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ABSTRACT: The novel sulfonate-carboxylate ligand of 5,7-disulfonate-1,4-
naphthalenedicarboxylic acid (H4-DSNPDC) was synthesized, and its series of
lanthanide compounds {[Ln3(μ2-OH)(DSNPDC)2(H2O)x]·yH2O}n (JXNU-7; Ln
= La3+, x = 10. y = 4; Ln = Nd3+, Sm3+ Eu3+, x = 9, y = 2) and {[Ln4(μ3-
OH)4(DSNPDC)2(H2O)11]·28H2O}n (JXNU-8; Ln = Eu3+, Gd3+) are presented.
JXNU-7 is a three-dimensional structure based on linear trinuclear Ln3 building
units, while JXNU-8 has a two-dimensional layer constructed from tetranuclear
Ln4(μ3-OH)4 building units. The representative Eu compounds of JXNU-7 and -8
show good proton conductive properties under high humidity. The hydrophilic
sulfonate groups pointing to the pores and the water molecules included in the pores
mainly contribute to the high proton conductivity for the materials. The presence of
one-dimensional infinite hydrogen-bonded networks in channels of JXNU-7(Eu)
facilitates a fast and efficient proton transfer, resulting in higher proton conductivity
in comparison to that of JXNU-8(Eu). Additionally, JXNU-7(Eu) with a characteristic red emission exhibits a promising potential
for selective sensing of Fe3+ ions in aqueous solution. Our work demonstrates the integration of functional organic components
(sulfonate groups) and inorganic components (lanthanide centers) in MOFs for the successful preparation of multifunctional MOF
materials.

■ INTRODUCTION

Metal−organic frameworks (MOFs) constructed from organic
ligands and metal ions through coordination bonds are an
important class of interesting crystalline materials. In the past
few decades, MOFs have shown a broad spectrum of
applications in gas adsorption/separation,1 photolumines-
cence,2 sensing,3 proton conduction,4 and molecular magnets.5

Due to the crystalline nature of MOFs, the functional building
units with magnetism, luminescence, or electricity can be easily
introduced into the MOFs. As an important component of
MOFs, the organic linker plays a decisive role in the functional
ability of MOFs. For example, a three-dimensional (3D)
compound based on a 2-sulfonylterephthalate ligand exhibits
sorption performance for acidic molecules, which is the result
of the abundant basic −SO3

− groups on the pore walls of the
structure.6 On the introduction of different functional groups
into the terephthalate ligand in the UiO-66 system, the
sulfonate- or carboxylate-functionalized UiO-66 compounds
were found to be have higher proton conductivity in
comparison to other UiO-66 series. Such a result is primarily
the result of the high hydrophilicity and acidity of the sulfonate
and carboxylate groups.7 On the other hand, the inorganic
components of metal centers can endow MOFs with desirable

magnetic and luminescent properties. Well-known examples
are the lanthanide-based MOFs displaying characteristic
lanthanide emissions derived from the intrinsic 4f electron
configurations of the lanthanide centers.8 The large numbers of
lanthanide MOFs serving as luminescence sensors for the
recognition of various guests are well documented.9 The
lanthanide ions have a strong affinity for oxygen; therefore, the
oxygen-containing carboxylate ligands have been broadly
investigated as organic linkers for the construction of
lanthanide-based MOFs.10 In contrast to carboxylate ligands,
the sulfonate ligands have been much less explored for building
MOFs. The ligands containing a sulfonate group with three
oxygen atoms provide potential candidates for the construction
of lanthanide-based MOFs. However, the weak binding nature
of the sulfonate group leads to low robustness of the
lanthanide sulfonate frameworks.11 The combination of
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sulfonate and carboxylate functional groups within a ligand
provides an interesting kind of organic ligand.12 In this paper, a
new ligand of 5,7-disulfonate-1,4-naphthalenedicarboxylic acid
(H4-DSNPDC) was prepared. Six lanthanide compounds,
namely, {[Ln3(μ2-OH)(DSNPDC)2(H2O)x]·yH2O}n (JXNU-
7; Ln = La3+, x = 10, y = 4; Ln = Nd3+, Sm3+, Eu3+, x = 9, y = 2)
and {[Ln4(μ3-OH)4(DSNPDC)2(H2O)11]·28H2O}n (JXNU-8,
Ln = Eu3+ and Gd3+), based on the DSNPDC4− ligand are
presented. The hydrophilic nature of sulfonate groups with fast
proton transmission character endows the Eu analogues with
high proton conductivity under high humidity. The largest
proton conductivities for JXNU-7(Eu) and JXNU-8(Eu) are
1.04 × 10−4 and 2.28 × 10−5 S cm−1, respectively. The Cu(II)
and Cd(II) 5-sulfoisophthalate compounds with additional
N,N′-donor linkers show proton conductivities in the range of
10−5−10−8 S cm−1.13 The tetranuclear copper(II) cluster or
terbium(III) cluster based MOFs with sulfonate-carboxylate
ligands have proton conductivities of 10−4 S cm−1.14 A Cr 4,8-
disulfonaphthalene-2,6-dicarboxylate compound featuring 1D
channels lined with sulfonate groups shows a high proton
conductivity of 10−2 S cm−1.12a Furthermore, JXNU-7(Eu)
with characteristic Eu3+ emission is found to be a potential
sensor for selective Fe3+ detection among trivalent metal ions.
Thus, the functionalities endowed by the organic and inorganic
building units are successfully assembled in the resulting
MOFs.

