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A series of heterometallic cluster organic frameworks based on cuprous-halide Cuyly clusters and lantha-
nide clusters, [Lna(H,O0)gla(Cuglg)(pdc)sl[NOsly-solvent (1-Ln, Ln = Y, Tb, Eu, Hypdc = 35-
pyridinedicarboxylic acid), have been successfully synthesized under solvothermal conditions. Single-crystal
X-ray diffraction analysis reveals that 1-Ln show fascinating three-dimensional porous framework structures
constructed from two dissimilar types of nanosized coordination cages. Gas sorption measurements indi-
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cate that 1-Ln show moderate gas uptake capacities. The UV/vis spectroscopy measurements reveal that
1-Ln are a class of potential materials for the removal of Cr,O,%~ from aqueous solution. Additionally, the
luminescence properties of 1-Tb and 1-Eu have also been investigated.
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Introduction

Cluster organic frameworks, constructed from rigid metal
cluster secondary building units (SBUs) and various organic
ligands, have been provoking great and continuous interest
recently, not only because such materials show intriguing and
abundant topological structures but also they have potential
applications in optics," magnetism,” catalysis® and gas stor-
age.” Compared with that of single metal ions, the design and
assembly of new porous framework materials from rigid
metal cluster SBUs is more attractive, mainly due to the fol-
lowing reasons: (1) rigid clusters usually have stable geome-
tries and can maintain their configurations throughout the
assembly process, and the structures of the final materials are
more predictable and controllable; (2) the use of bigger metal
clusters as SBUs can make the pore size larger; (3) the final
materials may inherit unique physicochemical properties
from the metal cluster SBUs; and (4) metal clusters with dif-
ferent compositions, sizes, and functionalities provide abun-
dant variety of potential SBUs for making cluster organic
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frameworks. Hitherto, the majority of studies in this area
have focused on the syntheses of cluster organic frameworks
based on only one type of metal cluster SBU, giving rise to
some intriguing framework structures.” For example, cluster
organic frameworks based on square paddlewheel dimer
[Cu,y(CO,),],°* triangular In;O(CO,);,”” tetrahedral [Cuyl,]
tetramer,” octahedral tetramer [Zn,0(CO,)],>® and dodecahe-
dral hexamer [Zrs04(OH)4(CO,);,]>* have been successfully as-
sembled and widely investigated. Additionally, some cluster
organic frameworks based on polyoxometalate cluster SBUs
have also been created, recently.®

Compared with the aforementioned cluster organic frame-
works containing only one kind of metal cluster SBU, the ex-
ploration of heterometallic cluster organic frameworks
consisting of two different metal cluster SBUs is obviously
lagged far behind,” since different metal clusters usually pos-
sess different sizes, shapes, and stabilities, as well as differ-
ent affinities to various coordination donors, making the
preparation of heterometallic cluster organic frameworks
more challenging.® One feasible and effective synthetic strat-
egy for making heterometallic cluster organic frameworks is
to choose a suitable metal cluster to combine with dissimilar
clusters via an appropriate bifunctional organic ligand.’
Among common metal clusters, cuprous halide clusters have
been receiving increasing attention.'” We are particularly
interested in cubane-like Cuyl, clusters because they are
N-affinitive clusters with 4-connected tetrahedral characteris-
tics and can be easily obtained in situ in the presence of li-
gands containing N-donors.'" Besides, Cu,l, usually exhibits

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ce01963g&domain=pdf&date_stamp=2018-01-30
http://orcid.org/0000-0002-9903-2699
http://orcid.org/0000-0002-3365-9747
https://doi.org/10.1039/c7ce01963g
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE020006

Published on 27 December 2017. Downloaded on 9/24/2024 11:25:39 PM.

