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Mechano-thermochemical synthesis of rare-earth
metal–organic frameworks with solvent-free
coordination for visible and near-infrared
emission†
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Rare earth metal–organic frameworks are considered as one emerging class of materials with extraor-

dinary photoluminescence functions. However, the coordination of solvent molecules, due to their

intrinsic high coordination numbers, leads to non-radiative multiphoton relaxation, which impairs their

luminescence. Therefore, in this contribution, we propose a mechano-thermochemical method as a

universal approach towards achieving solvent-free rare-earth metal–organic frameworks. A novel series

of solvent-free rare-earth metal–organic frameworks named TJU-66 has been synthesised, exhibiting a

(3,6)-c net zxc topology with a rare 6,6 coordination shape, and presenting high stabilities. Isostructural

mixed metal–organic frameworks have been created by doping with rare earth ions to further improve

the luminescence, reflected in the extremely high quantum yields and fluorescence lifetimes. It is worth

noting that the wavelengths of different mixed metal–organic frameworks cover the whole region of

visible and near-infrared light. Furthermore, by doping with Sc, the fluorescence lifetime of the

Yb-based MOFs could be greatly improved up to 43.1 ms, which is so far the highest value of Yb-based

MOFs. Our series of TJU-66 materials has not only replenished the existing library of luminescent

metal–organic frameworks, but also, the mechano-thermochemical method highlighted in this work

may provide a general method for the future development of solvent-free materials with exclusive

functions.

Introduction

Metal–organic frameworks (MOFs) are a class of advanced
crystalline materials with tunable structures and designable
functions, formed through the coordination-driven self-
assembly of metal ions/clusters and organic linkers in periodic
arrays, possessing great potential in various application areas,
thus cherished by both chemists and materials scientists.1–8 A
characteristic group of MOFs with rare earth metal cations as
framework nodes is named rare earth metal–organic frameworks

(RE-MOFs).9,10 The rare earth metal cations shall not only structu-
rally provide the diversity of coordination modes toward abundant
topological networks, but functionally generate unique advances
(characteristic narrow emission bands, long luminescence life-
times, and high resistance to photobleaching, for example) from
their special 4f electron configurations.9,11–14 Therefore, great
efforts have been made in structural modulation of the topological
framework as well as doping with other rare earth metal ions for
an improvement of the luminescence; however, to design and
construct RE-MOFs with strong emission intensity and long
fluorescence lifetimes is still challenging.

Relative to other transition metal MOFs, the large radii of
rare earth metal ions always result in a higher coordination
number,15 leading to the common occurrence that solvent
molecules coordinate to the rare earth metal ions in RE-
MOFs. Unfortunately, the luminescence of RE-MOFs can be
easily quenched by high-energy vibrational groups (e.g., O–H,
C–H, and N–H) of solvent molecules (e.g., water, methanol, and
dimethyl formamide) near the rare earth metal ions owing to
the non-radiative multiphoton relaxation, reflected in the great
weakening of luminescence in both the visible and near-
infrared (NIR) regions, but is more pronounced in the NIR
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regions.12,16 Thus, how to avoid solvent molecular coordination
is the key to achieving high quantum yields and long fluores-
cence lifetimes in RE-MOFs.

In contrast to the existing system-specific attempts of selecting
a specific ligand to exclude the ligand solvents,16,17 we herein
propose a new concept, a mechano-thermochemical method, as a
universal approach towards achieving solvent-free RE-MOFs. It is
well-known that solvothermal synthesis is the most classic method
in MOFs, that can produce highly crystalline crystals, but may
result in excessive solvent coordination18–20 (Fig. 1). Furthermore,
mechanochemical synthesis serves as a versatile tool for efficient,
environmentally friendly construction of MOFs, but results in the
low crystallinity of products. Our mechano-thermochemical
approach could integrate the advantages of both the solvothermal
and mechanochemical methods, and complement the deficiencies
of them, obtaining solvent-free coordination products with high
crystalline properties (Fig. 2).

