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The first bilayer architecture based on hexanuclear heterometal cluster units, [EuCu™,Cu'( n3-OH)(p-
OH)L,(C104)(H,0)]-C104-3H,0 (1, L = 4-pyridin-4-yl-benzoate) was hydrothermally made and
characterized. One prominent feature is the nodes are heteralmetal hexanuclear clusters (Eu™,Cu") rather

than mono-metal ions, in which the heterometal clusters are in “head-to-head” arrangement. Another

feature is the linkages between monolayers: instead of the generally organic linkers, the linkers here are

[Cu'L,] motifs. Moreover, their orientation is opposite: the organic linkers in the literatures are

approximately vertical to the monolayers, while the [Cu'L,] motifs are parallel to the monolayers. Charge

balance is achieved by both non-coordinating and coordinating C10,” anions.

Introduction

Coordination polymers (CPs) are infinite systems constructed
from covalent bonds and other weak chemical bonds between
metal ions and organic ligands. During the past few decades, the
construction of CPs have attract extensive interest in coordination
chemistry and crystal engineering, not only by their potential
applications,! but also by their fascinating architectures and
topologies.” As a result, numerous literatures contribute in this
field, and vast CPs with discrete, and extended arrays of one
dimensional (1D), 2D as well as 3D have been made.
Simultaneously, interesting structure motifs appear, such as
linear/zigzag chains;® square network, bilayer;* diamondoid and
octahedral net.’ Bilayers can serve as large building units, once
polycatenated or pillared, 3D network will be received. In fact,
bilayer could also be found in inorganic frameworks of borates
and silicates.® The inorganic single layers were connected by
sharing oxygen atoms’ 8 to form inorganic double
layers. But in inorganic-organic hybrid material, the monolayers
were extended by organic ligands. Thus, multidentate ligands like
oxalate,g isonicotinate, '’ trimesate,“ and derivations of 4,4’-
biphenyl'? have been extensively employed.

Heterometallic clusters/CPs with different metals may induce
multi-functionality, which make them more interesting than the
homometallic ones." So far, many heterometallic compounds and
bilayer architectures based on transition-metal (TM) or lanthanide
(Ln) ions have been reported.g’l‘?’14 However, the heterometallic
bilayer are still very scarce, especially the bilayers based on

or clusters

heterometal clusters. Thus, it remains a synthetic challenge due to
the competitive reactions between Ln and TM chelating to the
same ligand, and the rational assembly of the oriented bilayers
built by the cluster units. In this case, supporting ligands require
an adequate number of binding sites and capacity to link both Ln
and TM together. Aromatic carboxylate ligand, 4-pyridin-4-yl-
benzoic acid (HL) seems good candidate: 1) It is a rigid ligand
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with O and N donors on opposite sides, enabling the L ligand to
act as a linear bridge; 2) the carboxylate oxygen atoms (Ocoo-)
may coordinate to the oxophilic Ln ions, the pyridyl nitrogen
atoms (Npy) can bridge to TM ions, and thus extended
heterometallic framework might be obtained; 3) besides covalent
bonds between metal ions and organic ligands, weak interaction
may exist: Npy and the O¢oo- atoms can participate in hydrogen
bonds and the aromatic rings allow intermolecular n-m stacking
interactions. By this ligand, a bipillared-bilayer TM CP based on
L ligands was reported.'”> With respect to the TM bilayer, we
focus Ln-containing analogues. Recently, we have afforded a
series of Ln bilayers built by heptanuclear Ln cluster units with
hxl net.'® As an expansion of our work, we speculate that the
combined introduce of Ln and TM under rational conditions may
promote the formation of heterometal bilayers. Inspired by the
above speculation and consideration, a novel heterometal bilayer,
[EuCu",Cu'(j13-OH)(n-OH)L4(C10,)(H,0)]-Cl10,-3H,0 (1) was
made. So far, it represents the first example of bilayer based on
hexanuclear heterometal clusters. Generally, bilayers can be
fabricated by T-shaped,''®'?!" rectangular'®'"™'*" and other
types building blocks.'” In contrast to the classic T-shaped
bilayers, compound 1 is a rhombic grid bilayer (Scheme 1).

Scheme 1 Schematic diagrams present T-shaped and rhombic grid

G-

bilayers.

