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A new family of three-dimensional lanthanide metal–organic frameworks (Ln-MOFs) formulated as 
{Ln(NDC)1.5(DMF)(H2O)0.5·0.5DMF}n (Ln = Ce, Pr, Nd, Eu; DMF = N,N′-dimethylformamide; NDC = 
2,6-naphthalenedicarboxylic acid) (FJU6) was prepared using a combination of extended dicarboxylate 
ligands and lanthanide cations under mild hydrothermal conditions.  FJU6 contains a rare packed double-10 

decker unit. The adjacent packed double-decker units are further pillared by NDC ligands through 
different coordination modes, resulting in the generation of a porous 3D framework.  Notably, arrays of 
two-dimensional intersecting channels, occupied by coordinated and guest DMF molecules, are found in 
FJU6.  Strong hard acid‒hard base interactions between Ln3+ cations and NDC2‒ anions, along with 
strong π－π interactions, were observed between packed 2D double-decker architectures, resulting in a 15 

high thermal stability of FJU6 as evidenced by TG analysis.  The structural diversity and 
photoluminescence properties of the frameworks were also investigated. Significantly, in the case of Eu-
FJU6, the apparent luminescence modulation induced by presence of diverse amounts of cobalt cations is 
observed. 

Introduction 20 

 Over the past decade, considerable efforts have been made 
toward the construction and investigation of lanthanide-based 
metal–organic frameworks (Ln-MOFs), not only because of their 
exceptional coordination properties and structural diversity but 
also their intriguing luminescence and magnetism behaviour.1  25 

Therefore, research into Ln-MOFs with emphasis on certain 
topics such as optical imaging, solid-state lighting, and sensor 
materials has been well documented.2−4  Two well-known 
features, as compared with transition metal ions, are that 
lanthanide ions have higher coordination numbers and more 30 

versatile coordination geometries, making controlling the self-
assembly of Ln-MOFs with desired structural properties and 
specific porosity a challenge until now.  Moreover, lanthanide 
contraction may exert a noticeable effect on the formation of Ln-
MOFs through diverse coordination characristics.5 35 

 It is generally acknowledged that the so-called “pillaring 
strategy”,6 which is achieved by the judicious use of a 
combination of two types of functional ligands, can be regarded 
as an excellent method for fabricating first-row transitions metal–
organic frameworks (TRs-MOFs) featuring highly unique and 40 

porous three-dimensional (3D) networks.  However, strategies for 
the design of “pillar-layered” or “layer-pillared” 3D Ln-MOFs 
are still limited.7  Although reported, hitherto, Ln-MOFs based on 
a mixed-type of organic ligand assembly system usually possess a 
well-defined two-dimensional layer in the host frameworks,8 45 

examples of Ln-MOFs that exhibit a 2D double-decker motif are 
quite rare.9  To the best of our knowledge, 3D Ln-MOFs and/or 
MOFs that are self-assembled by a pillaring strategy can be 
classified into three categories (Scheme 1).  In type (I) and type 
(II) networks,7,10 the components that contribute to the 50 

construction of the layer-pillared structure are similar, but a major 
distinction between them is the presence of non-covalent 
interactions.  In type (III) networks,9 the 2D monolayer unit is 
replaced by a 2D double-decker unit, which is normally 
connected by reacting ligands.  In this study, FJU6 is comprised 55 

of a unique 2D packed double-decker unit, a structure that is 
observed for the first time. 
 Moreover, it is not uncommon that the construction of Ln-
MOFs completed by pillaring a 2D monolayer or a 2D double-
decker can generate one-dimensional (1D) porous channels that 60 

can accommodate guest molecules, only a few examples of Ln-
MOFs containing a two-dimensional intersecting channels system 
built upon a single type of reacting organic ligand are available.11  
It would be expected that utilizing aromatic ring-based 
carboxylate ligands and lanthanide cations under appropriate 65 

hydrothermal conditions would result in the formation of porous 
Ln-MOFs with unusual structural peculiarities, because the rigid 
nature of the ligand conformation and, undoubtedly, hard 
acid−hard base interactions between carboxylate oxygen atoms 
and lanthanide cations would further stabilize the host 70 

frameworks without the addition of ancillary ligands for 
enhancing structural diversity.  In this context, we report herein 
on the preparation of a new class of Ln-MOFs, FJU6, a 3D layer-
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pillared structure composed of a single type of organic ligand 
(2,6-NDC) and lanthanide cations (Ce, Pr, Nd, and Eu), leading 
to arrays of two-dimensional intersecting channels embedded in a 
3D pillar-supported packed double-decker architecture.  Strong π
－π interactions are particularly crucial factors in the stability of 5 

the host frameworks along with the creation of unique packing 
units derived from two sets of 2D double-deckers.  This 
fascinating structural feature is observed for the first time and is 
very different from other lanthanide-based metal–organic 
frameworks.  Aside from documenting the structural 10 

distinctiveness of such frameworks, Eu-FJU6 exhibits 
luminescence modulation in response to the inclusion of distinct 
amounts of Co2+ ions in aqueous solution under a reflux 
activation process, as a result of the metal－ Lewis basic 
carboxylate site interactions that functioned in the Eu-15 

FJU6⊃Co2+ complex.12 

Scheme 1. 

Scheme 1. The general classification of layer-pillared 3D metal−organic 
frameworks: type (I), MOFs are composed of prerequisite components; 
type (II), MOFs are composed of the same components as in type (I), but 20 

a pillared-bilayer structure can be formed by supramolecular interactions; 
type(III), MOFs are composed of the same components as in type (I), but 
a double-decker is substituted for a monolayer. In this study, Ce-FJU6 is 
composed of the same components as in type (I), but a structural novelty 
is additionally introduced in Ce-FJU6 by a pillar-supported packed 25 

double-decker unit and arrays of 2D intersecting channels. 

