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A mixed valence terbium metal–organic framework (MOF), [Tb2(HCOO)(clhex)�2H2O)]�2H2O (BUC-68)
was obtained from the reaction of 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (H6clhex), formic acid, N,
N-dimethylformamide (DMF) and the terbium salt under hydrothermal condition at 140 �C. The crystal-
lographic analysis revealed that the three-dimensional BUC-68 is composed of two-dimensional
[Tb2(clhex)�2H2O)] sheets linked by formic ligand. X-ray photoelectron spectra (XPS) analysis revealed
that there were terbium (III) and terbium (IV) presented in BUC-68. Thermogravimetric analysis (TGA)
indicated that BUC-68was stable up to 350 �C. Photoluminescent measurement showed that BUC-68 dis-
plays strong luminescence emission, which was arose from efficient ligand to metal energy transfer tran-
sitions. Finally, BUC-68 was utilized to conduct selective detect of naproxen (NPX) and some small
organic molecules.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Metal–organic frameworks (MOFs), as a new class of hybrid por-
ous materials, arose increasing interests from researchers resulting
from not only their diverse structures, tunable pore size and topo-
logical diversities [1–5], but also their potential applications like
adsorption/separation [6–14], photocatalysis [15–20], gas storage
[21–24], drug delivery [25,26], and fluorescent sensor [27–30].
Recently, mixed valence MOFs constructed from Cu(I)/Cu(II) [31],
Fe(II)/Fe(III)[32–34], Mn(II)/Mn(III) [35] and Ti(III)/Ti(IV) [36] as
templates arose wide interests, due to their unique properties like
electrochemical activity [37], magnetism [38], photochromic [39],
Néel N-type ferrimagnetism and proton conduction [40]. Up to
now, just three mixed valence lanthanide MOFs have been in situ
synthesized, i.e. {(bpy)0.5(Dy3(ip)4(phen)4(H2O)}�2H2O}n [41],
3
1[Eu3(Tz*)6(Tz*H)2] [42] and Sr(HCOO)2: Eu2+/Eu3+ [43]. Lanthanide
metal–organic framework are produced lanthanide based metal–or-
ganic frameworks are of interest resulting from their narrow emis-
sion and high color purity resulting from the Ln(III) irons [44], and
their luminescent intensities can be enhanced by the f-f transitions
via an ‘‘antenna effect” [45]. Ln-based emissions are sensitive to the
chemical environment, which makes them be widely used as
fluorescent probes for pollutants sensing like poisonous gases,
organic solvents, and heavy metals [46–48]. The mechanisms of the
luminescence are mainly assigned to metal-centered (MC), ligand-
centered (LC) and charge transfer (CT) emissions, respectively.
Recently, some Ln-MOFs were even used as selective probe and effi-
ciently separate cationic or anionic dye molecules from their matrix
due to the host–guest electronic interactions, guest–guest exchange
interactions, Förster resonance energy transfer (FRET), radiative
energy transfer and Dexter electron exchange (DEE) [49,50].

The syntheses of lanthanide MOFs (Ln-MOFs) are challenging
tasks considering the large radii and high coordination number of
lanthanide metals, and lanthanide ions have a high affinity to oxy-
gen atoms [51,52]. The polydentate 1,2,3,4,5,6-cyclohexanehex-
acarboxylic acid (H6clhex) was used to build some Ln-MOFs
architectures [53–56]. The partly or completely deprotonated Hn-
clhexn�6 exhibited various coordination modes like monodentate,
bridging and chelating [53,57] (as shown in Scheme S2) resulting
from its different conformations like I (a,e,a,e,a,e), II (e,e,e,e,e,e),
III (e,e,e,e,a,a), IV (e,e,e,e,a,e), V (e,e,a,e,e,a) and VI (e,e,e,e,e,a),
respectively (a is axial conformation and e is equatorial conforma-
tion) [57]. According to the previous literatures [58], the multi-
functional Hnclhexn�6 ligand is effective to collect and transfer
light to metal ions in the corresponding MOFs to generate fantastic
luminescence [49]. With this paper, a novel Tb(III)/Tb(IV) mixed
valence MOF [Tb2(HCOO)(clhex)�2H2O)]�2H2O (BUC-68) was pre-
sented, in which its crystal structure, thermal stability, lumines-
cent property along with their sensing application were
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investigated. BUC-68 can emit characteristic luminescence
resulted from Tb(III) ions and the ‘‘antenna effect” from H6clhex
ligand [45,59]. As well, BUC-68 was utilized to act as probe to
selectively detect PPCPs (Pharmaceutical and Personal Care Prod-
ucts) and some small organic molecules.
2. Experimental section