Experimental section

Materials and physical measurements

This journal is © The Royal Society of Chemistry [year]
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All chemicals were commercially purchased and used without
further purification. The elemental analyses (C, H and N) were
performed on a Vario EL III elemental analyzer. The FT-IR
spectrum (KBr pellets) was recorded by using an ABB Bomen
MB 102 spectrometer over a range 400-4000 cm™ . Thermogravi-
metric analysis (TGA) was performed on a Mettler TGA/SDTA
851°analyzer with a heating rate of 10 °C/min from 30 to 1000 °C
under air atmosphere. Powder X-ray diffraction (PXRD) data
were collected on a Rigaku Mini Flex II diffractometer using
CuK,, radiation (1 = 1.54056 A) under ambient conditions. Photo-
luminescence analyses were performed on an Edinburgh
Instrument F920 fluorescence spectrometer. UV/Vis diffuse
reflectance spectral measurements were carried out using a
Perkin-Elmer Lambda 950 spectrometer.

Synthesis of compound 1

A mixture of Eu(ClO,4);-6H,0 (0.2 mmol, 0.112 g), Cu(OH), (0.5
mmol, 0.050 g), HL(0.5 mmol, 0.099 g), and H,O (10.0 mL 0.22
mmol) was sealed in a 30 mL Teflon-lined bomb at 200 °C for 7
days, and then cooled to room temperature. Blue plate crystals of
1 were recovered by filtration, washed with distilled water and
dried at ambient temperature (Yield 36% based on Eu(Cl
0,);-6H,0). Elemental analysis (%) Calcd. for C,sH,,Cl,CuzEu
N4O,,: C 40.03, H 2.94, N 3.89. Found: C 40.88, H 3.36, N 3.87.
IR (KBr pellet, cm™): 3409(s), 2356(w), 1593(vs), 1556(vs),
1404(vs), 1224(w), 1078(s), 1010(w), 835(w), 783(m), 735(w),
626(m).

X-ray crystallography study

The intensity data collected at 293 K on a SuperNova, Dual,
Atlas diffractometer with graphite-monochromatized Cuk,
radiation (1 = 1.54178 A). The structure was solved with the
ShelXS structure solution program using Direct Methods and
refined with the Shel/XL refinement package using Least Squares
minimisation.”’ Non-hydrogen atoms refined aniso-
tropically. The positions of hydrogen atoms were generated
geometrically and allowed to ride on their parent atoms. Selected
bond lengths are listed in Table S1.

were

Results and discussion
Synthesis

To construct 3d-4f heterometal CPs, one fundamental problem
should be settled, that is how to harmonize the competition
between TM and Ln ions, as homometal CPs rather than
heterometal complexes are usually received when chelating to the
same ligand. Thus, multi-functional HL ligand with mixed N/O
donors is introduced, and reasonable assembly via appropriate
synthesis method is necessary. To date, saturation, diffusion and
hydro(solvo)thermal —methods are three main synthetic
strategies.” When close to room temperature, the slow
evaporation/diffusion of solvent is often adopted to control the
reaction rate and single crystals growth. At higher temperature,
hydro(solvo)thermal approach, which can usually reduce reaction
times, is applied. By this feasible and convenient hydrothermal
synthesis, abundant heterometallic phases have been achieved in
our laboratory.?! In the process of syntheses, not only judicious
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choice of raw materials and bridging ligands, but also careful
controls of compositional and process parameters are required.

Since the solubility of HL is small in water, hydrothermal
technique is employed.'*'>?* In our previous work, Ln oxide and
copper halide were chosen as the source of Ln and TM,
respectively. As a result, two types of metal cores, Ln oxo
clusters and copper halide motifs, are usually incorporated in the
structure. To obtain heterometal CPs constructed from only one
kind of heterometal cores, which differs from our former work,
copper hydroxide rather than copper halide is adopted as the TM
component here. It is reported that the introduction of Cu" in the
framework allows flexible coordination modes and obvious Jahn-
Teller distortion,” which provide possibilities for further
aggregation of Ln and copper ions simultaneously. The Cu"
cations could be reduced to the Cu' ions under hydrothermal
conditions, resulting in the mixed-valence Cu/Cu” species
formed in-situ.’* Although Cu" ions are used as starting
materials, analysis of the Cu-O/N bond distances, charge
balancing, and bond valence sum calculations® all indicate that
Cul and Cu2 ions are divalent while Cu3 ions are monovalent
(Table S2). Comparison experiments have been carried out
during this period of research: crystals are observed by changing
basic cupric carbonate as copper source under the same reaction
conditions; no crystals are found when Eu(ClO,); are replaced by
other Ln salts. In literature, perchlorate groups as the
counteranions are either free anions or coordinating
(decorating/bridging) groups.”® In this text, not only free, but also
decorating C10," groups are both included in the structure. It was
also noteworthy that the amount of Eu(ClO,); and Cu(OH),
should be limited. Too much Cu(OH), and Eu(ClO,); led to only
precipitation and solution, respectively.