Experimental Section 

Material and general methods 

 All reagents and reactants were purchased commercially and 
were used directly without any purification.  Elemental analyses 30 

(C, H, N) were performed on a Perkin-Elmer 2400 elemental 
analyzer.  Fourier transform infrared (FTIR) spectra were 
recorded on a Perkin-Elmer Spectrum 100 FTIR spectrometer 
equipped with an attenuated total reflection (ATR) device in the 
range of 4000－650 cm–1.  Absorption peaks are reported as 35 

follows: very strong (vs), strong (s), medium, (m), weak (w).  
Thermogravimetric (TG) analyses were performed on a Perkin-
Elmer TGA 7 thermogravimetric analyzer with a heating rate of 5 
°C/min–1 under a nitrogen atmosphere with a flow rate of 20 
ml/min.  Powder X-Ray Diffraction (PXRD) patterns were 40 

recorded on a Philips X’Pert powder X-ray diffractometer at 40 
kV, 30 mA with Cu-Kα (λ = 1.5406 Å) under step mode with a 
fixed time of 1s and a step size of 0.02° in 2θ.  The 
photoluminescence (PL) spectra of 2,6-NDC, Eu-FJU6, 
desolvated Eu-FJU6, and guest inclusion samples were recorded 45 

on a Perkin-Elmer LS55 fluorescence spectrometer at room 
temperature.  The quantum yield measurements were determined 
at room temperature on a Horiba Jobin Yvon Fluorolog-3 FL3-21 
spectrophotometer with an integrating sphere.  Lifetime 
measurements were carried out at room temperature using a 50 

FL920 from Edinburgh Instruments. 

Synthesis of Ce(NDC)1.5(DMF)(H2O)0.5·0.5DMF (Ce-FJU6) 

 A solution containing a mixture of Ce(NO3)3·6H2O (56.4 mg, 
0.13 mmol), 2,6-naphthalenedicarboxylic acid (H2NDC, 32.4 mg, 
0.15 mmol) and DMF / MeOH / H2O (4 / 2 / 1 ml) was sealed in a 55 

23 mL Teflon-lined vessel which was then heated at 95 °C for 12 

hours under hydrothermal conditions.  The yellowish, needle-
liked crystals of Ce-FJU6 that were obtained were washed with 
DMF (5 ml).  The solid crystals of Ce-FJU6 were found to be 
suitable for single-crystal X-ray analyses and phase purity was 60 

further verified by comparison with a simulated Powder X-Ray 
Diffraction pattern from single-crystal X-ray diffraction data of 
Ce-FJU6.  Yield: 40.2 %, based on the Ce salt content.  
Elemental analysis Calcd. for C22.5H20.5N1.5O8Ce: C, 46.59; H, 
3.56; N, 3.62.  Found: C, 46.48; H, 3.44; N, 3.23.  IR (ATR-IR): 65 

ν = 1667 (m), 1609 (m), 1557 (s), 1490 (m), 1397 (vs), 1360 (vs), 
1251 (w), 1201 (m), 1188 (m), 1140 (w), 1104 (m), 1062 (w), 
974 (w), 969 (w), 922 (m), 867 (w), 849 (w), 832 (w), 799 (w), 
789 (s), 775 (s), 752 (w), 671 (m) cm–1. 

Synthesis of Pr(NDC)1.5(DMF)(H2O)0.5·0.5DMF (Pr-FJU6) 70 

 A solution containing a mixture of Pr(NO3)3·6H2O (56.4 mg, 
0.13 mmol), 2,6-naphthalenedicarboxylic acid (H2NDC, 32.3 mg, 
0.15 mmol) and DMF / MeOH / H2O (4 / 2 / 1 ml) was sealed in a 
23 mL Teflon-lined vessel and was then heated at 95 °C for 12 
hours under hydrothermal conditions.  The pale green, needle-75 

liked crystals of Pr-FJU6 that were obtained were washed with 
DMF (5 ml).  The microcrystalline powder of Pr-FJU6 was 
further verified by comparison with a simulated Powder X-Ray 
Diffraction pattern from single-crystal X-ray diffraction data of 
Ce-FJU6.  Yield: 38.2 %, based on the Pr salt content.  Elemental 80 

analysis Calcd. for C22.5H20.5N1.5O8Pr: C, 46.52; H, 3.55; N, 3.61.  
Found: C, 46.12; H, 3.46; N, 3.80.  IR (ATR-IR): ν = 1668 (m), 
1610 (m), 1558 (s), 1491 (m), 1399 (vs), 1361 (vs), 1253 (w), 
1201 (m), 1188 (m), 1141 (w), 1105 (m), 1062 (w), 957 (w), 969 
(w), 922 (m), 869 (w), 848 (w), 832 (w), 800 (w), 790 (s), 775 (s), 85 

752 (w), 672 (m) cm–1. 

Synthesis of Nd(NDC)1.5(DMF)(H2O)0.5·0.5DMF (Nd-FJU6) 

 A solution containing a mixture of Nd(NO3)3·6H2O (57.1 mg, 
0.13 mmol), 2,6-naphthalenedicarboxylic acid (H2NDC, 32.6 mg, 
0.15 mmol) and DMF / MeOH / H2O (4 / 2 / 1 ml) was sealed in a 90 

23 mL Teflon-lined vessel and was then heated at 95 °C for 12 
hours under hydrothermal conditions.  The pale violet, needle-
liked crystals of Nd-FJU6 that were obtained were washed with 
DMF (5 ml).  The microcrystalline powder of Nd-FJU6 was 
further verified by comparison with a simulated Powder X-Ray 95 

Diffraction pattern from single-crystal X-ray diffraction data of 
Ce-FJU6.  Yield: 38.3 %, based on the Nd salt content.  
Elemental analysis Calcd. for C22.5H20.5N1.5O8Nd: C, 46.26; H, 
3.53; N, 3.59.  Found: C, 45.57; H, 3.44; N, 3.79.  IR (ATR-IR): 
ν = 1668 (m), 1610 (m), 1558 (s), 1491 (m), 1400 (vs), 1361 (vs), 100 

1253 (w), 1201 (m), 1188 (m), 1141 (w), 1105 (m), 1062 (w), 
975 (w), 969 (w), 922 (m), 868 (w), 848 (w), 831 (w), 801 (w), 
789 (s), 775 (s), 751 (w), 672 (m) cm–1. 