2.1. Materials and instruments

All chemicals were commercially available and used directly as
received without any further treatment. Elemental analyses of C, H
and N of the MOFs were obtained using an Elementar Vario EL-III
instrument. The crystal structures of the prepared powders were
performed on a Dandonghaoyuan DX-2700B diffractometer using
Cu Ka radiation with 2h ranging between 5� and 50� at a scanning
rate of 0.5��min�1. Infrared (IR) spectrum was recorded on a Nico-
let-6700 Fourier transform infrared spectrophotometer in the
region (400–4000 cm�1). Thermogravimetric analyses were per-
formed from 70 to 800 �C in an air stream at a heating rate of
10 �C �min�1 on a DTU-3c thermal analyzer with a-Al2O3 as a refer-
ence. UV–Vis diffuse reflectance spectrum (DRS) of solid sample
was measured from 200 to 800 nm with a PerkinElmer Lamda
650S spectrophotometer, in which BaSO4 was used as the standard
with 100% reflectance. Luminescence spectra were recorded on a
Hitachi F-7000 spectrophotometer at room temperature. The life-
time was recorded on an Edinburgh FS5 spectrophotometer at
room temperature.
2.2. Synthesis of BUC-68

A mixture of H6clhex (0.3 mmol, 0.1045 g), TbCl3�6H2O
(0.3 mmol, 0.1120 g), deionized water (7 ml) and DMF (7 ml), with
a molar ratio of 1:1:1296:1296, was sealed in a 25 mL Teflon-lined
stainless steel Parr bomb, heated at 140 �C for 72 h under autoge-
nous pressure and then cooled down to room temperature. White
block crystals were isolated and washed with deionized water and
ethanol (yield: 86% based on TbCl3�6H2O). Anal. Calc. for BUC-68,
C13H15O18Tb2, C, 20.09; H, 1.95; O, 37.06. Found: C, 20.12; H,
1.98; O, 37.11%. IR(KBr)/cm�1: 3424, 1591, 1422, 1306, 1269,
1201, 1066, 1038, 1021, 935, 824, 813, 710, 604, 518, 460.
2.3. X-ray crystallography

X-ray single-crystal data collection for BUC-68 was recorded
with a Bruker CCD area detector diffractometer with graphite-
monochromatized MoKa radiation (k = 0.71073 Å) using the w-x
mode at 293(2) K. The SMART software [60] and SAINT software
[61] were used for X-ray single-crystal data collection and data
extraction respectively. Empirical absorption corrections were per-
formed with the SADABS program [62]. The structures were solved
by direct methods (SHELXS-2015) [63] and refined by full-matrix-
least squares techniques on F2 with anisotropic thermal parame-
ters for all of the non-hydrogen atoms (SHELXL-2015) [63]. All
hydrogen atoms were located by Fourier difference synthesis and
geometrical analysis. These hydrogen atoms were allowed to ride
on their respective parent atoms. All structural calculations were
carried out using the SHELX-2015 program package [63]. The crys-
tallographic data and structural refinements for BUC-68 are sum-
marized in Table S1. Selected bond lengths and angles are listed
in Table S2.
2.4. Luminescence performances test

The luminescence experiments were carried out at ambient
conditions in a 5 ml tubes containing 4 mg of BUC-68 and 4 mL
of target solution. The suspension was dispersed well by shaking,
and then determined after equilibrium for 5 min.
3. Results and discussion