CrystEngComm

good stability keeping its tetrahedral configuration during
the assembly process with other metal clusters. So far,
Cuyl; clusters have been successfully integrated with
[Cuy(CO,)4],°""  InzO(CO,)s,>  [Zre(13-OH)g(OH)s(CO0)g],>?
[CugSeNg],> and [Zng(uu,-0)(CO0)4,(H,0),],¥ respectively, gen-
erating a family of 3d-3d, 3d-main group, and 3d-4d
heterometallic cluster organic frameworks with impressive
structures.” More recently, we introduced a Cuyl, cluster to
be incorporated into an Anderson-type POM cluster through
a bifunctional ligand and obtained an unprecedented
heterometallic  cluster organic framework with a
multifunctional nature.'? In addition, some lanthanide clus-
ters have also been employed to combine with Cu,l, for
3d-4f heterometallic cluster organic frameworks."? Cur-
rently, lanthanide clusters continue to attract intensive re-
search attention for their unique electronic configurations
and fascinating luminescence properties.'* As a continua-
tion of our effort to construct new heterometallic cluster or-
ganic frameworks, in this work, we use pyridine-3,5-
dicarboxylic acid as a bifunctional ligand and successfully
construct three new 3d-4f heterometallic cluster organic
frameworks based on Cu,l, cluster and binuclear lantha-
nide cluster SBUs, namely, [Lny(H,0)s],(Cu,ly)(pdc),][NOs],
solvent (1-Lm, Ln = Y, Tb, Eu, H,pde = 3,5
pyridinedicarboxylic acid). Notably, 1-Ln  exhibit
3-dimensional framework structures consisting of two types
of heterometallic cluster-based coordination cages. Although
a number of 3d-4f heterometallic cluster organic frame-
works based on cuprous-halide clusters and lanthanide
clusters have been reported (Table S17), heterometallic clus-
ter organic frameworks constructed from different coordina-
tion cages are scarce.'*”

Experimental
Materials and measurements

All reactants and solvents were obtained from commercial
sources and used for reactions without further purification.
Powder X-ray diffraction (PXRD) analyses were carried out
using a Rigaku Ultima IV diffractometer with Cu Ka radiation
(1 = 1.54051 A). Thermogravimetric analysis (TGA) was
performed using a Mettler Toledo TGA/SDTA 851e analyzer
under an air-flow atmosphere with a heating rate of 10 °C
min " in the temperature range of 30-800 °C. The infrared
(IR) spectra were recorded using a Nicolet iS50 at room tem-
perature. Energy-dispersive spectrometry (EDS) analyses were
performed using a Hirox SH-4000 M type desktop scanning
electron microscope. UV-vis adsorption spectra were collected
using a PerkinElmer Lambda 35 spectrophotometer to moni-
tor the exchange process. The ESI-MS spectra measurements
were performed in the negative ion mode using an Agilent
6520 Q-TOF LC/MS mass spectrometer coupled to an Agilent
1200 LC system. The ESI-MS sample was prepared by adding
2 mol L' HF aqueous solution to 5 mL H,O containing 10
mg crystals dropwise until all solids dissolved. Fluorescence
spectra were measured with an Edinburgh Instrument FS980
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TCSPC luminescence spectrometer using the polycrystalline
samples.

Gas adsorption analysis

Single-component gas measurements were performed with
an Accelerated Surface Area and Porosimetry 2020 (ASAP
2020) surface area analyzer. All gases used in the adsorption
experiment were of 99.999% purity or higher. The samples of
1-Ln were completely exchanged by soaking in fresh CH;OH
under ambient conditions for 5 days, and the CH;OH-ex-
changed sample was further activated by degassing under
high vacuum at 333 K for 5 h to obtain the evacuated
sample.

Synthesis of [Y,(H,0)s]>(Cuyly)(pdc),][NO;s],-solvent (1-Y).
Y(NO3);-6H,0 (0.10 mmol, 39 mg), Cul (0.26 mmol, 50 mg),
H,pdc (0.24 mmol, 40 mg), and KI (0.24 mmol, 40 mg) were
added to an N,N-dimethylformamide (DMF, 3 mL)/H,O (3
mL) mixed solvent in a 20 mL vial, and then the mixture was
heated at 100 °C for 4 days and cooled to room temperature.
Green block crystals of 1-Y suitable for X-ray diffraction ex-
periments were obtained by filtration, washed with DMF and
air-dried. Yield: about 48% (based on H,pdc). IR (KBr pellet,
viem™): 3076(w), 2920(w), 1638(vs), 1501(w), 1366(vs),
1083(m), 936(m), 820(m), 719(s), 649(m).

Synthesis of [Tb,(H,0)s],(Cu4l,)(pdc),][NO;],-solvent (1-
Tb). 1-Th was prepared by a similar procedure to that of 1-Y,
except for the replacement of Y(NO;);-6H,O (0.10 mmol, 39
mg) by Th(NO;);-6H,0 (0.10 mmol, 46 mg). Yield: about 47%
(based on H,pdc). IR (KBr pellet, v/em™): 3065(w), 2927(w),
1627(vs), 1511(w), 1362(vs), 1091(m), 930(m), 826(m), 710(s),
654(m).

