming and stabilizing metal wheels or
clusters.”*12l Recently, we reported a new class of 3D
framework that contained [Ln;,(pe-O)(ps-OH)y0]*F, {Lny,},
cores. These compounds were synthesized by choosing
isonicotinic acid (Hina) as a bridging ligand to link the
{Ln,,} cores with two types of Cu center.? If a second ligand
were to be introduced, the cooperativity of both ligands may
lead to a new open framework that contains lanthanide
clusters different from the {Ln;,} core, which would be helpful
in understanding the formation mechanism of the open
framework. In our search for new open frameworks con-
structed from lanthanide clusters, we have introduced a
second ligand, 1,2-benzenedicarboxylic acid (H,bdc).

We chose H,bdc as the second ligand based on the
following considerations: 1)it has versatile coordination
modes;["¥ 2) the chelating coordination of bdc may stabilize
new lanthanide cluster formed in the crystallization process.
Herein, we report two novel coordination polymers, [Er,(p;-
O)(13-OH)4(bdc)s](ina)o[CusX,] (X = Cl or Br, denoted FJ-2a
(1) and FJ-2b (2), respectively), in which the wheel-shaped
building blocks of [Erss(us-OH)5(us-O)s(bdc)s]**F, {Erse}, with
an 18 ring is currently the largest lanthanide wheel. 1 and 2
are the first sandwich frameworks based on the links by ina
ligands of layered inorganic—organic hybrid polymers, built
from nanosized {Er;)} clusters, and TM clusters. To date, only
three TM wheel-cluster polymers constructed from wheel-
shaped building blocks are reported, one is a chainlike
polymer linked by {Mo,,,} wheels,”™ the other two are layered
polymers linked by {Mo;s,}? and {Mo,s,)*" wheels respec-
tively; no systematic investigation of wheel cluster polymers,
in which the metal wheels are linked to each other or linked
with metal ions or clusters by organic ligands, has been carried
out.

Brown hexagonal crystals of 1 and 2 were made by
hydrothermal treatment of Er,O;, Hina, H,bdc, and CuX, in
water in the presence of HCIO, (pH?2). X-ray crystal-
structure analyses reveal that 1 and 2 are isostructural and
crystallize in the high-symmetry rhombohedral space group,
R3.'"' Therefore, only the structure of 1 is described in detail.
The asymmetric unit of 1 contains three unique Er’*, one
Cu**, and two Cl~ ions, and one bdc and three ina moieties
with two coordination modes (see Scheme 1 and the Support-
ing Information). Erl and Er2 are eight-coordinate and have
bicapped trigonal prism coordination environments: three -
OH groups, one p;-O, and two carboxylate oxygen atoms
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Scheme 1. Coordination modes of the ina (1, I1) and bdc (Ill) moieties
in1.

(O¢oo) from two bridging ina ligands (mode I), and two O¢gq
atoms from one bdc ligand for Erl (see Supporting Informa-
tion); two p;-OH groups, three Ocoo atoms from three
bridging ina ligands, and three Ocoo atoms from two bdc
ligands for Er2 (see Supporting Information). Six-coordinate
Er3 has trigonal-prism coordination geometry: three u;-OH
groups, and three O atoms from three terminal ina ligands
with mode II coordination (see Supporting Information). The
Er—O bond lengths vary from 2.247(6) to 2.472(7) A.

The Er*" ions are linked by hydroxo and oxo bridges to
give two types of small cluster cores: cubic [Er,(is-O)(pus-
OH),]’*, {Er,}, core that contains three Erl and one Er3
atoms and dimeric [Er,(u;-OH),]**, {Er,}, core that contains
two Er2 atoms (Figure la and Supporting Information).
Different from the cubane [Ln,(u-OH),)*, [Ln,], which
contains four p;-OH groups, the {Er,} core in 1 consists of
three p;-OH groups and one ps-O atom, which is rare in
known [Ln,] cores.”* ! The {Er,} cores link alternately the
{Er,} cores to form a nanosized {Ery} wheel with 18 ring
(Figure 1b, Supporting Information). Remarkably, six bdc
ligands are trapped in the inner of the 18 ring and bond to
adjacent Erl and Er2 atoms by four Oggo atoms. Although
the bdc ligand has more than fifteen coordination modes,['>!6!
it adopts a single ps-bdc mode found only in 1; the number of
coordination modes of ina is also reduced from four in
[Ln,,]" to two in 1, which indicates the high cooperativity
between the ina and bdc ligands in the formation of 1; the
unique ps-bde mode plays a key role in forming and stabilizing
the {Ers} wheel (Figure 1b). It differs from ND-1, in which
the 1,2-diaminocyclohexane templates stabilize the 24 ring
through hydrogen bonding (see Supporting Information).!'”