■ EXPERIMENTAL SECTION
Chemicals. All chemicals were commercially obtained except for

5,7-disulfonate-1,4-naphthalenedicarboxylic acid (H4-DSNPDC),
which was synthesized as follows (Scheme 1).

Synthesis of 5,7-Disulfonate-1,4-naphthalenedicarboxylic
Acid. A 1.0 g portion of 1,4-naphthalenedicarboxylic acid was placed
in a 50 mL three-necked round-bottom flask with 6 mL of 30% oleum
at room temperature. The mixture was stirred at 130 °C for 10 h.
After it was cooled to room temperature, the mixture was poured into
ice water. The resulting mixture was filtered to give a filtrate and
precipitate. The precipitate was washed with 1 M Na2CO3 aqueous
solution, and the obtained mixture was filtered. The two parts of the
filtrates were combined and then transferred into a round-bottom
flask. The combined filtrate was acidified by 1 M HCl to give the pale
yellow product. Yield: ∼79% based on 1,4-naphthalenedicarboxylic
acid. 1H NMR (methanol-d4, ppm): 9.45 (s, 1H), 8.87 (s, 1H), 8.11
(s, 1H), 7.99 (s, 1H). IR (cm−1, KBr pellet): 3497 (s), 1723 (s), 1638
(m), 1573 (w), 1497 (m), 1445 (m), 1398 (m), 1371 (w), 1262 (s),
1240 (s), 1184 (s), 1135 (m), 1072 (m), 1047 (s), 1024 (m), 973
(w), 877 (w), 821 (w), 762 (m), 705 (w), 677 (w), 637 (s), 622 (s),
588 (w), 544 (w).
Synthesis of {[La3(μ2-OH)(DSNPDC)2(H2O)10]·4H2O}n and

{[Ln3(μ2-OH)(DSNPDC)2(H2O)9]·2H2O}n (JXNU-7; Ln = Nd3+,
Sm3+, Eu3+). The synthetic procedures of the four compounds are
similar. Typically, Ln(NO3)3·6H2O (0.025 mmol), 5,7-disulfonate-
1,4-naphthalenedicarboxylic acid (9.4 mg, 0.025 mmol), and H2O (3

mL) were transferred into a 20 mL Parr Teflon-lined stainless steel
vessel, which was capped tightly and warmed to 120 °C for 3 days.
Crystalline products were observed after cooling to room temper-
ature. The crystals were filtered and dried in air. Yield based on the
Ln(NO3)3·6H2O species: 25% for JXNU-7(La); 47% for JXNU-
7(Nd); 8% for JXNU-7(Sm); 56% for JXNU-7(Eu). Anal. Calcd/
found for C24H37O35S4La3 (1430.50): H, 2.60/2.56; C, 20.15/20.21;
S, 8.96/9.03; La, 29.13/29.22. Calcd/found for C24H31O32S4Nd3
(1392.45): H, 2.24/2.12; C, 20.70/20.76; S, 9.21/9.26; Nd, 31.07/
29.92. Calcd/found for C24H31O32S4Eu3 (1415.61): H, 2.20/2.16; C,
20.36/20.43; S, 9.06/9.15; Eu, 32.20/32.12. IR (cm−1, KBr pellet):
JXNU-7(La), 3438 (s), 1595 (s), 1536 (s), 1499 (s), 1448 (m), 1399
(s), 1375 (w), 1339 (m), 1223 (w), 1182 (w), 1074 (m), 1040 (s),
1027 (w), 871 (m), 842 (m), 812 (w), 784 (m), 764 (w), 754 (w),
686 (m), 632 (m), 582 (w), 555 (w), 541 (w), 520 (w), 497 (w), 452
(w), 425 (w); JXNU-7(Nd), 3739 (w), 3452 (s), 1608 (s), 1596 (w),
1540 (s), 1448 (m), 1402 (s), 1376 (w), 1340 (m), 1223 (w),
1185(s), 1076 (m), 1040 (s), 1028 (w), 923 (w), 905 (w), 870 (w),
843 (m), 813 (m), 785 (m), 765 (w), 755 (w), 687 (m), 632 (m),
584 (w), 548 (w), 503 (w), 470 (w), 452 (w), 428 (w), 424 (w);
JXNU-7(Sm), 3423 (s), 1599 (m), 1533 (s), 1442 (m), 1418 (w),
1392 (s), 1341 (m), 1184 (s), 1148 (w), 1081 (m), 1050 (s), 1029
(m), 926 (w), 906 (w), 838 (m), 814 (m), 768 (m), 681 (m), 632
(m), 591 (w), 547 (w), 524 (w), 498 (w), 451 (m); JXNU-7(Eu),
3453 (s), 1638 (m), 1532 (s), 1448 (w), 1423 (s), 1396 (m), 1377
(w), 1337 (m), 1200 (s), 1182 (s), 1075 (m), 1050 (s), 1028 (w),
876 (w), 843 (m), 810 (w), 772 (m), 683 (w), 638 (m), 589 (w), 541
(w), 523 (w), 499 (w), 445 (w).