Synthesis of Eu(NDC)1.5(DMF)(H2O)0.5·0.5DMF (Eu-FJU6) 

 A solution containing a mixture of Eu(NO3)3·6H2O (44.8 mg, 105 

0.1 mmol), 2,6-naphthalenedicarboxylic acid (H2NDC, 32.5 mg, 
0.15 mmol) and DMF / MeOH / H2O (4 / 2 / 1 ml) was sealed in a 
23 mL Teflon-lined vessel and was then heated at 95 °C for 12 
hours under hydrothermal conditions.  The resulting yellowish, 
tiny grain crystalline powder of Eu-FJU6 that was obtained was 110 

washed with DMF (5 ml).  The microcrystalline powder of Eu-
FJU6 was further verified by comparison with a simulated 
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Powder X-Ray Diffraction pattern from single-crystal X-ray 
diffraction data of Ce-FJU6.  Yield: 47.1 %, based on the Eu salt 
content.  Elemental analysis Calcd. for C22.5H20.5N1.5O8Eu : C, 
45.65; H, 3.49; N, 3.54.  Found: C, 45.71; H, 3.25; N, 3.80.  IR 
(ATR-IR): ν = 1656 (m), 1607 (m), 1555 (s), 1492 (m), 1404 (vs), 5 

1358 (s), 1255 (w), 1203 (m), 1192 (m), 1141 (w), 1109 (m), 
1089 (m), 1063 (w), 932 (m), 920 (m), 866 (w), 835 (w), 806 (m), 
791 (s), 774 (s), 750 (w), 677 (m) cm–1. 

Preparation of desolvated Eu-FJU6 

 A 50 mg sample of a well-ground powder of Eu-FJU6 in 30 10 

ml of deionized water was heated in a reflux apparatus at 90 °C 
for 24 hours.  After cooling to room temperature, the bulk 
samples were collected on a filter, washed with deionized water 
(100 ml), and dried under aerobic conditions for 3 days.  The 
desolvated sample was further examined by Powder X-Ray 15 

Diffraction (PXRD) analysis (Fig. S1),† and Fourier transform 
infrared (FTIR) spectra (Fig. S2)† to verify its phase purity as 
well as the absorption peaks of the coordinated N,N′-
dimethylformamide (DMF) molecules. 

Preparation of guest-inclusion sample of Eu-FJU6⊃⊃⊃⊃cation 20 

 A mixture of 80 mg of well-ground powder of Eu-FJU6, and 
30 ml of an aqueous metal ion solution of M(NO3)x (x = 1 or 2, M 
= Na+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+) prepared by dissolving metal 
nitrate in deionized water at sequentially diluted concentrations, 
was heated at 90 °C in a reflux apparatus for 24 hours.  After 25 

cooling to room temperature, the bulk samples were collected on 
a filter, washed with deionized water (100 ml), and dried under 
aerobic conditions for 3 days. 

Crystallographic measurements 

 A single crystal of Ce-FJU6 suitable for X-ray diffraction was 30 

placed in a cooled N2 gas stream at ~200 K for intensity data 
collection on a Bruker APEX-II CCD diffractometer with 
graphite monochromated Mo-Kα (λ = 0.71073 Å) radiation.  
Data reduction included absorption corrections by the 
MULTISCAN method, using the Bruker SAINT13 and 35 

SADABS.14  Crystal data and experimental details are given in 
Table 1.  The X-ray structure was determined by direct methods 
and difference Fourier techniques and refined by full-matrix least 
squares, using the SHELXL97 program.15  All non-hydrogen 
atoms were refined anisotropically except for the O22 atom of the 40 

carboxylate group of one of the NDC ligand.  Attempts to 
perform an anisotropic refinement of the O(22) atom were 
unsuccessful, which can be attributed to the large residue density 
around the Ce centre, it was only possible to perform an isotropic 
refinement for the O(22) atom.   45 

 The atoms of the terminally coordinated DMF molecule 
showed large anisotropic displacement parameters due to the 
disordered nature of the guest molecules that could move or 
vibrate around the O(41)---Ce(1) coordination bond.  The free 
DMF molecule resided on the crystallographic twofold rotation 50 

symmetry through the C(51) and N(51) atoms of the free DMF 
molecule, and present a two-site disorder nature. As a result, 
O(51) atom of the aldehyde group of the free DMF molecule is 
two-site disordered with site-occupancy-factor (S. O. F.) to be 0.5. 
Also, the assignment of the H atom position of the aldehyde 55 

group of the DMF molecule is not attempted due to the two-site 

disorderness with the O(51) atom of the aldehyde group of DMF 
molecule. Also, the atoms of the free DMF molecule show large 
anisotropic displacement parameters because of the disorderness.  
The C-bound, and O-bound H atoms were placed in the 60 

calculated positions and refined by a riding-model approximation.    
Crystallographic data structures for Ce-FJU6 have been 
deposited at the Cambridge Crystallographic Data Centre, under 
the deposition number CCDC 989479. 