3.1. Characterizations

BUC-68 is stable under air and in common solvents like ethanol,
methanol, acetone, and N,N-dimethyl formamide (DMF), and the
corresponding PXRD patterns were shown in Fig. S1. The FTIR spec-
trum of BUC-68 was illustrated in Fig. S2. The strong absorption at
3424 cm�1 is assigned to stretching vibration of hydroxyl, implying
the presence of water molecules [64,65]. The characteristic bands
at 1591 cm�1 and at 1422 cm�1 are assigned to asymmetric
stretching (mas) and symmetric stretching (ms) of carboxylic groups,
respectively [66]. The value of the difference (Dm) between mas and
ms is about 197 cm�1, indicating that the oxygen atoms of carboxy-
late group were coordinated to Tb via bidentate mode [67].
3.2. Crystal structure description

The completely deprotonated clhex6� anion adopted e,e,e,e,e,e-
conformation (as illustrated in Fig. 1, t), in which the central ring
displayed chair-shaped configuration and the carboxylate groups
located at the equatorial positions, comparable to that observed
in the previous studies like [Tb4(LⅡ)(ox)3(H2O)8][68]. All the oxy-
gen atoms from the carboxylate groups attached to clhex6� anions
were engaged in coordination to the Tb ions via chelating mode
like g12l6 one as illustrated in Scheme 1(I). Generally, H6clhex
can display various coordination modes as illustrated in Scheme 1.
For example, Wang et al. reported three-dimensional lanthanide
MOF [Tb4(LⅡ)(ox)3(H2O)8] [68], in which the ligand H6lhex exhibits
the coordination mode of II. Tong et al. synthesized two MOFs
[Cd12(l6-LII)(l10-LII)3(l2-H2O)6(H2O)6]�16.5H2O and Na12[Cd6(l6-
LII)(l6-LIII)3]�27H2O, in which the mode (III) and (IV) of H6lhex
were adopted for the former one, while the coordination mode
(III) and (V) were presented in the later one (Scheme 1) [69]. Differ-
ent conformation modes of H6clhex also have different structural
stability. Previous studies have demonstrated the stability of dif-
ferent conformations, which are LV > LII > LIII > LVI > LIV > LI (H6lhex)
respectively [57,70]. According to the literatures [57,71,72], the
conformations of H6clhex (L) was speculated that the approach of
metal ions to L can activate and remove the a-protons on the
ligand, leading to a metastable state L* was formation at the same
time, the carboxylate groups rapidly adopt their optimal positions
and coordinate to the ions. Inspired by the previous reports, Tb
ions may adopt this reaction process in this study. A further spec-
ulation can be acquired that mixed valence (III/IV) lanthanide
metal ions can also exist this conformational transformation
(Scheme 2).

In BUC-68, each Tb atom is nine-coordinated by six oxygen
atoms from three clhex6� anions, one oxygen atoms from a formic
acid ligand and two oxygen atoms from two different aqua ligands
to complete a slightly distorted tricapped trigonal prism. The Tb–O
distances were comparable to the normal values for these bonds as
found in counterpart MOFs (Table S2) [75,76].

In BUC-68, cationic Tb centers are coordinated by the g12l6

clhex6� anions to construct a 2D metal–organic layers viewed
along ab plane, as demonstrated in Fig. 1c. The layers are stacked
along the b axis following the ABAB sequence, in which the Tb ions
of the odd layers were located above the triangular hollows of the



Fig. 1. (a) Highlight of the coordination polyhedron for the Tb atom; (b) The secondary building unit of TbO9; (c) The 2D sheet of BUC-68; (d) the 3D structure of BUC-68.

Scheme 1. Coordination mode of H6lhex in Compound (I, II [69,73], III�VI [69], VII [74]) [53].
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Scheme 2. Possible reaction mechanism of the conformational conversion of the H6clhex ligand [74].

Fig. 3. Luminescence spectra of BUC-68 in solid state at room temperature (excited
and monitored at 230 nm and 545 nm, respectively).
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even ones, which blocked the formation of channels [56]. As shown
in Fig. 1, the thickness of the layer is about 0.6646 nm viewed
along the b axis. Just one type of distorted quadrangular pores with
dimensions 0.9889 nm � 0.6653 nm can be found in the layers
along the b axis (Fig. 1c). Meanwhile, the formate ligands adopting
the bidentate bridging mode (Scheme S1, e) connect the Tb1 atoms
to form a one-dimensional chain. The one-dimensional chain
linked the neighboring Tb1 atoms along b axis to form the main
chain in the structure of BUC-68. The neighboring layers were
joined by the one-dimensional chain via Tb-O interaction of three
H6clhex carboxylate groups to produce the final three-dimensional
structure of BUC-68 (Fig. 1(d)). It was worthy to noting that the C5,
H5, O6 and O7 in the deprotonated formate (HCOO–) are disor-
dered over two sites with occupancy factor ratio of 0.5/0.5. In the
three-dimensional structure of BUC-68, the distorted quadrangular
channels in the framework were occupied by the two coordinated
aqua ligands to further stabilize the crystal structure.