Structure of compound 1

Single-crystal X-ray diffraction analysis*’ reveals that 1 exhibits
bilayer architecture and crystallizes in the triclinic system with
P1 space group. There are one Eu™ ion, two Cu" ions, one Cu'
ion, two hydroxyls, four L ligands, two (one free and one
decorating) perchlorate, one coordinated and three lattice water
molecules in the asymmetric unit (Fig. la). The coordination
polyhedron around the Eu™ ion can be visualized as distorted
square antiprism geometry with a EuOg coordination mode: six
Ocoo- from six L anions, one hydroxyl group and one coordinate

Fig. 1 (a) The asymmetric unit of compound 1. The guest ClO, and
lattice water molecules are omitted for clarity. (b-d) The coordination
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environments of Eu and Cu ions. Symmetry codes: A: -x+2, -y+1, -z; B: x,
y-1,z;C: x,y, z-1; D: x, y-1, z+1.

Cu(l)

X X
‘ / ‘ v
o 0

Eu  Eu Cu(ID)
1 II

Scheme 2 Coordination modes of the L ligands.

Eu

s water molecule (Fig. 1b,S1). The Eu-O distances range from
2.361(7) to 2.506(9) A (Table 2), which are comparable to related
europium complexes.”® Owing to the Jahn-Teller distortion of
Cu" ions in the crystal field, the weak Cu-O interactions will be
considered. The Cu™ (Cul and Cu2) ions adopt axially elongated

10 octahedral geometry, and the axial Cu-O bonds (2.502(7)-
2.842(3) 10\) are much longer than the equatorial Cu-O or Cu-N
bonds (Cu-O: 1.932(6)-1.976(7); Cu-N: 1.982(8)-2.010(9) A)
(Fig. 1¢,d,S2). The Cu! centre (Cu3) has a nonlinear coordination
environment comprising of two Npy with Cu-N distances of

15 2.036(1) and 2.030 (5) A, and N-Cu-N angles of 160.2(7)°. Thus
formed [CuILz] motif can also be observed in our reported
pillared-layer 3d-4f heterometal frameworks based on
tetranuclear Ln clusters.”'® Remarkably, it represents the first
example that Npy of L ligands can coordinate to Cu' and Cu"

20 ions. In the structure, the L ligands exhibit p3-L-K1N,KlO,KlO’
(mode I and II) coordination modes (Scheme 2). Mode II is a new
coordination mode according to the Cambridge Structural
Database (CSD, Version 5.34, Feb 2014 update), and represents
rare example that Cu” and Ln ions are simultaneously bridged by

25 Ocpo- atoms of L ligands (Scheme sD.®

Eu™ and Cu" ions are capped by p;-OH that lies slightly (0.77
A) out of the plane to produce a heterometallic triangle [Eu™Cu,"
(13-OH)]%* (Eu™Cu,") (Fig. 2a). Notice that the Jahn-Teller effect
results in the axial elongation of two adjacent octahedral Cu™ ions,

30 which further stabilize the heterometal triangles. With respect to
the triangle plane, the Eu---Cul, Eu---Cu2, and Cul---Cu2 separa-
tion is approximately of 3.578(2), 3.601(2) and 2.952(2) A. These
heterometal triangles associated with the L ligands in mode II
originates monolayer on the bc plane with a thickness of 6.3 A

35 (Fig. 3a,S3). Such monolayer can be rationalized as a 4-connect-
ed sql net considering heterometallic triangles as nodes. When
viewed down along the a axis, there are approximately rectangu-
lar channels with dimensions of 14.71x19.53 A, where uncoordi-
nated perchlorate and lattice water molecules are located.

