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Under the cooperation of two linear organic ligands, a novel 
heterometal-organic framework [La2Cu2(ox)2L6]·4HL (HL = 
4-pyridin-4-yl-benzoic acid) with non-interpenetrated 3D pcu 
net was obtained. Notably, the neutral molecular HL species 
are observed as structure-directing agents, which in turn 10 

contribute to the stability of the framework. 

Metal-organic frameworks (MOFs) or porous coordination 
polymers (PCPs) are unique organic-inorganic hybrids made 
by organic linkers and inorganic connectors. MOFs have 
quickly developed into a fruitful research area for their 15 

tailorable frameworks and corresponding adsorption and 
separation properties.1 They can be identified by three-letter 
topology symbol like pcu,2 dia,3 nbo,4 ncb5 etc. To some 
extent, researchers can adjust and modify the structures of 
MOFs without changing their topology. For example, in an 20 

ideal primitive cubic pcu net (schläfli symbol, 412·63, the 
maximum lattice symmetry is the space group Pm3̄m) 
contains one kind of vertex and one kind of edge. And 
inorganic single metal ions or cores of Cu2, Zn4 and Ln4 
incorporating different linear organic ligands with or without 25 

side groups have been constructed various octahedral pcu net.6 
Besides one kind of linker, two types of linear ligands with 
different length ratio can also used to construct pcu net.7 On 
one hand, the size of the porous can be adjusted by changing 
the length ratio of the two linkers; On the other hand, similar 30 

to the function of the sieve, different shape of the porous will 
be obtained so as to adsorb and separate multicomponent 
mixed gases (Scheme 1). In our previous work, linear isonico-
tinic acid (Hin, length: 4.9 Å) was introduced to construct 
hydroxyl lanthanide (Ln) cluster organic frameworks.8 How-35 

ever, the condensed rather than open frameworks are obtained. 
As continuing exploration to make more open frameworks 
with potential applications, lengthened Hin, 4-pyridin-4-yl-
benzoic acid (HL, length: 9.2 Å) was employed. In addition, 
we chose the shortest linear bicarboxylate linker, oxalate 40 

(length: 2.7 Å), as the second ligands not only for its high 
coordination capability to the 3d or 4f ions, but also for it may 
be a good auxiliary candidate benefits the occurrence of pcu 
net.9 Despite many pcu nets have been documented, heterome-
tallic analogues are rarely reported. Fortunately, a heterome-45 

tallic MOF with pcu net based on two types of linear linkers 
of L and oxalate has been successfully made under hydrother-
mal condition, formulated as [La2Cu2(ox)2L6]·4HL (1). It is  

 
Scheme 1 Scheme representation of the different sizes of the porous 50 

supported by two linear linkers.  

worth noting that latticed HL molecules captured in 1 smartly 
avoid the interpenetration, which occurs for the available 
space and stability of the frameworks sometimes in pcu net. 
6c,7b,9-10  55 

Blue block crystals of 1 were made by hydrothermal treat-
ment of La2(ox)3·9H2O, CuBr2 and HL at 200ºC for 6 days in 
the presence of HClO4 (pH = 2).11 X-ray crystal structure 
analysis reveals that 1 crystallizes in the monoclinic space 
group P21/c and features a neutral 3D porous heterometallic 60 

framework with non-interpenetrate pcu net.12 In our previous 
lanthanum oxalate hydrate-copper halide system,13 the dosage 
of copper halide is quite a lot, which is beneficial to the for-
mation of copper halide motifs. While in this text, Cu2+ ions 
keep their valence state when the amount decreased. The asy-65 

mmetric unit of 1 contains two La3+ ions, two Cu2+ ions, two 
oxalate, six deprotonated and four free HL ligands (Fig. S1). 
The metal coordination sphere of La3+ ions are completed 
with ten carboxylate oxygen atoms (OCOO-) from two oxalate 
and three L anions (Fig. S2). The La-O bond lengths lie bet-70 