Compared with TM wheels, which are formed by TM ions
and organic ligands,*™ Ln wheels comprise not only organic
ligands but also sharing Ln ions.”) In [Lng]/[Ln,,] wheels,"*
the Ln ions are linked by OC,H,OMe ligands to form an 8/
10 ring in which the center is empty. In [Lng,]/[Lns]
wheels,”*# four/five {Ln,} cores share Ln vertices to form a
4 /S ring around 1 or 2 halide ions in their central cavity.
Notably, the construction mode of the wheel-shaped {Er;}
cluster in 1 is significantly different from above discrete TM
or Ln wheels.®™ The {Ersy) wheel is made up of strictly
alternating {Er,} and {Er,} cores that share p;,-OH groups
(Figure 1a, Supporting Information); the bdc ligands trapped
in the 18 ring further stabilize the {Ers;} wheel (Figure 1b).
Additionally, bdc ligands are grouped into threes to form
triangles that are stacked along the ab-plane in a staggered
fashion and thus appear as hexagons with an empty center in a
2D projection (Figure 1b). Each {Ers} cluster is linked to
surrounding clusters by sharing -Erl-OH-{Er2},-OH-Erl-
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Figure 1. a) The linkage of {Er,} and {Er,} cores through p;-OH in 1.
b) View of the {Er;} wheel showing the bdc ligands near the walls of
the 18 ring. The hollow center of the 18 ring has a diameter of about
6.3 A. Polyhedra centered by Er1 (green), Er2 (purple), and Er3
(yellow). c) View of giant wheel clusters linked to form layered cluster
network with 18 ring by an Er1-OH-{Er2},-OH-Er1 bridge. The bdc
ligands are omitted for clarity; color scheme as in (b). d) View of
sandwich framework based on linkages of 2D cluster layers and
{CusCl,} cluster pillars by ina ligands. Three adjacent layers of {Erss}
wheels are represented in green, purple, and yellow, {Cu;Cl,} in cyan;
white lines stand for pyridine rings of ina ligands; bdc ligands are
omitted for clarity. e) View of the channels in 1 along the [211]
direction. Color scheme as in (d); {Cu,Cl,} cores, ina and bdc ligands
are omitted for clarity.

bridges (see Supporting Information), thus forming a highly-
ordered layered cluster network with hexagonal, honeycomb
arrays (Figure 1¢ and Supporting Information). The layered
hybrid networks are stacked in parallel with
-ABCABC- alternations along the c axis, each layer is shifted
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by (—a + b + c¢)/3 with respect to the next one (Figure 1d,
Supporting Information). The distance between adjacent
layers is 8.3 A.

In 1, the five-coordinate Cu center has a nearly square-
pyramidal coordination environment made up of one p;-Cl,
two W,-Cl, and two N atoms from two bridging ina moieties
(see Supporting Information). Three Cu ions are bridged by
three W,-Cl and one p;-Cl atoms to form a {Cu;Cl,} trimeric
cluster (Cu--Cu 4.578(3) A; p-Cl-Cu 2.378(3)/2.712(4) A; us-
Cl—Cu 2.707(2) A, which is slightly longer than the p,-Cl—Cu
bond length (2.576 A) in a [CuyCl] cluster containing a Cl~
ligand in trigonal planar coordination mode, N—Cu 1.940(10)/
1.967(9) A.'¥1 Each {Cu,Cl,} core caps the {Ers)} cluster by
three ina ligands that contain N1/0O1/0O2 atoms and link the
{Er,} core of the adjacent staggered lanthanide cluster layers
by another three ina ligands comprising N3/O5/06 atoms (see
Supporting Information). Thus, the {Cu;Cl,} core links six ina
ligands to form a new cluster {Cu;Cl,(ina),} pillared between
adjacent lanthanide cluster layers (Figure 1d and Supporting
Information). While each {Ers} cluster links eight {Cu;Cl,}
cores through ina ligands (Supporting Information): two
{Cu;Cl,} cores cap two sides of the {Ers} cluster; six {Cu;Cly}
cores link six {Er,} cores on two sides of the {Er;s} cluster. The
{Cu;Cl,} cores at two sides of the {Ers} cluster have reverse
orientation and are stacked along the c axis in a staggered
fashion and thus appear as small and large hexagons on a 2D
projection (see Supporting Information).