40 Moreover, two adjacent symmetry-related monolayers are further
linked by [Cu'L,] motifs to generate a 2D bilayer with a distance
of 3.9 A between the two monolayers (Fig. 3b,c). Decorated

Fig. 2 (a-b) Ball stick view of the Eu"'Cu," and Eu™,Cu"y cores; (c-d)

45 Schematic representation of metal skeleton for 1 and ref. 31.
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Fig. 3 (a) The cationic monolayer. (b-c) Side and top view of the bilayer
architecture. The perchlorate groups are omitted for clarity. And the
benzene and pyridine rings of L ligands are shown in blue and black lines,
respectively.

perchlorate hang on both sides of the bilayer and pointing to the
space of adjacent bilayers. Different from the reported T-shaped
bilayer, this is, to the best of our knowledge, the first example of
bilayer architecture based on rhombic grids assem-bled via
hexanuclear heterometal clusters.

From another perspective, such bilayer architecture can be
viewed as an extension of the hexanuclear heterometal cluster
building units. It is reported that heterometallic triangles could be
served as second building unit to various high-nuclearity hetero-
metal clusters.*® In this text, the Eu™ ions of two parallel triangles
are captured by four L ligands in mode I resulting in a “head-to-
head” hexanuclear hetero-metal cluster [EuIHzCuH4(C02)4(u3—
OH),1* (Eu™,Cu",) (Fig. 2b,c). It should be mentioned that the
metal skeleton in 1 is quite different from the reported Ln,Cuy
cases,”’ in which two triangles are linked each other to give an
“edge-to-edge” arrangement (Fig. 2d). The distance (1.395 A) of
the two parallel triangles in “edge-to-edge” is much short than
that (4.207 A) in “head-to-head” arrangement. As many as twelve
L ligands bonded to the heterometallic Eu™,Cu", core, four
ligands are in mode I and the other eight are in mode II (Fig. S4).
Each Eu™,Cu", core is connected to four nearest ones through
eight L ligands in mode II with the distances of 15.5 A (Fig. 4a).
In addition, every Eu™,Cu", cluster is further linked by four
[CuILz] motifs to other two neighbours with a distance up to 25.1
A (Fig. 4b). Hence, the framework 1 defined as a six connected
uninodal hx! net with schléfli symbol (3°.4%-5%) (Fig. 4c).

To avoid steric hindrance, adjacent bilayers stacked in stagger-
ed arrangement create channels, in which guest water molecules
and ClO,  groups reside. The structures possess significant hydro-
gen bonds, as well as n-w interactions. The guest water molecules
are engaged in hydrogen bonds with hydroxyl groups of
trinuclear cores (09-H---O2W,010-H:--O3W) and Ocgo- from L
ligands (O4W-H---O5) (Fig. S5,Table S3). In addition, the
bilayers are stacked by weak =n-m stacking to give 3D

This journal is © The Royal Society of Chemistry [year]
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supermolecular (Fig. 5). The perpendicular distance between the

©

Fig. 4 (a-b) The linkage of Eu'LCu'Y core. L ligands in mode II and I are
shown in black and blue. The decorating perchlorate are omitted for
5 clarity; (c) Schematic representation of the 6-connected uninodal /x/ net.

(@)
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‘m« Mg v W]
| bilayer

| 7-m interaction

|
decorating ClO,

Fig. 5 (a) The packing arrangement of compound 1 along the b axis. The
guest perchlorate are emphasized in space-filling; (b) An idealized view
of the 3D sandwich supramolecular.

10 phenyl and pyridyl groups on a neighbouring bilayers is 3.9 A.
Thus, the weak inter-actions of n-n stacking and hydrogen bonds
play critical roles in stabilizing the crystal structure.

When referred to pillared-layer frameworks, the pillars usually
run vertically to the layers.”* Similar phenomenon can be observ-

15 ed in our previous work based on isonicotinic acid (HIN) and
HL.21*28¢ Erom the linkers point of view, bilayers are almost
linked by organic li-gands."*'>!"""® Note that the linkers between
the monolayers here are [Cul,] motifs. Moreover, the organic
linkers in the literatures are approximately vertical to the

20 monolayers, while the [Cul,] motifs are parallel to the
monolayers here. Such bilayer network with a total thickness of
approximately 1.6 nm remained us a type of 3D microporous
layered materials,®>’ which was first proposed in silicate AMH-

defected
cubane

subunit

monolayer assembly

3.% Porous materials are interesting for they will allow fast

25 transport but keep desirable properties and open up the avenue to
combined microporous-mesoporous materials. In this respect,
new materials will be obtained in the future if these porous layers
are reasonably controlled and tailored.