Table 1.  Crystallographic data and structure refinement summary for Ce-65 

FJU6 

Chemical formula Ce(NDC)1.5(DMF)(H2O)0.5·0.5DMF 

a, Å 12.4814(1) 
b, Å 21.763(3) 
c, Å 16.509(2) 
α, deg 90 
β, deg 103.577(5) 
γ, deg 90 
U, Å3 4539(1) 
Z 4 
M 580.0 
Space group C2/c  
T, K 293(2) 
λ, Å 0.71073 
Dcalcd, g/cm3 1.768 
Refls measured 13862 
Independent Refls 3932 [R(int) = 0.1254] 
µ, cm-1 2.14 
R1a [ I > 2σ(I) ] 0.0728 
wR2a (all data) 0.1597 

a R1 =  wR2 =  

Results and Discussion 

Preparation 

 It seems to be generally accepted that hydro(solvo)thermal 70 

conditions play a vital role in the construction of kaleidoscopic 
crystal structures because of the higher reaction temperature and 
pressure that can be achieved in a sealed Teflon-lined stainless 
steel vessel, under hydro(solvo)thermal conditions.  This makes it 
possible to advance crystal engineering more rapidly as a result of 75 

the elevated solubility of the resulting materials, which improves 
reactivity as a whole and has stimulated researchers to 
experiment with a wider range of combination of factors.16  Under 
mild hydrothermal conditions, it was possible to produce 
[Ln(NDC)1.5(DMF)(H2O)0.5·0.5DMF]n (FJU6).  The formula of 80 

FJU6 was confirmed by single-crystal X-ray diffraction, 
elemental and thermogravimetric analyses.  The temperature 
factor and solvent ratio between DMF, methanol, and water plays 
an important role in controlling the phase purity and yield of the 
bulk product. At a higher reaction temperature of about 150 °C, 85 

the phase purity and yield of FJU6 are retained even in the 
absence of the methanol solvent.  The addition of methanol to the 
reaction has a stimulatory effect on the growth of good quality 
crystal products for single crystal X-ray diffraction analysis, and 
to help in maintaining the phase purity and yield of FJU6 when 90 

the reaction temperature is lowered to about 95 °C. 
 A tender method called reflux activation, which functions at 
temperatures below 100 °C, was developed to hydrolyze 
stubbornly coordinated or guest DMF molecules for producing 
active sites and for conducting experiments related to metal-95 
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induced luminescence modulation in aqueous solution. Also, 
reflux activation was used to prepare desolvated Eu-FJU6 and a 
guest-inclusion sample of Eu-FJU6⊃cation. 

Structural Description 

 The results of powder X-ray diffraction analyses (Fig. S3)† 5 

show that all of the four lanthanide–organic frameworks are 
isomorphous, and thus only the structural details of Ce-FJU6 are 
described here.  A single crystal X-ray diffraction analysis 
revealed that Ce-FJU6 crystallizes in a space group C2/c of 
monoclinic unit cell.  The crystallographic asymmetric unit of 10 

Ce-FJU6 contains one unique Ce3+ ion, one coordinated DMF 
molecule, three half NDC2– ligands, one lying about an inversion 
center while the other two lie about independent two-fold axes, a 
bridging water molecule (O99) lying on a two-fold axis, and the 
non-coordinated DMF of solvation also lies about a two-fold axis. 15 

Therefore, the formula of Ce-FJU6 is 
[Ce(NDC)1.5(DMF)(H2O)0.5·0.5DMF]n (Fig. S4).†  For the 
NDC2– ligands, all of the carboxylate groups are completely 
deprotonated, thus neutralizing the positive charges of the Ce3+ 

ions, which is in good agreement with IR spectral data (Fig. S5)† 20 

which show no strong absorption peaks corresponding to the 
carbonyl group in FJU6 at around 1715–1680 cm–1.17 
 As shown in Fig. 1, each type of bridging NDC2– ligand binds 
to four Ce3+ ions with two distinct types of coordination modes, 
namely, type-I, a bis(syn,syn-bridging bidentate) coordination 25 

mode (NDCI-a and NDCI-b), and a bis(chelating-bridging 
bidentate) coordination mode (NDCII).  A center of symmetry is 
observed for each type of NDC2– ligand.  It is noteworthy that 
different degrees of distortion of the carboxylate groups with 
respect to the naphthalene rings of NDCI and NDCII ligands are 30 

observed. 

Fig. 1. 

Fig. 1. The coordination modes of NDC2– ligand: type-I, bis(syn,syn-
bridging bidentate) (top and middle); type-II, bis(chelating-bridging 
bidentate) (bottom); torsion angle: α = 7.24°; α′ = 11.96°; β = 17.71°; β′ = 35 

20.80°; γ = 7.75°; γ′ = 5.69°.  Key: green, Ce; pink, C in NDCI; darkblue, 
C in NDCII; red, O; all the H atoms are omitted for clarity.  Symmetry 
transformations used to generate equivalent atoms:  (iii) 1 ‒ x, y, ‒ 0.5 ‒ z; 
(iv) 1.5 ‒ x, 0.5 ‒ y, ‒ z; (v) 1 ‒ x, y, 0.5 ‒ z. 

 In the case of Ce-FJU6, the coordination sphere of the cerium 40 

cation adopts a distorted monocapped square antiprism, 
consisting of a nine-coordinated Ce3+ centre (Fig. 2a). The Ce3+ 
centre is surrounded by nine oxygen atoms, which are attributed 
to one bridged water molecule (O99), one coordinated DMF 
molecule (O41), four monodentate carboxylate groups of NDCI 45 

ligands (O11, O12i, O31, O32ii), and one chelating carboxylate 
group of NDCII ligand (O21) and O(22) and one monodentate 
carboxylate group of NDCII ligand (O22i) (Fig. 2b).  The Ce–O 
bond lengths and O–Ce–O bond angles for Ce3+ coordination 
spheres are within the ranges of 2.377(7)–2.808(7) Å and 50 

47.6(2)–148.5(3)°, respectively, as shown in Table 2.  Importantly, 
two nine-coordinated Ce3+ ions form an edge-sharing Ce2O9 
polyhedron moiety through O22–O22(i) bonding, and this moiety 
can be envisaged as a secondary building unit (Ce2-unit) in which 
a centre of symmetry can be observed. 55 

Fig. 2. 