Synthesis of [Eu,(H,0)s],(Cusl,)(pdc),][NO;],-solvent (1-
Eu). 1-Eu was prepared by a similar procedure to that of 1-Y,
except for the replacement of Y(NO;);-6H,O (0.10 mmol, 39
mg) by Eu(NO3);-6H,0 (0.10 mmol, 45 mg). Yield: about 50%
(based on H,pdc). IR (KBr pellet, v/em™): 3077(w), 2933(w),
1627(vs), 1501(w), 1373(vs), 1091(m), 936(m), 831(m), 726(s),
665(m).

Single-crystal structure determination

Single-crystal X-ray diffraction data of 1-Ln were collected
using a Bruker Apex Duo CCD diffractometer with graphite-
monochromated Mo Ko. radiation (4 = 0.71073 A) operating at
175 K under a nitrogen atmosphere. The structures of 1-Ln
were solved through direct methods and refined by full-
matrix least-squares refinements based on F> using the
SHELX-2014 program package."” All non-hydrogen atoms
were refined using anisotropic thermal parameters. The hy-
drogen atoms of H,pdc and H,O were added theoretically to
specific atoms. The lanthanide ions in 1-Ln were disordered
and split over two positions. The disordered solvent mole-
cules and charge compensation anions in 1-Ln were removed
using the SQUEEZE'® program in PLATON. A summary of the
crystal data and structure refinements for 1-Ln is given in
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Table 1 Crystal data and structure refinement for 1-Ln
1-Y 1-Tb 1-Eu
Empirical formula Cy5H44CuI4N,O5,Y, CrsH44CuyI4,N,O3,Th, C,sH44CuI4,N,O3,E,
Formula weight 2066.07 2346.11 2318.27
Crystal system Tetragonal Tetragonal Tetragonal
Space group PA/nmm PA/nmm PAlnmm
a (A) 18.52(4) 18.65(14) 18.62(9)
b (A) 18.52(4) 18.65(14) 18.62(9)
c(A) 12.30(2) 12.25(19) 12.31(12)
V(A% 4224.2(14) 4264.5(9) 4271.6(6)
Z 2 2 2
F(000) 1960 2168 2152
Pealed (g €M) 1.624 1.827 1.802
Temperature (K) 175(2) 175(2) 175(2)
# (mm™) 5.223 5.755 5.371
Refl. collected 13995 14323 14062
Independent relf. 2088 2118 2118
Parameters 107 103 103
GOF on F* 1.005 1.063 1.061

Final R indices (I = 20(I))
R indices (all data)

R, = 0.0537, WR,, = 0.1746
R, = 0.0631, wR,, = 0.1808

R, = 0.0694, WR,, = 0.2145
R, = 0.0803, WR,, = 0.2222

R, = 0.0697, WR,, = 0.2167
R; = 0.0768, WR,, = 0.2223

Ry = S ||Fo| = |Fe| /32| Fo|- WRy = [SoW(Fo? = F XS W(FT; w = 1/[6%(F,2) + (xP)* + yP), P = (F,> + 2F.%)/3, where x = 0.130000, y = 12.010800 for
1-Y; where x = 0.124200, y = 82.498199 for 1-Tb; where x = 0.131500, y = 67.968399 for 1-Eu.

Table 1. CCDC 1559076-1559078 contain the supplementary
crystallographic data for this paper.