The linkages between 2D hybrid cluster polymers and
{Cu,Cl,} clusters by ina ligands give rise to an unprecedented
3D sandwich framework (Figure 1d and Supporting Informa-
tion) with channels along the [211], [111], [121], [221], [421],
[451], [241], [151], [141], [541], and [511] directions (Fig-
ure le and Supporting Information). As many as 54 ina
ligands bond to the {Ers} cluster: 36ina ligands (mode I)
bridge and link the {Ers)} cluster with the {Cu;Cl,} core
through O¢po and N atoms; eighteen ina ligands (mode IT)
are terminal and only bond to six Er3 atoms of the {Er;}
cluster through O¢oo atoms, the N atoms are free and are
directed into the center of the channels (Figure 1d and
Supporting Information). Thus, the structure is of strictly
alternating lanthanide cluster hybrid layers and the {Cu;Cl,}
cores bridged by ina ligands of mode I coordination to form a
3D framework, in which the {Cu;Cl,} cores located between
adjacent layers have opposite orientations along the c axis
(Figure 1d). It is also understood that the lanthanide cluster
hybrid layers are pillared by the clusters of {Cu;Cl,(ina)} to
form a 3D sandwich framework.

The DC magnetic susceptibility of 1 was measured in the
temperature range of 2-300 K under an applied magnetic
field of 0.5 T. The u.; value per molecule is 24.4 pg at room
temperature, which is less than the calculated value of 25.5 pg
for seven Er’** and three Cu’* ions without magnetic
interaction, and thus it suggests a possible presence of
antiferromagnetic couplings between the metal ions (Er--Er
and/or Cu--Cu). As the temperature is lowered, 1 shows a
continuous decrease in the value of u g, which reaches 15.4 pg
at 2 K. This behavior may be attributed to the crystal-field
splitting of the Er’* ion and the contribution of overall
antiferromagnetic interactions.'”) No magnetic ordering and
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frequency dependence was observed above 2 K from the
variable-temperature AC magnetic susceptibility measure-
ments (see Supporting Information).

In summary, we have made two novel 3D lanthanide-TM
coordination polymers, each with a sandwich framework,
under hydrothermal conditions from ina and bdc ligands. The
unique Us-bdc coordination in the structure plays a key role in
forming and stabilizing the {Ers;)} cluster. The linkages
between the layered {Ers} cluster networks and the {Cus}
clusters through ina ligands result in two unusual lanthanide-
TM open frameworks with multidirectional channels. To the
best of our knowledge, this is the first time that such sandwich
frameworks, made of nanosized {Ers} cluster polymeric
layers and TM cluster pillars have been obtained. The
unique cooperativity between the ina and the bdc ligands in
the growth of 1 and 2 suggests that “synergistic coordination”
as a useful synthetic strategy has potential application in the
design and synthesis of molecular materials.

Experimental Section

1 and 2: A mixture of Er,O; (0.5 mmol, 0.191 g), Hina (2 mmol,
0.246 g), H,bdc (1.0 mmol, 0.168 g), CuX, (CuCl,2H,0, 0.2 mmol,
0.034 g; CuBr,, 0.2mmol, 0.045g), H,O (10mL), and HCIO,
(0.385 mmol) (pH 2) was sealed in a 30 mL Teflon-lined bomb at
170°C for 7 days then slowly cooled to room temperature. Brown
prismatic crystals of 1 and 2 were recovered by filtration, washed by
distilled water, and air-dried (Yield: 25% and 21% based on
CuCl,-2H,0 and CuBr, for 1 and 2, respectively). The positions of
the diffraction peaks of the experimental and simulated XRD
patterns corresponded well, thus indicating phase purity of the as-
synthesized samples of 1 and 2 (see Supporting Information).
Elemental analysis caled (%) for Cj;HsCL,Cu;Er;NoO5; (1):
C29.16, H1.70, N3.92; found: C29.21, H2.21, N3.65; for
CyHs,Br,Cu;Er;NgOs; (2): C27.63, H1.61, N 3.72; found: C28.17,
H 2.08, N 3.69. EDAX gives the Cu/Cl/Er ratio in 1 as 3:3.8:6.8 (calcd
Cu/Cl/Er=3:4:7) and the Cu/Br/Er ratio in 2 as 3:4.1:7.2 (caled Cu/
Br/Er=3:4:7). These results are in agreement with the formulas of 1
and 2 found from the single-crystal analysis. Thermogravimetric
analysis indicated that 1 was stable in air up to 200°C. Between 200
and 600°C, weight loss corresponding to loss of ina and bdc ligands
was observed.
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