Fig. 2. (a) The distorted monocapped square antiprismatic coordination 

sphere of the Ce3+ ion. (b) A polyhedral view of Ce2O9 polyhedron (Ce2-
unit).  Key: green, Ce; pink, C in NDCI; darkblue, C in NDCII; red, O; 
aqua, water molecule; all the H atoms are omitted for clarity.  Symmetry 60 

transformations used to generate equivalent atoms: (i) 2 ‒ x, ‒ y, ‒ z; (ii) 2 

‒ x, y, 0.5 ‒ z. 

 Each Ce2-unit is further bridged by one water molecule (O99) 
as well as two syn-bridging carboxylate groups (O31 and O32) of 
NDCI-a ligands to form a one-dimensional Ce−carboxylate 65 

cluster chain along the crystallographic c-direction, as illustrated 
in Fig. 3.  The Ce3+ ions are arranged in a Ce⋯Ce*⋯Ce sequence 
with alternating intermetallic distances of 4.092 and 4.841 Å.  
The delicate assembly of the 1D Ce−carboxylate cluster chains 
can be attributed to the embedding of bridged water molecules 70 

and its temperate hydrogen-bonding interactions with bridging 
carboxylate groups.  The hydrogen-bonding interactions between 
bridged water molecules (O99) to the oxygen atoms (O12 in 
NDCI-b and O21 in NDCII) of the carboxylate groups are 
observed, as shown in Fig. S6† and Table 3. 75 

Table 2.  Selected bond lengths [Å] and angles [°] for Ce3+ coordination 
environments in Ce-FJU6 

Ce(1)–O(31) 2.376(7) O(12)#1–Ce(1)–O(41) 137.1(3) 
Ce(1)–O(11) 2.421(7) O(31)–Ce(1)–O(21) 76.6(3) 
Ce(1)–O(22)#1 2.456(7) O(11)–Ce(1)–O(21) 76.2(3) 
Ce(1)–O(32)#2 2.462(7) O(22)#1–Ce(1)–O(21) 125.5(2) 
Ce(1)–O(12)#1 2.479(7) O(32)#2–Ce(1)–O(21) 139.6(3) 
Ce(1)–O(41) 2.583(8) O(12)#1–Ce(1)–O(21) 88.6(3) 
Ce(1)–O(21) 2.585(7) O(41)–Ce(1)–O(21) 134.2(2) 
Ce(1)–O(99) 2.669(5) O(31)–Ce(1)–O(99) 68.4(2) 
Ce(1)–O(22) 2.808(7) O(11)–Ce(1)–O(99) 136.8(2) 
O(31)–Ce(1)–O(11) 86.2(3) O(22)#1–Ce(1)–O(99) 138.5(2) 
O(31)–Ce(1)–O(22)#1 148.4(3) O(32)#2–Ce(1)–O(99) 75.1(2) 
O(11)–Ce(1)–O(22)#1 79.1(2) O(12)#1–Ce(1)–O(99) 65.1(2) 
O(31)–Ce(1)–O(32)#2 89.2(2) O(41)–Ce(1)–O(99) 126.1(3) 
O(11)–Ce(1)–O(32)#2 141.2(3) O(21)–Ce(1)–O(99) 64.6(2) 
O(22)#1–Ce(1)–O(32)#2 85.1(2) O(31)–Ce(1)–O(22) 121.5(2) 
O(31)–Ce(1)–O(12)#1 133.2(3) O(11)–Ce(1)–O(22) 67.3(2) 
O(11)–Ce(1)–O(12)#1 133.4(3) O(22)#1–Ce(1)–O(22) 78.2(2) 
O(22)#1–Ce(1)–O(12)#1 74.6(3) O(32)#2–Ce(1)–O(22) 143.0(2) 
O(32)#2–Ce(1)–O(12)#1 73.8(3) O(12)#1–Ce(1)–O(22) 70.0(2) 
O(31)–Ce(1)–O(41) 70.3(3) O(41)–Ce(1)–O(22) 135.1(3) 
O(11)–Ce(1)–O(41) 71.0(3) O(21)–Ce(1)–O(22) 47.6(2) 
O(22)#1–Ce(1)–O(41) 78.4(3) O(99)–Ce(1)–O(22) 96.2(3) 
O(32)#2–Ce(1)–O(41) 71.2(3)   
 

Symmetry transformations used to generate equivalent atoms: (#1) 2 – x, – 
y, – z; (#2) 2 – x, y, 0.5 – z. 

Table 3.  Selected Hydrogen Bonding Interactions in Ce-FJU6 

donor–H⋯acceptor 
D–H 
(Å) 

H⋯A 
(Å) 

D⋯A 
(Å) 

donor–H⋯A 
(deg) 

O(99)–H(99A)⋯O(21) 0.85 2.18 2.808(8) 130 
O(99)–H(99A)⋯O(51ii) 0.85 2.08 2.61(4) 120 
 

Symmetry transformations used to generate equivalent atoms: (ii) 2 – x, y, 
0.5 – z. 

 Significantly, the disparate coordination modes of the NDC2– 
ligands not only aid in the construction of the Ce2-unit and 1D 
Ce−carboxylate cluster chains but also serve as double spacers 
with NDCI ligands to further interconnect the neighboring 1D 
Ce−carboxylate cluster chains into a two-dimensional packed 80 

double-decker that expands along the crystallographic ac-plane 
(Fig. 3 and Fig. S7).†  Differing from the layer-pillared Ln-MOFs 
constructed by 2D double-deckers in the literature,9 the packed 
2D double-deckers found in Ce-FJU6 are built by arranging two 
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sets of double-decker in a sandwich way as illustrated by Fig. 
S7.† Each set of single double-decker (skyblue) is intercalated in 
the centre of another single double-decker (orange), and this 
packing diagram of double-deckers is observed for the first time 
for Ln-MOFs.  In comparison to the reported layer-pillared Ln-5 

MOFs possessing 2D double-deckers,9 the formation of each 
single double-decker is achieved only by the bonding between 
Ce3+ ions and carboxylate groups of NDCI ligands.  This is quite 
dissimilar to previous results for Ln-MOFs contain 2D double-
deckers, which were built by bridging or connecting monolayers 10 

with ancillary ligands.  Interestingly, the strong π－π interactions 
of NDCI ligands between the nearly parallel naphthalene rings 
(C32－C33－C34－C35－C36－C32′－C33′－C34′－C35′－ 

Fig. 3. 