It was interesting to find that two different valance state Tb, i.e.
Tb(III) and Tb(IV), were presented in the BUC-68. To understand
the above speculation, the X-ray photoelectron spectra (XPS) of
BUC-68 has been determined. As shown in Fig. 2, the peaks at
1240.14 and 1276.53 eV are assigned to 3d5/2 and 3d3/2, which
are characteristic peaks of Tb(III); while the peaks at 1243.14 and
1250.81 eV are assigned to the 3d5/2 of Tb(IV) [77,78]. It’s known
that the redox trend of lanthanide ions depends on the 4f? 5d
transition energy and the charge-transfer energy from the host
anion to the lanthanide ions [79]. Tb(III) is characterized by very
low 4f? 5d transition energies and very high charge-transfer
Fig. 2. XPS deconvoluted scans and fittings results for the selected peaks of Tb(III)
and Tb(IV) in BUC-68 (inset: photochromic effects of BUC-68 under excitation at
254 nm light).
energies [80]. The electron configuration of terbium is [Xe]4f96s2,
which made it easy for Tb(III) to lose an electron and be oxidized
into Tb(IV) [81]. Blasse et al. reported that Tb(III) is unstable and
tends to oxidize into Tb(IV), especially in cubic phase materials
[82]. The presence of Tb(IV) in BUC-68 can be further affirmed by
the off-white solids on its Fluorescence surface upon the excitation
of 254 nm (Fig. 2 inset) [83–85].
3.3. Fluorescence properties

The fluorescence property of BUC-68 was investigated in the
solid state at room temperature, which revealed that BUC-68
showed distinct luminescence in the visible range under UV-light
excitation. As illustrated in Fig. 3, it can be observed that BUC-68
possesses wide luminescence band centered at 489, 545, 589 and
621 nm, corresponding to 5D4–7F6, 5D4–7F5, 5D4–7F4 and 5D4–7F3
f-f transitions of Tb(III) ions, respectively [86]. As illustrated in
Fig. S3, the decay lifetime of BUC-68 is 0.82 ms, comparable to
the reported MOFs [87,88]. The long lifetimes may be attributed
to the strong chelating coordination and the stable structure of
clhex6�, which provide an effective pathway for energy transfer
[89].

As is shown in Fig. S4, the luminescence intensity of BUC-68 at
545 nm is 28 times higher than that of terbium hexahydrate chlo-
ride (solid state), which can be attributed to ‘‘antenna effect”
[48,90,91] resulted from the efficient energy-transfer between
ligand and Tb(III). UV–Vis absorption spectra of BUC-68 and H6-
clhex were illustrated in Fig. 4(b), in which the absorption spectra
of BUC-68 matches well with the UV–Vis spectra of H6clhex,



Fig. 4. (a) Absorption and excitation spectra of BUC-68 in solid state, and the absorption spectra of H6clhex at room temperature (220�300 nm); (b) UV–Vis spectra of BUC-
68 and H6clhex in solid state at room temperature (200�600 nm).
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implying that H6clhex may provide UV energy absorption for BUC-
68 [92]. No broad and strong emission band presented in the spec-
trum of the H6clhex ligand suggested that the absorbed energy is
effectively transferred to the Tb(III) center. Comparing to H6clhex,
the bands in the absorption spectrum of BUC-68 are slightly blue-
shifted, along with a new band centered ca. 230 nm occurred. The
slight blue shift in the range of 230–300 nm can be attributed to
the deprotonation of H6clhex and the corresponding coordination
interactions with Tb, which further confirmed the energy transfer
and the ‘‘antenna effect” between the H6clhex ligand and the Tb
centers.
3.4. Sensing of small molecules