Results and discussion
Crystal structure description

Single-crystal X-ray diffraction analyses reveal that 1-Ln have
isostructural structures containing different lanthanide ions,
as evidenced by energy dispersed X-ray spectroscopy (Fig.
S1t). Therefore, 1-Y was used for structural description. 1-Y
crystallizes in a tetragonal system with the P4/nmm space
group, and its asymmetric unit comprises one independent
Y*" ion, one Cu" ion, one I', half of one pdc® ligand and
three coordinated water molecules (Fig. S2t). One of the
interesting structural features of 1-Y is the presence of two
dissimilar types of cluster SBUs. The first is cubane-like
Cuyly, a conventional cuprous-halide cluster constructed from
four tetrahedral coordinated Cu’ ions bridged by four ps-I-
ions. The Cuyl, cluster usually shows a tetrahedral connec-
tion characteristic, and it is further stabilized by four N
atoms from the pyridyl rings of the pdc®” ligands (Fig. 1a).
The Cu-I bond lengths are located in the range of 2.621(18)
and 2.734(12) A and the I-Cu-I bond angles are in the range
of 108.78(4) and 120.99(7)°, which are comparable with those
of the reported cuprous-halide clusters."”” The second cluster
SBU is the dinuclear lanthanide cluster [Y,(pdc)s(H,0)]*
(Fig. 1b). The structure of [Y,(pdc),(H,0)s]*~ can be viewed as
two symmetry-related Y*" ions integrated by four carboxylic
groups from four pdc®” ligands, and each Y** ion is finally
terminally ligated by four water molecules. The Y*" ion in
[Y2(pdc),(H,0),” adopts an eight-connected square anti-
prismatic geometry, and the Y---Y distance is about 3.452(5)
A. From a structural point of view, such a dinuclear lantha-
nide cluster is similar to the famous paddlewheel clusters
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based on divalent transition-metal ions such as Cu**, Zn**,
Ni**, Co**, and so on.'® So far, divalent transition-metal
based paddlewheel clusters have been widely used as SBUs in
making various fascinating architectures; however, trivalent
lanthanide ion based paddlewheel clusters are relatively un-
common."’ For the pdc®” ligand, it exhibits a three-connected
bridging mode. The pyridyl N atom of the pdc®” ligand con-
nects to one N-affinitive cubane-like Cuyl, cluster, while the
two carboxyl groups link two O-affinitive dinuclear lantha-
nide clusters (Fig. 1c). Such a bridging mode is consistent
with the hard and soft (Lewis) acid-base theory.*®

Another intriguing structural characteristic of 1-Y is the
existence of two types of heterometallic coordination cages
with different sizes. The small cage with a size of 1.4 x 1.4 x
1.3 nm® consists of four [Y,(COO),(H,0)s]*” units, two Cuyl,
clusters and four pdc®>” ligands (Fig. 1d). Meanwhile, the
large cage is constructed from eight [Y,(COO),(H,0)s]”” units,
four Cuyl, clusters and twelve pdc®” ligands, and its size is
about 2.3 x 2.3 x 1.9 nm® (Fig. 1e). The inner diameter and
calculated pore size based on van der Waals surfaces are
about 7.0 A and 1436.0 A® for the small cage, and the values
of those for the large cage are 15.5 A and 15990.6 A%, respec-
tively. These two types of complicated heterometallic coordi-
nation cages can also be viewed as a diamondoid cage for the
small one and a distorted decahedral cage for the large one
when the cluster-based vertexes and the bridging ligands
were simplified as different nodes (Fig. 1f and g). So far, co-
ordination cages based on two types of transition-metal clus-
ters have been often observed in reports on cluster organic
frameworks. For example, a variety of different heterometallic
coordination cages based on [Zn,O(COO)** and
[Cus(OH)(PyC);]** clusters can be found in a porous cluster
organic framework reported by Qiaowei Li et. AL’ Similarly,
coordination cages built from Cuyl,; and [Cu,(COO),(H,0),]

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) llustration of the coordination environment of the Cugly
cluster. (b) View of the binuclear [Yz(pdc)4(H20)8]2' fragment. (c) The
coordination mode of the deprotonated pdc?” ligand. (d) View of the
small coordination cage based on four [Yo(COO)4(H,0)gl®>  units, two
Cugl, clusters and four pdc® ligands. (e) View of the large
coordination cage built from eight [Y2(COO)4(H20)g]?” units, four Cuayls
clusters and twelve pdc?” ligands. (f) Simplified representation of the
small coordination cage. (g) Simplified representation of the large
coordination cage. All hydrogen atoms were omitted for clarity.
Polyhedron color code: YOg, green.

clusters have been achieved by Guoming Wang et. AL°* Using
Cuyl, and [Zrg(u;-OH)g(OH)s]*" clusters as SBUs, dodecahedral
cages with rhombic open faces were designed and
constructed by Yuan's group.”? Compared with the above
cages only based on transition-metal cluster SBUs, to the best
of our knowledge, coordination cages consisting of
transition-metal cluster SBUs and lanthanide clusters are rel-
atively limited.