\

N Z
%0

k

30 Fig. 6 The assembly pathway of the bilayer. The decorating perchlorate
are omitted for clarity.

The successful synthesis of the bilayer architecture suggests
that two classes of heterometallic CPs can be made by this multi-
functional L ligand in our system: one contains two types of Ln

ss and TM cores in our previous work;*!'*® another is made up of
only one kind of heterometal clusters in this paper. However, it is
difficult to explain the exact route of the assembly: whether
gathering into hexa-Ln cluster at the beginning or connecting into
monolayers first, but it is clear that the axially elongated octahe-

w0 dral geometry of Cu" ions resulting from Jahn-Teller distortion
plays an important role in the structural construction (Fig. 6).

Comparison of structures

Compound 1 shares structural commonalities and differences
with our previous reported bilayer based on heptanuclear Ln
45 cores!® (denoted 1°, Fig. 7,56). Firstly, the subunits in these two
layers are both trinuclear units of defected cubane: heterometallic
Eu™Cu", in 1 and homometallic Ln™; in 1°. Secondly, the
subunits are inter-linked by L ligands to 4- and 6-connected sin-
gle layers in 1 and 1°, respectively. Thirdly, the monolayers here
s0 are integrated by parallel [Cu'L,] pillars, whereas in 1’ they are
linked by Ln ions, and are further stabilized by terminal L
ligands. Finally, these bilayers both display 6-connected hx/
topology. Though there are two types of coordination modes in
these two compounds, their functions are different: the combined
ss work of L ligands in mode I and II leads to the formation of 1,
while compound 1’ are exclusively connected by one type of L
ligands, the other type just assist and stabilize the bilayer.

hx1
net

bilayer topology
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Fig. 7 The scheme diagram of the comparisons between 1 and 1’ (ref. 16). The terminal L ligands in 1’ are omitted for clarity.

PXRD, IR spectroscopy and TGA

Simulated and experimental PXRD patterns (Fig. S7) of 1 well
match each other, indicating the phase purity of the bulk sample.
The characteristic features of carboxylates dominate the IR
spectrum (Fig. S8), in which the strong and characteristic CI-O
stretching frequencies around 1078 cm™ and 626 cm™ are also
observed. TG curve (Fig. S9) undergoes two steps of weight loss
10 during 30-500°C. The slight weight increase above 500 °C might
be attributed to the oxidation of Cu' to Cu™ under air atmosphere.
Assuming the residue composition corresponds to Eu,O; and
CuO, the observed weight (28.9%) is in good agreement with the
calculated value (28.8%).

[

15 Luminescence properties

Solid-state photoluminescent emission spectrum of 1 was
measured at room temperature near visible region (350-800 nm)
(Fig. S10). The characteristic SDy—"F; (J = 0-4) transition of Eu**
ions at about 579, 590, 613 648 and 698 nm was not observed

20 because water quenches the lanthanide luminescence. The emi-
ssion peak at 425 nm can be assigned to the ligand-centered fluo-
rescence. The red shift (HL 416) may be attributed to the ligand-
to-metal charge transfer (LMCT).

UV/Vis absorption spectra

25 The UV-vis-IR absorption spectrum is calculated from the data of
diffuse reflectance using the Kubelka-Munk function.*® Besides
the local band of the L ligands at 279 nm, a broad band corres-
ponding to the d-d transition of the Cu" ions is observed at 700
nm. In the F(R) and E(eV) plot, the band gap is 3.7 eV (Fig. 8).

100 -

80-

o 80
X

40

20-

Energy(eV)
T T T T T T 1
500 1000 1500 2000
Wavelength/(nm)

30
Fig. 8 UV-vis-IR optical diffuse reflectance spectra for 1.

Conclusion

In conclusion, the synthesis, structure and characterization of a
heterometallic CP with an unusual bilayer structure has been
3s made under hydrothermal conditions. The distinctive features of
the structure involve both the nodes and the linkers: the metal
nodes in this paper are heterometal clusters rather than metal ions;
the orientation of the novel [Cu'L,] motif linkers is parallel

instead of vertical to the monolayers. Remarkably, it is the first

40 bilayer architecture based on hexanuclear heterometal cluster
units. This work enriches the class of heterometal CPs in the Ln-
Cu-L system, further suggests that the L ligand provides the
potential to generate bilayer architectures.
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