Synthesis of {[Ln4(μ3-OH)4(DSNPDC)2(H2O)11]·28H2O}n
(JXNU-8; Ln = Eu3+, Gd3+). A mixture of Ln(NO3)3·6H2O (0.01
mmol) and 5,7-disulfonate-1,4-naphthalenedicarboxylic acid (3.76
mg, 0.01 mmol) in 6 mL of H2O/CH3CN mixed solvent (v/v = 1/1)
was introduced into a 20 mL Parr Teflon-lined stainless steel vessel,
which was capped tightly and warmed to 100 °C for 3 days. Colorless
crystals were obtained and dried in air. Yield based on the Ln(NO3)3·
6H2O: 55% for JXNU-8(Eu) and 36% for JXNU-8(Gd). Anal. Calcd/
found for C24H90O63S4Eu4 (2123.04): H, 4.27/4.16; C, 13.57/13.66;
S, 6.04/5.98; Eu, 28.63/28.72. Calcd/found for C24H90O63S4Gd4
(2144.19): H, 4.23/4.16; C, 13.44/13.28; S, 5.98/5.91; Gd, 29.33/
29.19. IR (cm−1, KBr pellet): JXNU-8(Eu), 3742 (w), 3437 (s), 1637
(w), 1567 (s), 1499 (w), 1446 (m), 1401 (s), 1341 (s), 1226 (w),
1181 (m), 1077 (m), 1043 (s), 1027 (w), 878 (w), 836 (w), 775 (w),
746 (w), 683 (m), 628 (m), 593 (w), 537 (w), 510 (w), 493 (w), 451
(w), 422 (w); JXNU-8(Gd), 3450 (s), 2977 (w), 1573 (s), 1498 (w),
1446 (m), 1401 (s), 1342 (m), 1227 (w), 1182 (m), 1076 (m), 1043
(s), 879 (w), 779 (w), 746 (w), 684 (w), 627 (m), 592 (w), 549 (w),
447 (w).

X-ray Crystallography. Single-crystal X-ray diffraction experi-
ments were carried out on a Rigaku Oxford SuperNova diffractometer
or a XtaLAB diffractometer (Mo Kα radiation, λ = 0.71073 Å). The
structures were solved with SHELXT15 and refined by the full-matrix
least-squares method on F2 using SHELXTL.16 For JXNU-7, non-
hydrogen atoms were refined anisotropically except for some carbon
and oxygen atoms, which were refined isotopically to avoid “non-
positive definite” results. For JXNU-8, all atoms except for hydrogen
atoms were refined anisotropically. The hydrogen atoms attached to
carbon atoms were assigned to calculated positions. Hydroxyl H and
water H atoms were not located but are included in the formulas. The
guest water molecules for JXNU-8 are highly disordered and could
not be modeled. Thus, the refinements of the structures of JXNU-8
were further performed by ignoring the contribution of the disordered
guest water molecules with PLATON.17 The crystal data are
summarized in Tables 1 and 2, and the important bond lengths are
provided in Table S1.