Fig. 3. Ball-and-stick and rod-packing representations of the 1D Ce-15 

carboxylate cluster chain viewed along the a-direction (up); A perspective 
view of the 2D packed “double-decker” viewed along the b-direction. The 
strong π－π interactions of adjacent NDCI ligands are highlighted in dark 
plates, and yellow fragmented lines (middle); A perspective view of the 
layer-pillared 3D frameworks of Ce-FJU6 viewed along the c-direction 20 

illustrates the triangular 1D porous channels (bottom). Key: green, Ce; 
pink, C in NDCI; darkblue, C in NDCII; red, O; aqua, water molecule; all 
the H atoms are omitted for clarity. 

 C36′ and C12－C13－C14－C15－C16－C12′－C13′－C14′－
C15′－C16′) that were measured showing a centroid…centroid 25 

distance of 3.403 Å along the crystallographic b-direction.  The 
extension of π－π interactions along with the formation of 1D 
Ce−carboxylate cluster chains effectively increase the robustness 
of the packed 2D double-deckers as a whole.  If the coordinated 
and guest DMF molecules were ruled out by not considered as 30 

part of the framework atoms of Ce-FJU6, the PLATON18 
calculations of solvent-accessible volume  indicate that 32.7 % of 
the unit cell volume of the framework of Ce-FJU6 is able to 
accommodate the coordinated DMF as well as guest DMF 
molecules.  As shown in Fig. 3, the packed 2D double-deckers 35 

are further linked by the slanted pillars through NDCII ligands to 
generate a three-dimensional layer-pillared framework of Ce-
FJU6 (Fig. S8).  The apparent template effect of DMF molecules 
appears to prevent the host frameworks of Ce-FJU6 from 
interpenetration.  Concerning the features of large porous 40 

channels in Ce-FJU6, it should be noted that large porous 
channels can be observed along the crystallographic [101] and 
[10̅1] directions and are identified as empty void spaces for the 
inclusion of guest and coordinated DMF molecules (Fig. 4). 

Fig. 4. 45 

Fig. 4. Perspective views along the four different directions demonstrate 
the specific features of the 1D porous channels in Ce-FJU6. Key: green, 
Ce; pink, C in NDCI; darkblue, C in NDCII; red, O; aqua, water molecule; 
all the H atoms are omitted for clarity. 

The intersecting 1D porous channels lead to the formation of two-50 

dimensional porous arrays between the packed 2D double-
deckers. (Fig. 5).  The existence of 2D porous arrays in Ce-FJU6 
is rare for lanthanide–organic frameworks,13 particularly for those 
that are constructed solely using a single type of linear 
carboxylate-based ligand.  Thus, the structure of Ce-FJU6 is 55 

unique.  For Ce-FJU6, the backbone of the packed 2D double-
deckers involves the compact stacking of double spacer (NDCI 

ligands) via π－π interactions on the right and left side of the 1D  

Fig. 5. 

Fig. 5. An illustration of the two-dimensional porous array of intersecting 60 

channels between the adjacent packed 2D double-deckers of Ce-FJU6. 
Channels openings are observed along the crystallographic [101] and [-
101] directions (left and right pictures presented in Connolly surfaces).  
For clarity, the host frameworks are all depicted in white, and the 2D 
porous arrays are depicted in yellow (middle). All the H atoms, DMF 65 

molecules, and guest molecules are omitted for clarity. 

Ce−carboxylate cluster chains.  More importantly, the 
configuration of the slanted pillars (NDCII ligands), which are 
stretched out with a tilted configuration at the top and bottom of 
the 1D Ce−carboxylate cluster chains, cooperate with the guest 70 

and the coordinated DMF molecules to generate the specific 
features of the porous channels and to stabilize the overall 
structure.  It is probable that the 2D porous arrays of intersecting 
channels are caused by this sort of dislocation of NDC2– ligands 
in Ce-FJU6.  Two La-NDC compounds (La2(NDC)3(e-urea)3, e-75 

urea = ethyleneurea; La2(NDC)3(DMF)2·(H2O)) possessing 
distinct types of bridging ligands as well as different coordinated 
and free guest molecules that are structurally analogous to Ce-
FJU6 (Ce(NDC)1.5(DMF)(H2O)0.5·0.5DMF) have been 
reported.19 

80 

Thermal stability analysis 

 TG (Thermogravimetric) curves for Ln-FJU6 (Ln = Ce, Pr, 
Nd, and Eu) were measured in the temperature range of 25–950 
°C under a flow of N2.  As shown in Fig. S9,† Ln-FJU6 showed 
a continuous weight loss of 20.0% for Ce, 19.8% for Pr, 20.3% 85 

for Nd and 19.3% for Eu (calcd: 20.3% for Ce, 20.3% for Pr, 
20.1% for Nd, 19.9 % for Eu) starting at 30 °C and ending at 420 
°C for Ce, 470 °C for Pr, 440 °C for Nd, 440 °C for Eu, 
respectively, which correspond to the loss of one coordinated 
DMF molecule, 0.5 bridged water molecule, and 0.5 guest DMF 90 

molecule per formula weight.  It is not uncommon for 
lanthanide–organic frameworks to demonstrate a high degree of 
thermal stability, which can be attributed to the rigid bonding 
between lanthanide ions and oxygen atoms with hard acid－hard 
basic interactions.20  In addition, the π－π interactions between 95 

the closely stacked naphthalene rings of the NDCI ligands also 
play a significant role in stabilizing the entire host frameworks to 
minimize the thermal vibration of the framework caused by the 
release of bridged water molecules of the 1D Ce−carboxylate 
cluster chains.21 