The most memorable structural feature that is worth not-
ing is the further assembly of these heterometallic coordina-
tion cages. As shown in Fig. S3,f by sharing six-membered
windows or vertexes, each distorted decahedral cage joined
eight diamondoid cages on the periphery (Fig. 2a), and every

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) The connection of the large coordination cage with eight
small coordination cages through sharing six-membered windows. (b)
The linking mode of the small coordination cage with eight large coor-
dination cages. (c) View the 3D heterometallic framework structure of
1-Ln.

diamondoid cage also connected eight decahedral cages
(Fig. 2b). The connection of these different cages leads to the
construction of a 3D cationic framework which exhibits 1D ir-
regular channels with a size of about 8.6 x 3.5 A% along the ¢
axis. In the sight of topology, the overall 3D framework can
be rationalized as a 3,4,4,-connected 3-nodal network with a
Schlifli symbol of {6>8>10%},{6>8"H{6}, by assigning the
pdc®™ ligands as 3-connected nodes and the binuclear
[Y2(CO0)4(H,0)s]** moieties and Cuyl, clusters as two kinds of
4-connected nodes (Fig. S4t). The cavities and the channels
of the frameworks are filled with disordered NO;  charge
compensation anions and lattice solvent molecules that can-
not be definitely determined in single-crystal X-ray diffraction
analysis, which is common in porous structures.”" The exis-
tence of NO;  anions in the framework is evidenced by the
characteristic vibration band arising from NO; (1374
em™),?* as shown in the IR (Fig. S51) and electrospray-
ionization mass spectrometry spectra (Fig. S67).

Gas adsorption properties

The agreement of the experimental PXRD patterns with
the simulated ones based on single-crystal X-ray diffraction
results indicated the good phase purities of 1-Ln (Fig.

CrystEngComm, 2018, 20, 738-745 | 741
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S7t). TGA curves (Fig. S8t) and variable-temperature PXRD
patterns also proved that the frameworks of 1-Ln are still
intact up to about 300 °C. PLATON calculation shows that
1-Ln (Y, Tb, Eu) have 42.2%, 42.0%, and 41.1% potential
solvent-accessible void volumes, respectively. The good
thermal stability and large potential guest-accessible vol-
umes of 1-Ln motivated us to further investigate the gas
adsorption properties of these porous frameworks. As
shown in Fig. 3, the N, sorption of 1-Ln at 77 K exhibits
a type I isotherm typical of materials with permanent po-
rosity, which verify the retention of microporosity with sat-
urated uptakes of 147.3, 146.28 and 103.4 cm® g™ for 1-Y,
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Fig. 3 Gas sorption isotherms of 1-Ln.
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1-Tb and 1-Eu, respectively. These values are not only supe-
rior to those for similar Cu,l,-based cluster organic frame-
works,?® but also comparable with those for well-known po-
rous materials, InOF-14 (ref. 24) (108 cm® ¢™*) and FJI-7 (ref.
13b) (118.5 cm® g™*), under the same conditions. The calcu-
lated total pore volumes of 1-Y, 1-Tb and 1-Eu based on N,
sorption are 0.278, 0.216 and 0.117 cm® g™', respectively. The
Brunauer-Emmett-Teller (BET) surface area and Langmuir
surface area are calculated to be around 545.26 and 639.12
m?* g™ for 1-Y, 524.42 and 593.03 m> g for 1-Tb, and 375
and 427 m> g ' for 1-Eu, respectively. Additionally, the non-
local density functional theory analysis shows that 1-Ln ex-
hibit a narrow pore distribution of the micropores of about
6.43 A for 1-Y, 6.43 A for 1-Tb and 7.3 A for 1-Eu (Fig. S97).
The CO, and H, uptake capacities of 1-Ln were further inves-
tigated. 1-Ln also show reversible type I adsorption iso-
therms at 273 K/298 K and 77 K under 760 mmHg, respec-
tively. The adsorption amounts of CO, reach 50.88 and 41.40
em® g7 for 1-Y, 61.61 and 44.79 cm® g™* for 1-Th, and 40.13
and 22.38 cm® g™ for 1-Eu at 273 K and 298 K under 760
mmHg, respectively. It is noteworthy that the CO, uptake ca-
pacity of 1-Tb is superior to those of some porous metal-or-
ganic frameworks such as ZIF-82 (ref. 25) (52.7 cm® g ™" at
273 K under 760 mmHg) and CPM-201 (ref. 26) (40.7 cm® g™
at 273 K under 760 mmHg) under the same conditions. The
H, uptake values of 1-Ln at 77 K under 760 mmHg are
113.83 cm® g7, 110.23 cm® g ™" and 65.58 cm® g7,