ween 2.478(8) and 2.753(4) Å (Table S1), which fall into the 
range of normal values.14 Attribute to the pseudo-Jahn-Teller 
effect of Cu2+ ions, the coordination environment of the Cu2+ 
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ions is best described as distorted square pyramid (Fig. S2), in 
which the basal plane is defined by three pyridine nitrogen 
atoms (NPY) from three L ligand with Cu-N bond lengths of 
2.011(8)-2.025(8) Å, as well as one OCOO- from a oxalate [Cu-
O: 2.001(6) and 2.014(5) Å], and the apical position is occu-5 

pied by one OCOO- atom [Cu-O: 2.001(6) and 2.014(5) Å]. In 
the structure, deprotonated L ligands and oxalate adopt μ-η1:η1 
and μ4-trans-η1:η2:η1:η2 fashion, respectively (Scheme 2). 
Such coordination mode of oxalate is rare according to the 
Cambridge Crystallographic Data Centre (CCDC) updated to 10 

May 2013, though as many as eight metal ions can be simulta-
neously captured by one oxalate.15 The La3+ and Cu2+ ions are 
interlinked by oxalate to afford an infinite heterometallic 
ribbon-like chain with a width of 4.0 Å (Fig. 1a). The ribbon-
like chain can be intuitively viewed as the weave of Ln (green) 

15 

 
Scheme 2 Coordination modes of the ligands in compound 1. 

 
Fig. 1 (a) Ball-stick view of heterometallic chain along the b axis. (b-c) 
The six-connected node and the pcu topology with cuboidal boxes. 20 

and Cu (pink) chains. And the length of repeated units in this 
chain is approximately 11.8 Å, which equals to the length of 
the b axis. The rare coordination mode of oxalate makes four 

metal ions coplaner to form linear chain rather than zigzag9,16 
or helix17 chains, which is in favour of the construction of pcu 25 

net. Then, the weaved ribbon-like chains are double-bridged 
by L ligands along the a axis to form bilayers with a thickness 
of 4.0 Å (equal to the width of the ribbon-like chain (Fig. 2a, 
S3). Furthermore, the bilayers are pillared by L ligands to 
give a 3D open framework (Fig. 2b,S4). From the topology 30 

point of view, the overall framework of 1 can be viewed as 
six-connected pcu net (Fig. 1b,c), considering La3+ and Cu2+ 
ions as nodes, linear oxalate and L ligands as linkers. The 
distances of the neighbouring nodes are 5.898, 13.591 and 
17.450 Å.  35 

One prominent structural feature of the neutral framework 
is the presence of the two types of regular 4-ring channels, 
rectangular A and square B, viewing down along the b axis 
(Fig. 2b). Attribute to the size of the lengthened ligands (9.2 
Å) and the width of the heterometallic chains (4.0 Å), channel 40 

A possess a window size of 4.0 × 13.5 Å (including metal van 
der Waals radius), and the channel B counterparts is 13.5 × 
13.5 Å (Fig. 2c). Besides the deprotonated L ligands in the 
framework, there are protonated HL neutral molecules served 
as guest molecules filling in the larger channel B, which is 45 

suggested by location of H atoms in the X-ray structure refi-
nement and charge balance. The HL molecules are slightly 
twisted with a torsion angle between the adjacent phenyl and 
pyridyl rings. These guest molecules linked each other to 
define tubular motifs (Fig. 2d), which are further adhesive to 50 

the framework via weak interaction of hydrogen bonding 
(Table S2) and π-π interaction. The disposition and arrange-
ment of HL found in the channels B may be markedly effected 
as a result of the confined channel region. The removal of all 
guest molecular moieties would create an accessible free volu-55 

me of 5246 Å3, or 47.4% of the volume of the unit cell estima-
ted by PLATON software.18 Similarly, these neutral HL mole-
cules can also be found in our previous report Ln-cluster 
organic frameworks.19 In comparison, they are arranged into a 
pure organic layer, which further linked alternately by Ln 60 