100 

Photoluminescence studies of Eu-FJU6 

 Solid-state photoluminescence (PL) spectra of the 2,6-NDC 
ligand and Eu-FJU6 were recorded under ambient conditions.  A 
broad band in the region of 400-600 nm (λmax = 452 nm) in the 
emission spectrum (Fig. S10)† is primarily assigned to the 105 

intraligand (IL) π*－π transition of 2,6-NDC17,22 by excitation at 
370 nm.  On the other hand, the excitation spectrum of Eu-FJU6, 
which displayed a maximum excitation band at 368 nm with the 
emission fixed at 612 nm, was in good agreement with that for 
the 2,6-NDC ligand.  A series of sharp lines at 578.5, 592.5, 110 

612.5, 650.5, and 698 nm that were assigned to 5D0→
7F0, 

5D0→
7F1, 

5D0→
7F2, 

5D0→
7F3, and 5D0→

7F4 transitions, 
respectively, were observed in the emission spectrum of Eu-
FJU6 (Fig. 6).  An apparent difference in the intensity between 
5D0→

7F1
 (magnetic dipole, MD) and 5D0→

7F2 (electric dipole, 115 

ED) transitions, in which the latter was approximately 5 times 
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stronger than the former, indicates that the Eu3+ ions locate in 
noncentrosymmetric sites.22a,23  The quantum yields of Eu-FJU6 
in solid state upon excitation at 368 nm is 10.9%; the luminescent 
lifetime of Eu-FJU6 was also measured and found to be 1.14 ns.  
Furthermore, the exactly identical emission spectrum of Eu-5 

FJU6 collected by excitation at 370 nm compared with that for 
Eu-FJU6 when excited at 368 nm indicated that the antenna 
effect was carried out successfully without being quenched by 
oscillators such as bridged water molecules.24  The ligand-based 
emission at 452 nm disappeared upon excitation at 368 and 370 10 

nm, suggesting that the 2,6-NDC ligand has the ability to 
sensitize Eu3+ ions during the ligand-to-metal energy transfer 
process.17a,22a 

Guest-induced photoluminescence modulation of Eu-FJU6 

 The excitation and photoluminescence (PL) spectra measured 15 

at room temperature for the desolvated form of Eu-FJU6 are 

Fig. 6. 

Fig. 6. Photoluminescence spectra of Eu-FJU6 (λex = 368 nm). 

 shown in Fig. S11.†  Upon excitation at 368 nm, the desolvated 
Eu-FJU6 exhibited the characteristic emissions of the Eu3+ ion, 20 

originating from the first excited state (5D0) to the ground 
multiplet (7FJ, J = 0–4) at 578.5, 591.5, 615, 651 and 697 nm.24  
A small hump at 425–550 nm was presumably caused by the 
ligand centered emission band of 2,6-NDC due to weaker 
bonding between the Eu3+ ions and carboxylate groups caused by 25 

the distortion of the coordination environment of the Eu3+ ions 
that occurs upon desolvation.  Although the desolvated Eu-FJU6 
emitted a relatively weak red light because of the structural 
distortions caused by desolvation, the characteristic emission 
band features of the Eu-emission such as sharp line peaks, 30 

corresponding peak positions, and the intensity ratio between 
each peak suggest that the desolvated Eu-FJU6 still exhibited a 
strong antenna effect. It therefore appears that desolvated Eu-
FJU6 could serve as a potential candidate for use in sensing 
experiments. 35 

 As illustrated by Fig. 7, it is noteworthy that the luminescence 
behavior of the guest-inclusion Eu-FJU6 (Eu-FJU6⊃cation) is 
greatly dependent on the nature of the cation.  For Eu-
FJU6⊃Cu2+, Eu-FJU6⊃Zn2+, and Eu-FJU6⊃Cd2+, the 
luminescence intensity was completely quenched.  On the other 40 

hand, Na+ ions exerted only a minor influence on the 
luminescence intensity.  It is noteworthy that Eu-FJU6⊃Ni2+ and 
Eu-FJU6⊃Co2+ have a profound effect on cation-dependent 
luminescence quenching behavior. 
Intrigued by the interesting features of the sensing phenomenon 45 

as reported in the literature,25 further studies of the luminescence 
behavior of Eu-FJU6⊃Ni2+ and Eu-FJU6⊃Co2+ in sequentially 
diluted concentrations of cation solution were performed.  As 
shown in Fig. 8, Eu-FJU6⊃Ni2+ and Eu-FJU6⊃Co2+ showed the 
most significant quenching effect as gradually attenuated by the 50 

concentration of Co2+ and Ni2+ ions, respectively,  For Eu-
FJU6⊃Ni2+, the 5D0 → 7F2 luminescence intensity (615 nm) for a 
0.5 mol L−1 solution was about 5.5 times weaker than that of the 
original desolvated form of Eu-FJU6.  Significantly, in the case 
of Eu-FJU6⊃Co2+, the 5D0 → 7F2 luminescence intensity (615 55 

nm) for a 0.5 mol L−1 solution was about 17 times weaker than 

that of the original desolvated form of Eu-FJU6. 
 The results of the cation-dependent luminescence quenching 
effect indicated that the desolvated form of Eu-FJU6 could serve 
as a potential candidate for modulating the luminescence 60 

Fig. 7. (up) 
Fig. 7. (bottom) 