Recently, small organic molecules like nitroaromatics, organic
amines, acetone, acetonitrile and so on, have attracted increasing
attention for their environmental biological hazards and threats
to human health [93–95]. MOFs-based luminescent switch
‘‘on–off” effect is particularly interesting [96]. The potential
‘‘on–off” detect of BUC-68 toward small organic molecules has
been investigated, in which 3.0 mg BUC-68 powder was dispersed
into 3.0 mL of isopropanol, ethanol, methanol, acetonitrile, tetrahy-
drofuran (THF), trichloromethane (THMS), acetone, benzene,
propenamide, N,N-Dimethylformamide (DMF), respectively. After
10 min’s contact, the luminescence spectra were recorded under
excitation wavelength of 230 nm at room temperature. As shown
in Fig. 5(a), it is obviously that the luminescence intensity of
BUC-68 was absolutely quenched when it was dispersed in ben-
zene, DMF, and acetone, while the rest of the selected organic sol-
vents have relatively weak effects on the luminescence intensity of
BUC-68.

Moreover, the quenching effect of acetone has been further
studied for the suspensions of BUC-68. In detail, BUC-68 were dis-
persed in ethanol as the standard suspension, and the content of
acetone was gradually enhanced to monitor the luminescence
intensity response. As shown in Fig. S5, the luminescent perfor-
mance of BUC-68 with various concentrations of acetone from 0
to 50 vol % was measured. For the ethanol suspension of BUC-68,
an apparent decrease in the luminescence intensity was observed
with on-going addition of acetone. The luminescence almost disap-
peared as the acetone content increased to 50 vol%, indicating that
efficient luminescent quenching of BUC-68 was controlled by ace-
tone. Notably, the limit detection of acetone is determined as 1vol
% for BUC-68, which is better than the previous studies [93].

In order to understand the luminescent quenching mechanism
of BUC-68 towards these small organic molecules, their UV–Vis
absorption spectra and the PXRD of the samples powder that after
dispersing in acetone, DMF and benzene were performed. As
shown in Fig. 5(b), a strong UV absorption bands ranging from
220 nm to 320 nm for acetone, DMF and benzene were overlapped
with the excitation spectra of BUC-68 (Em = 545 nm), indicating the
presence of an efficient radiative energy transfer process between
BUC-68 and these small molecules [49]. In the process of energy
transfer, these small organic solvent molecules like benzene,
DMF, and acetone competed with BUC-68 to absorb UV excitation
energy. During the contact with acetone, just a small amount of
energy can be available for BUC-68, which results its apparent
emission spectra decreased. BUC-68 was stable in benzene, DMF,
and acetone solution, which can be affirmed by the PXRD results
(Fig. S1). The PXRD results further confirmed the luminescence
quenching mechanism of BUC-68 is not the destruction of its struc-
ture, as the PXRD patterns of the pristine and treated BUC-68.

Considering its excellent quenching effect on these organic
molecules, the detection performance of BUC-68 toward some
selected PPCPs was studied. Ten typical PPCPs like naproxen
(NPX), promethazine hydrochloride (PM-HCl), ketoprofen (KP),
aspirin (ASA), sulfisoxazole (SF), chloramphenicol (CHL), acry-
lamide (AM), sulfacetamide (SF), 2-ethylimidazole (2-EI), bisphe-
nol A (BPA) were selected to investigated. Considering the minor
effect on the luminescence intensity on BUC-68, ethanol (EtOH)
was adopted as solvent to dissolved the selected PPCPs. In detail,
3.0 mg BUC-68 powder was dispersed into 3.0 mL of PPCPs
(10�4 M, EtOH) solution respectively. After 10 min’s contact, the
luminescence spectra were recorded under excitation wavelength
of 230 nm at room temperature. As shown in Fig. 6(a), the lumines-
cent intensities of BUC-68 strongly depend on the solvents. Espe-
cially, NPX displayed the most serious quenching effect. The rest
of the PPCPs have relatively weak effects on the luminescent inten-
sities of BUC-68.