■ RESULTS AND DISCUSSION

Crystal Structure Descriptions. The four compounds of
JXNU-7 revealed by X-ray single-crystal diffraction analyses are
isostructural (Table 1). The slight difference between the

Scheme 1. Synthesis of 5,7-Disulfonate-1,4-
naphthalenedicarboxylic Acid Ligand
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lanthanum analogue and the other three compounds is that the
lanthanum compound has one additional coordinated water
molecule at the La1 center (Figure S1 in the Supporting
Information) and two more lattice water molecules. Thus,
JXNU-7(La) has a different thermal behavior in comparison
with its analogues (Figure S2). JXNU-7 has a 3D structure
featuring linear trinuclear Ln3 clusters acting as secondary
building units (SBUs). The asymmetric unit of JXNU-7

consists of three Ln3+ ions, one μ2-OH, two DSNPDC4−

ligands, nine water ligands, and two lattice water molecules.
The three crystallographically unique Ln3+ atoms are bridged
by a hydroxyl group and the carboxylate and sulfonate groups
to form a linear trinuclear Ln3 unit, as displayed in Figure 1.
The Ln1 atom is bonded to eight oxygen atoms from four
water molecules, one μ2-OH group, two sulfonate groups of
two DSNPDC4− ligands, and one carboxylate group of the
third DSNPDC4− ligand (Figure S1). The Ln2 and Ln3 atoms
are nine-coordinated. Two water oxygen atoms, one hydroxyl
oxygen atom, four carboxylate oxygen atoms, and two sulfonate
oxygen atoms of four DSNPDC4− ligands occupy the
coordination sites of the Ln2 atom (Figure S1). For the Ln3
atom, the nine-coordinated atoms are three water oxygen
atoms, four carboxylate oxygen atoms, and two sulfonate
oxygen atoms of four DSNPDC4− ligands. Two types of
DSNPDC4− ligands exhibit different coordination modes. One
has a μ2-η

2:η1 and unidentate mode of carboxylate groups and
a μ3-η

1:η1:η1 sulfonate group bridges five Ln3+ atoms with the
second sulfonate group being uncoordinated (Figure S3a). The
other contains μ2-η

2:η1 and μ2-η
1:η1 modes of carboxylate

groups, one μ2-η
1:η1 sulfonate group, and one unidentate

Table 1. Crystallographic Data for JXNU-7a

JXNU-7(La) JXNU-7(Nd) JXNU-7(Sm) JXNU-7(Eu)

formula C24H37O35S4La3 C24H31O32S4Nd3 C24H31O32S4Sm3 C24H31O32S4Eu3
fw 1430.50 1392.45 1410.78 1415.61
temp (K) 293(2) 293(2) 293(2) 293(2)
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21 P21 P21 P21
Z 2 2 2 2
a (Å) 7.1983(3) 7.1126(5) 7.07610(10) 7.0508(4)
b (Å) 24.1419(10) 24.0391(16) 23.9242(5) 23.8840(9)
c (Å) 11.8444(6) 11.7687(8) 11.7549(2) 11.7398(4)
α (deg) 90 90 90 90
β (deg) 92.530(4) 92.582(6) 92.739(2) 92.732(4)
γ (deg) 90 90 90 90
V (Å3) 2056.32(16) 2010.2(2) 1987.71(6) 1974.75(15)
Dcalcd (g cm−3) 2.310 2.301 2.357 2.381
μ (mm−1) 3.381 4.135 4.695 5.030
no. of rflns collected 11857 14251 22986 13600
no. of indep rflns 7386 7605 7851 7299
no. of obsd rflns (I > 2σ(I)) 7152 6922 7626 6661
F(000) 1392 1350 1362 1368
Rint 0.0326 0.0667 0.0393 0.0470
R1 (I > 2σ(I))a 0.0458 0.0804 0.0279 0.0447
wR2 (all data)a 0.1159 0.1898 0.0715 0.1048
CCDC no. 1987323 1987324 1987325 1987326

aR1 = ∑||Fo| − |Fc||/∑|Fo| and wR2 = {∑[w(Fo
2 − Fc

2)2]/∑[w(Fo
2)2]}1/2.