layers to generate a 3D supramolecular structure. In fact, 
considerable uncoordinated natural guest molecules captured 
via weak interactions can also be observed in some MOFs, 
such as MIL-47,20 GWMOF-3,21 [Er4(μ3-OH)4(hma)(cba)5]-
·Hcba (Hcba = 4-chlorobenzoic acid, H3hma = hemimellitic 65 

acid),22 and [Tb(Pidc)(H2O)4]·H3Pidc·4H2O (H3Pidc = 2-
pyridin-4-yl-4,5-imidazole-dicarboxylic acid).23 It seems that 
the presences of these organic guests play important roles in 
the formation of the porous frameworks. “Templating” in zeo-
lites has been well defined by Davis and Lobo early in 1992. 70 

They pointed out that the organic guest molecules may act as 
space-filling species, structure-directing agents, or true temp-
lates. Similarly, it can also be extended to templates in MOF 
systems. Since the true templates are hard to define as they 
must create unique topologies that are irreproducible when 75 

similar molecules are used. So HL molecules in our work can 
be considered as space-filling species and structure-directing 
agents. 

The good accordance between the experimental and simula-
ted powder X-ray diffraction (PXRD) patterns indicates phase 80 

purity of the sample of 1 (Fig. S5). The characteristic feature 
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Fig. 2 (a) The top view of the bilayer. (b) The overall framework of 1 
with two types of channels. (c) Perspective drawing of channels A and B 
viewing along the [010] direction. The oxalate and L ligands are 
represented in red and blue lines for clarity. (d) Schematic representation 5 

of the neutral HL in channels B. 

of carboxyl dominates the IR spectrum (Fig. S6). The strong 
vibrations from 1593 cm–1 to 1313 cm–1 are corres-ponding to 
the asymmetric and symmetric stretching vibra-tions of the 
deprotonated carboxylates, respectively. The vibrations from 10 

1638 to 1711 and 3415 cm–1 suggest the pre-sence of 
protonated carboxyls. To investigate the thermal sta-bility of 
1, thermogravimetric analysis (TGA) and temperature -
dependent PXRD measurements are carried out. The TGA 
shows the weight loss from 30 to 500ºC corresponding to the 15 

release of organic ligands (Fig. S7). Assuming that the residue 
corresponds to La2O3 and CuO, the observed weight is in 
good agreement with the calculated value (calcd/found: 18.9/ 
19.7%). PXRD patterns of 1 as a function of temperature 
show that the experimental PXRD heating from room tempe-20 

rature to 250ºC correspond well to the simulated patterns in 
position, indicating the frameworks of 1 can be stabilized up 
to 250ºC (Fig. S8). The 3D framework of 1 with large 
porosity and its thermal stability prompt us to study gas-
adsorption properties. Unfortunately, these guest moieties can 25 

not be removed though many efforts of activation have carried 
out. The UV-vis-IR absorption spectrum is calculated from 
the data of diffuse reflectance using the Kubelka-Munk func-
tion.24 Besides the local band of the L ligands at 279 nm, a 
broad band corresponds to the d-d transition of the CuII ions is 30 

observed at 700 nm. In their F(R) and E(eV) plots, the band 
gaps are 3.8 eV (Fig. S9). 

In summary, a heterometallic MOF with pcu net has been 
made by two types of linear ligands under hydrothermal con-
ditions. The lengthened ligands are not only served as linkers, 35 

but also as structure-directing agents. It can be deduced that 
mixed linear linkers with different ratio will change the size 
of the porous, and the more long linkers, the more open fra-
mework may be received when effectively to avoid needless 
interpenetration. Studies on the construction of pcu net in the 40 

presence of HL ligands with other linear supporting ligands 
are underway. 
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Cooperation of two linear organic ligands under hydrothermal conditions results in the formation of a porous heterometal- 

organic framework with two types of channels.  
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