Fig. 7. Comparison of the PL intensity at 615 nm (5D0→
7F2 transition) for 

cation-inclusion samples of the Eu-FJU6⊃cation prepared using two 
different concentrations of cation solutions.  The cation-inclusion samples 65 

of Eu-FJU6⊃cation was prepared by introducing 80 mg of desolvated 
Eu-FJU6 (refluxing with water at 90 °C for 24 hours.) into 30 ml of 
metal ion aqueous solution with different amounts of M(NO3)x (x = 1 or 2, 
M = Na+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+), and collected by filtration with 
deionized water and dried under aerobic conditions for 3 days. (λex = 368 70 

nm, up: 0.5 mol L−1; bottom: 0.25 mol L−1; Std.: represents the desolvated 
Eu-FJU6.) 

behaviour experienced by small amounts of Ni2+ or Co2+ ions in 
aqueous solutions. The highly selective luminescent sensors 
induced by modulation are of great interest owing to their 75 

potential for use in recognizing a diversity of guest molecules 
through specific host-guest interactions.25−26 

 The Stern-Volmer equation was applied quantitatively, in an 
attempt to develop a better understanding of the quenching effect 
of Ni2+ and Co2+ ions:  80 

I0

I
 = 1 + KSV[M] 

the value of I0 is the luminescence intensity of desolvated Eu-
FJU6, and the value of I is the luminescence intensity of Eu-
FJU6⊃Ni2+ and Eu-FJU6⊃Co2+.  [M] is the molar concentration 
of the cation.  Ksv is the quenching effect coefficient of the cation. 

Fig. 8a. 85 

Fig. 8b. 
Fig. 8. PL spectra of Eu-FJU6⊃cation in the presence of various 
concentrations of: (a) Ni2+; (b) Co2+ ions when excited at 368 nm. (Std. 
represents desolvated Eu-FJU6) 

 90 

The Ksv value for Ni2+ ions was determined to be 8.7 M−1, which 
was about 4 times weaker than that of Co2+ ions with a Ksv value 
of 33.0 M−1, indicating that the ability of recognition of Co2+ ions 
through the Lewis basic carboxylate oxygen sites within the 3D 
framework is better than that for Ni2+ ions through the possible 95 

quenching mechanism proposed by Chen at el.12b  
 It is interesting to note that the Ksv value for dilute solutions of 
Eu-FJU6⊃Ni2+ deviated from the linear Stern-Volmer equation, 
indicating that the cation-dependent luminescence quenching 
effect was less efficient than that for Eu-FJU6⊃Co2+.  That the 100 

luminescence intensity of Eu-FJU6⊃Ni2+ was not proportional to 
the concentration of Ni2+ suggests that the quenching effect 
would become negligible, when overrich Ni2+ ions began to 
perturb the coordination spheres of the Eu3+ ions within the 3D 
framework, as evidenced by a strong ligand centered emission at 105 

425–550 nm in Fig. S12a.†   
 In contrast to Eu-FJU6⊃Ni2+, the luminescence modulation 
data for dilute solutions of Eu-FJU6⊃Co2+ were in good 
agreement with the Stern-Volmer equation, and moreover, as 
shown in Fig. S12b,† the ligand centered emission at 425–550 nm 110 

of Eu-FJU6⊃Co2+ was much weaker than that of Eu-FJU6⊃Ni2+, 
clearly demonstrating the existence of interactions between Co2+ 
ions and the Lewis basic carboxylate sites for the desolvated Eu-
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FJU6, as detected via the luminescence modulation approach.  In 
the case of less perturbation of the coordination spheres of Eu3+ 
ions after the modulation experiments, the Co2+-dependent 
luminescence quenching effect of the desolvated form of Eu-
FJU6 was comparable with that for cation signaling effects 5 

reported in the literature.25 
 Although the degree of sensitivity to Ni2+ and Co2+ ions was 
relatively moderate, it should be noted that: (1) the active Eu3+ 
centers embedded in the 3D frameworks lend themselves to 
luminescence modulation, which was accomplished by the Lewis 10 

carboxylate sites on the pore channels; (2) the active Eu3+ centers 
were further stabilized by the carboxylate shift, which prevented 
active Eu3+ centers from being coordinated by water molecules in 
aqueous solution, suggesting that vibrational quenching induced 
by O－H oscillations in water molecules is prohibited.24,27  As a 15 

consequence, Ni2+ / Co2+ ions-induced luminescence modulation 
provides Eu-FJU6 an appropriate approach for potentially 
applying its porosity to further sensing functions.  Different from 
previously explored LnOFs featuring anionic, fluorinated, －OH 
group-decorated frameworks,25b,27–28 the 3D frameworks of Eu-20 

FJU6, however, are characterized solely by the organic ligand of 
2,6-NDC, which permit the Lewis basic carboxylate sites to 
modulate the luminescence of Ni2+ / Co2+ ions in aqueous 
solution. 

Conclusions 25 

 Four novel 3D pillar-supported packed double-decker 
lanthanide-based metal－organic frameworks Ln-FJU6 (Ln = 
Ce, Pr, Nd, and Eu) were successfully synthesized by the reaction 
of 2,6-naphthalenedicarboxylic acid and lanthanide nitrates under 
mild hydrothermal conditions.  Ln-FJU6 exhibits unusual arrays 30 

of 2D intersecting channels between the adjacent packed double-
decker architectures within the host frameworks.  The high 
coordination number of lanthanides, the strong metal-carboxylate 
bonding, and the π－π interactions between the closely stacked 
naphthalene rings of the NDCI ligands contribute to the high 35 

thermal stability of the host frameworks of Ln-FJU6. 
Significantly, cation-induced luminescence modulation is 
observed for the desolvated form of Eu-FJU6, which serves as a 
potential candidate for experiencing small amounts Co2+ ions in 
aqueous solution through luminescence modulation as a result of 40 

metal–Lewis basic carboxylate site interactions.  Further studies 
in this category are currently under way. 
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