Table 2. Crystallographic Data for JXNU-8

JXNU-8(Eu) JXNU-8(Gd)

formula C24H34O35S4Eu4 C24H34O35S4Gd4
fw 1618.59 1639.75
temp (K) 293(2) 293(2)
cryst syst orthorhombic orthorhombic
space group Pnma Pnma
Z 4 4
a (Å) 19.8349(7) 19.7687(6)
b (Å) 20.9065(6) 20.8382(6)
c (Å) 18.0558(7) 17.9667(5)
α (deg) 90 90
β (deg) 90 90
γ (deg) 90 90
V (Å3) 7487.3(4) 7401.3(4)
Dcalcd (g cm−3) 1.436 1.472
μ (mm−1) 3.481 3.716
no. of rflns collected 40619 32345
no. of indep rflns 7861 7777
no. of obsd rflns (I > 2σ(I)) 6287 5838
F(000) 3096 3112
Rint 0.0753 0.0568
R1 (I > 2σ(I)) 0.0483 0.0416
wR2 (all data) 0.1198 0.0987
CCDC no. 1987327 1987328

Figure 1. Linear trinuclear Ln3 unit in JXNU-7.
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sulfonate group, bridging six lanthanide ions (Figure S3b). The
Ln1, Ln2, and Ln3 atoms are connected by the carboxylate and
sulfonate groups and a hydroxyl group to generate a linear
trinuclear Ln3 SBU. The linear trinuclear Ln3 SBUs are
interconnected by the carboxylate groups of the DSNPDC4−

ligands to give a 1D ribbon extending along the c axis (Figure
2a). The adjacent 1D ribbons are held together through the
bridging sulfonate groups with μ3-η

1:η1:η1 and μ2-η
1:η1

coordination modes to form a 2D layer running along the ac
plane (Figure 2b). As described above, the DSNPDC4− ligands

using the carboxylate groups and μ3-η
1:η1:η1 and μ2-η

1:η1

sulfonate groups link the Ln3 units to give the 2D layer. The
2D layers are further interconnected through Ln−O bonds
between Ln3+ atoms and the unidentate sulfonate groups of the
neighboring 2D layers, forming the final 3D structure (Figure
2c and Figure S4). As is well-known, it is difficult to
deliberately design the resulting structures of the lanthanide
compounds due to the hard-sphere behavior of the lanthanide
ions, which leads to difficulty in controlling the directionality
of the coordinated ligands. The 1D lanthanide carboxylate

Figure 2. (a) 1D ribbon, (b) 2D layer, and (c) 3D structure of JXNU-7. H atoms and water molecules are omitted for clarity.

Figure 3. Cubic tetranuclear Ln4(μ3-OH)4 unit in JXNU-8.

Figure 4. 2D square-grid layer of JXNU-8. H atoms are omitted for
clarity.

Figure 5. Nyquist plots of JXNU-7(Eu) at 85 °C at various RHs.

Figure 6. log σ versus RH plot of JXNU-7(Eu) at 85 °C with three
cycles.
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chains are the commonly observed SBUs for the lanthanide
carboxylate frameworks. In addition, recently, there have been
a few highly connected cluster-based MOFs reported with
hexanuclear and nonanuclear lanthanide carboxylate clus-
ters.9b,10c For the present case, the basic unit of the 3D
framework is the linear trinuclear Ln3 unit, which is a rare
example of a 3D lanthanide carboxylate framework, enriching
the scope of lanthanide carboxylate frameworks.

The two isostructural compounds of JXNU-8 (Table 2)
feature a 2D square-grid layer built from cubic tetranuclear
Ln4(μ3-OH)4 clusters. Three Ln

3+ atoms, three μ3-OH groups,
one DSNPDC4− ligand, and eleven coordinated water
molecules are in the asymmetric unit. The Ln2 and Ln3
atoms, O2 and O3 atoms of the μ3-OH groups, and the
coordinated water oxygen atoms O4W, O5W, and O7W are
located in a mirror plane (Figure 3 and Figure S5). As a result,
these atoms have a half-occupation in the asymmetric unit. Ln1
and Ln3 atoms, exhibiting similar coordination environments,
are eight-coordinated, and each binds three hydroxyl oxygen
atoms (O1, O2, and O3), three water oxygen atoms, and two
carboxylate oxygen atoms of two DSNPDC4− ligands (Figure
S5). The Ln2 atom is surrounded by nine coordinating atoms
comprised of three hydroxyl oxygen atoms, two water oxygen
atoms, two sulfonate oxygen atoms, and two carboxylate
oxygen atoms of two DSNPDC4− ligands. As illustrated in
Figure 3, four tridentate hydroxyl oxygen atoms bridge four
Ln3+ atoms to give a cubic Ln4(μ3-OH)4 cluster. The Ln4(μ3-
OH)4 unit has a symmetry of a crystallographically imposed
mirror plane passing through Ln2, Ln3, O2, and O3 atoms
(Figure 3). Four of the six edges of the Ln4 tetrahedron
embedded in a Ln4(μ3-OH)4 cluster are bridged by four
carboxylate arms. The DSNPDC4− ligand in JXNU-8 binds
four lanthanide ions with two μ2-η

1:η1 carboxylate groups and
one unidentate sulfonate group. The remaining sulfonate
group is not involved in coordination (Figure S3c). Each
Ln4(μ3-OH)4 cluster is bridged by four DSNPDC4− ligands to

Figure 7. Arrhenius plots for JXNU-7(Eu) (a) and JXNU-8(Eu) (b) at an RH value of 98%. Each data point is the average value of three
independent measurements. Insets: Nyquist plots for JXNU-7(Eu) and JXNU-8(Eu).