Moreover, the quenching effect resulted from NPX was further
studied for the suspensions of BUC-68. In the experiment, the sus-
pensions of BUC-68 were achieved by soaking the powder samples



Fig. 7. (a) Emission spectra and intensities for BUC-68 dispersed in various mixed solution of PPCPs (EtOH); (b) The luminescence intensities for BUC-68 at 545 nm
(Ex = 230 nm).

Fig. 6. (a) Emission spectra and intensities for BUC-68 dispersed in various antibiotics (10�4 M, EtOH); (b) The UV–Vis absorption spectra of PPCPs (10�4 M) dispersed in EtOH
(Ex = 230 nm).

Fig. 5. (a) Emission spectra and intensities for BUC-68 in different organic solvents; (b) The excitation spectra of BUC-68 and absorption spectra of various organic solvents.
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Fig. 8. (a) Emission spectra and intensities for BUC-68 dispersed in a series of concentration solution of NPX (EtOH) (inset: the inset shows the luminescence intensities for
BUC-68 at 545 nm (Ex = 230 nm), (b) The excitation spectra of BUC-68 and UV–Vis absorption spectra of NPX.

Fig. 9. (a) Luminescence spectra changes during sensing and recycling of BUC-68; (b) Luminescence intensity changes during sensing and recycling of BUC-68 (Em = 545 nm).

Fig. 10. Luminescence quenching mechanism of BUC-68 toward NPX.
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of BUC-68 (3 mg) into equal amounts of mixed PPCPs solvents
(3 mL), respectively. The results are shown in Fig. 7, it’s clear that
BUC-68 can be used as a highly selective sensor for NPX over other
PPCPs. The luminescence responses of BUC-68 were measured in
the presence of the different concentrations of NPX. As shown in
Fig. 8, when the NPX concentration increased from 10�6 M to
10�5 M, the luminescence intensity of BUC-68 was gradually drop
off, along with a good linear relationship (correlation coefficient
R2 = 0.995) between the emission intensity of BUC-68 at 545 nm
and the concentration of NPX was observed.

The luminescent quenching mechanism of BUC-68 towards
NPX was further investigated by the UV–Vis absorption spectra
and excitation spectra. As shown in Fig. 8(b), a strong UV absorp-
tion bands ranging from 200 nm to 300 nm for NPX were over-
lapped with the excitation spectra of BUC-68 (Em = 621 nm),
indicating the presence of an efficient radiative energy transfer
process between BUC-68 and NPX [49].

In order to further explore the recyclability and reusability of
BUC-68, the recycling experiments were performed. As shown in
Fig. 9, BUC-68 exhibited the same degree of luminescence
quenching after each cycle, and the recycled samples of BUC-68
can display the identical fluorescence intensity when being dis-
persed in ethanol. The PXRD confirmed that the crystallinity of
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BUC-68 is still well maintained after multiple use (Fig. S6). The
recycling results implied that BUC-68 has an amazing potential
as a long-term luminescent probe for NPX.

The UV–Vis absorption spectra of these PPCPs were shown in
Fig. 6(b), which showed that their absorbance at 230 nm varied
considerably, while UV–Vis absorption intensity is consistent with
the trend of quenching effect to BUC-68. The UV–Vis contrast
experiment results further confirmed that, the luminescent
quenching behaviors were attributed to radiative energy transfer.
The schematic diagram of radiative energy transfer process and
the proposed mechanism corresponding to the luminescent detect
of NPX over BUC-68 was demonstrated in Fig. 10.
4. Conclusion

In all, a mixed valence Tb (III/IV) MOF(BUC-68) based on H6-
clhex ligand have been synthesized under hydrothermal synthesis
conditions. BUC-68 can exhibit very strong luminescence intensity
under ultraviolet light through ‘‘antenna effect” at room tempera-
ture. The luminescent sensing studies demonstrate that BUC-68
are capable of highly selective detection of small organic molecules
and PPCPs through luminescent quenching. The excellent ‘‘on–off”
switch-functions performance on acetone is attributed to the effi-
cient radiative energy transfer process. BUC-68 has good perfor-
mance in selective sensing toward NPX at low detection limit. A
further research on making BUC-68 be a more straightforward
sensing probe for NPX and other small molecules is underway.
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