Luminescence properties

On account of the interesting luminescence properties of
lanthanide ions and cuprous-halide clusters,”” the solid-
state luminescence properties of 1-Ln were investigated at
room temperature. As depicted in Fig. 4, 1-Tb shows typical
emission peaks at 490, 545, 587 and 622 nm upon excita-
tion at 377 nm (Fig. S107), which correspond to the 4f-4f
electronic transitions from °D, excited state to the low-lying
’F; levels in the Tb*" cation (J = 6, 5, 4 and 3), respectively.
The strongest emission band at 545 nm and two weakest
emission bands at 587 and 622 nm are ascribed to °D, —
’Fs and °D, — ’F4, *Dy — ’F;, respectively. The emission
with moderate intensity at 490 nm is assigned to the D,
— 7F; electronic transition.?® Furthermore, no obvious
emission arising from cuprous-halide clusters is observed,
which may be attributed to the reason that the emission of
cuprous-halide clusters is covered by much stronger peaks
from Tb*" cations. For 1-Eu, it emits characteristic peaks at
593, 614, and 698 nm, which are ascribed to the °D, —
"F4, °Dy — 'F,, and °D, — ’F, electronic transitions. Among
these peaks, the intensity of the D, — ’F, transition is
stronger than that of the °D, — ’F; transition, which im-
plies the absence of inversion symmetry of the Eu** ion.*
This result is consistent with the single-crystal X-ray analy-
ses. Notably, the emission spectrum of 1-Eu shows an obvi-
ous upward shift in the region of 650-750 nm, compared
with reported results for Eu(m)-MOFs,*® which may be due

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Solid-state emission spectra of 1-Tb and 1-Eu at room
temperature.

to the existence of broad emission with weak intensity
from copper(1)-halide clusters.

Anion exchange properties

Considering the good stability and the cationic characteristic
of the frameworks of 1-Ln, we chose 1-Y as an example for
anion exchange study. Anion exchange experiments were
performed in aqueous solutions using dichromate (Cr,0,>")
as a model. The exchange process was monitored by UV/vis
spectroscopy at intervals based on the intensity variation of
the absorption peak of Cr,0,>” at 356 nm (ref. 31). As shown
in Fig. S11,f when the crystals of 1-Y were immersed in 10
mL K,Cr,0, aqueous solution with a concentration of 2.0 x
10™* mol L™, the Cr,0,%> concentration in solution decreased
by 72.8% and 87.2% after 6 h and 12 h, respectively, corre-
sponding to capture capacities of 8.2 mg g”* and 9.98 mg g*,
respectively. Subsequently, a slow decrease in the Cr,0,*
concentration was observed, and the characteristic peak of
Cr,0,”” nearly disappeared after 48 h. Simultaneously, the
colour of K,Cr,0; aqueous solution changed from yellow to
colourless (Fig. S117). The Cr,0,>” concentration in solution
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decreased by 96.5% after 48 h, and the overall exchange ca-
pacity of 1-Y to exchange Cr,0,>” is 10.88 mg g . This value
is superior to that of the famous inorganic anion exchange
material layered double hydroxide (6 mg g™*),*> and is compa-
rable with that of amino starch (12.12 mg g').>* The PXRD
pattern further confirms that the framework of 1-Y still re-
tains its crystallinity after anion exchange (Fig. S77).

Conclusions

In summary, using a bifunctional organic ligand H,pdc as a
structural directing agent, a series of heterometallic cluster
organic frameworks 1-Ln based on cuprous-halide cluster
SBUs Cuyl, and lanthanide cluster SBUs [Ln,(COO),(H,0)s]**
have been successfully prepared under solvothermal condi-
tions. 1-Ln represent rare examples of heterometallic cluster
organic frameworks that contain two types of different nano-
sized coordination cages. Additionally, 1-Ln can absorb N,,
H, and CO, gases with moderate uptake capacities. The pres-
ent work will not only enrich the structural diversities of
heterometallic cluster organic frameworks, but also prove the
vast potential for constructing a large number of new func-
tional materials using various cuprous-halide clusters such as
Cu,l,, Cugls, and Cuglg, together with lanthanide clusters
with different configurations as SBUs.
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