Figure 8. Excitation and emission spectra of JXNU-7(Eu) (a) and JXNU-8(Eu) (b).

Figure 9. Integrated intensities of the 5D0 → 7F2 (600−630 nm)
emission band for JXNU-7(Eu) in the presence of trivalent metal ions
(1 mM). I0 and I represent the integrated intensities of JXNU-7(Eu)
and JXNU-7(Eu) in the presence of the trivalent metal ions.
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generate a 2D square grid (Figure 4). The nanosized cavities of
the 2D square-grid layer are filled by the disordered guest
water molecules. Careful exploration of the 2D layer revealed
that the free sulfonate groups point to the surfaces of the 2D
layer (Figure S6). Thus, the interlayered spaces are full of
sulfonate oxygen atoms (Figure S7).
Proton Conductivity. As described above, the two series

of compounds are constructed from the sulfonate-carboxylate
ligand with free sulfonate oxygen atoms and plenty of water
molecules, implying that the present compounds are potential
candidates for good proton conductors. The proton con-
duction of JXNU-7(Eu) with a good yield thus was explored as
a representative. The proton-conducting behavior of JXNU-
7(Eu) was studied with alternating current impedance
spectroscopy on pellet samples. First, the equilibrium time of
the humidity and temperature for the pellet sample was
evaluated. As depicted in Figure S8, the proton conductivities
of JXNU-7(Eu) are almost constant when the pellet sample
was kept in the incubator for 4−25 h. Such a phenomenon
indicates that the saturation of the sample needs at least 4 h.
Thus, each alternating current impedance data of JXNU-7(Eu)
was collected at an interval time of 5 h. The Nyquist plots
obtained at 85 °C and varying relative humidities (RHs) were
studied. The Nyquist plots show irregular electrochemical data
when the RH is lower than 60%. When the RH is greater than
60%, the impedance plots exhibit an arch in the high-frequency
region and a spike in the low-frequency range (Figure 5),
which is a characteristic curve for a proton conductor. Upon an
increase in the humidity, a decrease in the radius of the arcs is
observed, which indicates that the proton conductivity (σ) is
increased with an increase in humidity. The σ value at 98% RH
(1.04 × 10−4 S cm−1) is much higher than that at 60% RH
(5.19 × 10−7 S cm−1), suggesting that the proton conductivity
of JXNU-7(Eu) is highly humidity dependent. The σ value of
JXNU-7(Eu) at 98% RH and 85 °C is close to those of a Tb
carboxylate sulfonate compound (6.57 × 10−4 S cm−1)18 and a
Gd oxalate compound (4.7 × 10−4 S cm−1)19 under similar
conditions. It has been reported that the classic MOFs MIL-
5320 and HKUST-121 have low σ values of 3.6 × 10−7 and 5 ×
10−7 S cm−1, respectively. However, it has been documented
that the proton conductivities can be enhanced by
encapsulation of H2SO4, a dye with a sulfonate group, or
imidazole into the pores of the MOFs.22

In addition, the impedance data of JXNU-7(Eu) under 85
°C between RHs of 60% and 98% were collected repeatedly.
The σ values at each RH show almost negligible changes in the
repeated measurements (Figure 6). Such a behavior implies
that the proton conductivity of JXNU-7(Eu) material has a
good reproducibility, which is essential for a proton-
conducting material. The PXRD pattern of the sample after
impedance measurement is similar to the pattern of the
pristine sample (Figure S9), implying the structural integrity of
the JXNU-7(Eu) was retained in the impedance measure-
ments.
Finally, the impedance data of JXNU-7(Eu) were recorded

at 98% RH between 45 and 85 °C (Figure S10). Upon an
increase in the temperature, the observation of a decrease in
the size of the arc in the Nyquist plots indicates an increase in
the proton conductivity. The enhancement of the proton
conductivity with an increase in temperature can be ascribed to
the thermal activation of water molecules. The activation
energy Ea for proton transfer can be fitted from the
temperature-dependent conductivity data using eq 1. By linear
fitting of ln(σT) versus 1000T−1 (Figure 7a), the Ea value for
JXNU-7(Eu) was estimated to be 0.34 eV. The Ea value is less
than 0.4 eV, which means that a Grotthuss mechanism18

dominates the proton transfer in JXNU-7(Eu). As seen in the
3D structure of JXNU-7(Eu), the guest water molecules fill the
1D small channels and the coordinated water molecules and
free sulfonate oxygen atoms point to the channel, giving a
highly hydrophilic environment for the 1D channels. Careful
exploration of the 1D small channels shows extensive hydrogen
bonds between water molecules, including solvent water and
coordinated water molecules, and sulfonate oxygen and
carboxylate oxygen atoms and between water molecules
(Table S2). These hydrogen bonds link the water oxygen
atoms and sulfonate oxygen atoms as well as carboxylate
oxygen atoms to generate a 1D hydrogen-bonded network in
the 1D small channel (Figure S4b). The continuous hydrogen-
bonded networks in the channels facilitate a fast and efficient
proton transfer, resulting in a Grotthuss mechanism for JXNU-
7(Eu).
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Figure 10. Emission spectra of JXNU-7(Eu) in the presence of Fe3+.
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For the 2D layered structures of JXNU-8, JXNU-8(Eu) was
selected for impedance measurements. The equilibrium time of
temperature and humidity for the pellet sample of JXNU-
8(Eu) is 2 h (Figure S11). JXNU-8(Eu) also displays the
characteristic Nyquist plots of proton-conductive materials
(Figure S12). At 85 °C, its proton conductivity increases from
1.86 × 10−7 S cm−1 at 65% RH to 2.23 × 10−5 S cm−1 at 98%
RH, indicating a humidity-dependent proton conductivity.
Under 98% RH, the σ value of JXNU-8(Eu) is enhanced from
45 °C (1.06 × 10−5 S cm−1) to 85 °C (2.28 × 10−5 S cm−1)
(Figure S13). The proton conductivity of JXNU-8(Eu) also
shows a good reproducibility at different RHs (Figure S14).
The Ea value of JXNU-8(Eu) can be estimated from the
temperature-dependent productivity at 98% RH (Figure 7),
which gives an Ea value of 0.18 eV. Similar to that of JXNU-
7(Eu), JXNU-8(Eu) displays a Grotthuss-type proton trans-
port mechanism. As shown in Figure S6, the free sulfonate
groups and free sulfonate oxygen atoms as well as the
coordinated water molecules point to either side of the 2D
layers, thus giving highly hydrophilic interlayered spaces
(Figure S7). The solvent water molecules located at the
interlayered spaces form hydrogen bonds with sulfonate
oxygen and coordinated water molecules to provide proton
transfer pathways. These proton conductivities of JXNU-8(Eu)
are smaller than those of JXNU-7(Eu) at the same temperature
and humidity, which is the result of the different structures.
The 1D channels including the 1D ordered hydrogen-bonded
networks in JXNU-7(Eu) facilitate fast proton transport,
resulting in a high proton conductivity for JXNU-7(Eu).
Photoluminescent Properties. Eu3+-based MOFs can

emit a characteristic red color, which enables them to be
potentially used as luminescence probes and display devices.
The photoluminescent properties of compounds JXNU-7(Eu)
and JXNU-8(Eu) were explored. First, the excitation and
emission spectra of the H4-DSNPDC organic ligand were
examined in the solid state. Upon excitation at 367 nm, the
organic ligand emits a photoluminescent emission band with a
maximum intensity at 418 nm, which is ascribed to an
intraligand π*−π electron transition (Figure S15). Figure 8
shows the solid-state excitation and emission spectra for
JXNU-7(Eu) and JXNU-8(Eu) at room temperature. An
excitation band from 300 to 370 nm accompanied by sharp
peaks was observed for JXNU-7(Eu) (Figure 8a). The
excitation band ranging from 300 to 370 nm can be attributed
to a ligand-centered transition. The sharp lines are the intra-4f6

transitions of an Eu3+ ion between the 7F0,1 level and the 5H4,
5L6, and

5DJ (J = 3, 2, 1) levels (Figure 8a).23 JXNU-7(Eu)
shows the characteristic Eu3+ emission on excitation at 355 nm.
It is known that the 5D0 emitting level for Eu3+ is at 17267
cm−1.24 The observed intense Eu3+ emission for JXNU-7(Eu)
suggests that the triplet excited state T1 level for the organic
ligand is higher than that of the Eu3+ emitting level. As shown
in Figure 8a, the emission spectrum is dominated by the peak
of a 5D0 →

7F2 electric-dipole transition, which is sensitive to
the site symmetry of the Eu3+ ion. For JXNU-7(Eu), the
integrated intensity ratio between the 5D0 →

7F2 transition and
the magnetic dipole 5D0 →

7F1 transition is 4.8, which suggests
a low-symmetry site for the Eu3+ ions in JXNU-7(Eu). In
addition, the presence of the 5D0 → 7F0 transition indicates
that the Eu3+ ions are located in a Cs, Cn, or Cnv symmetry site.
As mentioned above, JXNU-7(Eu) crystallizes in the
monoclinic P21 space group with three crystallographically
unique Eu3+ atoms lying on general positions, indicating that

the site symmetry for Eu3+ ions belongs to C1. Finally, the
observation of the splitting of 5D0 →

7F1,
5D0 →

7F2, and
5D0

→ 7F4 peaks further corroborates the low site symmetry for the
Eu3+ ions.25

The profiles of the excitation and emission spectra for
JXNU-8(Eu) are similar to those of JXNU-7(Eu). On
excitation at 352 nm, JXNU-8(Eu) exhibits intense Eu3+

luminescence with an integrated intensity ratio between the
5D0 →

7F2 and
5D0 →

7F1 transitions of 3.6 (Figure 8b).
As described above, JXNU-7(Eu) is a 3D structure with

small 1D channels (Figure 2c), while JXNU-8(Eu) is a 2D
layer with close-packed layers. Such small channels of JXNU-
7(Eu) are suitable for accommodating the guest metal ions,
indicating that JXNU-7(Eu) is a promising candidate for
serving as a luminescence probe for metal ions. The
luminescent sensing of the trivalent metal ions In3+, Al3+,
Cr3+, and Fe3+ for JXNU-7(Eu) was studied. As depicted in
Figure S16, the characteristic Eu3+ luminescence can be
observed on addition of the trivalent metal ions (metal ion
concentration 1 mM) to an aqueous suspension of JXNU-
7(Eu) (concentration 1 mg/mL). The Eu3+ luminescence is
not affected by In3+ (Figure 9), while the other three metal
ions quench the luminescence of JXNU-7(Eu) to different
extents. The addition of Fe3+ weakens the luminescence
intensity of JXNU-7(Eu) completely (Figure 9). Thus, the
luminescence quenching for JXNU-7(Eu) in the presence of
Fe3+ was studied further. As illustrated in Figure 10, the
emission intensity of JXNU-7(Eu) is gradually weakened with
an increase in the concentration of Fe3+. Furthermore, anti-
interference experiments were carried out. The results showed
that the quenching of the emission intensity of JXNU-7(Eu)
induced by Fe3+ is not affected in the presence of other
trivalent metal ions (Figure S17). The PXRD pattern of
JXNU-7(Eu) with Fe3+ matches well with that of the pristine
JXNU-7(Eu) (Figure S9). Such a result indicates that the 3D
structure of JXNU-7(Eu) was retained after the addition of
Fe3+ and a luminescence quenching effect of Fe3+ resulting
from the collapse of the 3D framework can be excluded. The
lanthanide luminescence is generally derived from the energy
transfer from organic ligands to the Ln3+ ions. As depicted in
Figure S18, the UV−vis absorption spectra of the metal ions in
aqueous solutions showed that the absorption band of JXNU-
7(Eu) (265−360 nm) is overlapped with the absorption band
of Fe3+ ion (250−400 nm). Such a result implies that the Fe3+

aqueous solution could absorb the energy of the excitation
light of JXNU-7(Eu), leading to a reduction of the energy
transfer from organic ligands to the Eu3+ centers. As a result,
the Eu3+ luminescence is quenched. Thus, JXNU-7(Eu) acting
as a probe is preferred for Fe3+ detection.

■ CONCLUSIONS
In conclusion, a sulfonate-carboxylate ligand and its
lanthanide-based frameworks JXNU-7 and -8 have been
synthesized. JXNU-7 has a 3D structure constructed from
linear trinuclear lanthanide carboxylate units, while JXNU-8
has a 2D layered structure based on tetranuclear Ln4(μ3-OH)4
cluster units. The Eu analogues exhibit good proton-
conducting performance pertaining to the hydrophilic
sulfonate groups. JXNU-7(Eu) with its characteristic emission
serves as a luminescent sensor for the selective recognition of
Fe3+ ion in aqueous solution. Our work is an elegant
demonstration of the realization of the functionalities endowed
by the functional building units in the resulting MOFs.
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