In this work, RE-MOFs are focused on as a case study to
highlight the advantages of the mechano-thermochemical
method in the preparation of solvent-free MOF materials. The
synthetic RE-MOFs exhibited a unique 6,6 coordination shape,
hence the name TJU-66. TJU is an abbreviation for Tianjin
University. Precise crystallographic structural information was
directly resolved using powder X-ray diffraction patterns,
assisted by photoluminescence emission properties and Four-
ier transform infrared absorption spectra. A series of TJU-66
isostructural mixed metal–organic framework materials in solvent-
free coordination mode have been modulated by rare earth metal
doping to ensure excellent visible and near infrared emission,
reflecting the exclusive advantages of mechano-thermochemical
synthesis. Notably, scandium (Sc) metal doping can significantly

increase the fluorescence lifetimes of ytterbium (Yb)-based MOFs,
which have even more potential applications in time-resolved
detection.21 In addition, it was explored that TJU-66 isomorphic
MOFs exhibit exceptional thermal and water stability, ensuring the
viability of the materials in practical applications.22,23

Results and discussion
Crystal structure analysis

The sharp diffraction peaks in the powder X-ray diffraction
pattern indicate that the crystallinity of TJU-66 (Yb or Sc) is
100% (FWHM threshold of amorphous peaks = 3 in Fig. 3a
and b), demonstrating the advantages of the mechano-
thermochemical method over the traditional mechanochemical
process for crystallising products.24 Structural elucidation of
TJU-66 was carried out by high-resolution powder X-ray diffrac-
tion analysis. Pattern indexing was performed based on the
experimental diffraction data, and the point group of TJU-66
was determined to belong to a less symmetric triptycene (C3v)
with the space group R3c. The crystallographic structure was
further demonstrated by the photoluminescence properties of
Eu3+, shown in Fig. S1 (ESI†).25 Considering the connection of
the metal nodes and ligands, to understand the lattice packing
of TJU-66, a three-dimensional structure model was constructed
using Materials Studio 6.0 software. Finally, Pawley refinements
give the optimized parameters as follows: a = b = 8.92 Å,
c = 18.70 Å, a = b = 901, g = 1201, Rwp = 7.03% and Rp = 4.43%
for TJU-66(Yb); a = b = 8.69 Å, c = 18.63 Å, a = b = 901, g = 1201,
Rwp = 6.75% and Rp= 4.85% for TJU-66 (Sc). Also, the calculated
simulated powder pattern exactly matches the experimentally
obtained peak positions (Fig. 3a and b). The crystallographic
data were deposited with the Cambridge Crystallographic Data
Centre (CCDC 2154763 and 2154761,† respectively)

The structural feature shows unusual 6-coordination of
linkage properties, like d-block elements, which is rare in the
complexes of rare-earth ions with small molecular linkers with
low spatial site resistance. In the TJU-66 framework structure, each
rare-earth metal centre is coordinated to six oxygen atoms of
carboxylic acid groups from six different 1,3,5-benzenetricarboxylic
acid ligands to form an octahedron, thus each ligand is coordinated
to six rare earth metal centres.26 This familiar octahedral shape of
the bifurcated ligand is chiral, however, the entire three-
dimensional network framework is non-chiral, as two chiral forms
of construction are taken in assembling the network. The basic net
in the MOF of octahedral metal nodes is pcu, more precisely
described as the derived (3,6)-c net zxc (Fig. 3c–f).26 In particular,
the chiral ligands are connected in a non-centrosymmetric manner,
thus giving the exclusive non-centrosymmetric space group R3c
rather than the default symmetric space group R%3c.26 Rationally,
the exceptional configuration of TJU-66 is fortunately due to a
solvent-free synthetic environment induced self-assembly by a
mechano-thermochemical method.

The topological structure types of 16 RE-MOFs (RE = La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er, Tm, Yb, Lu or Sc)
synthesised by a mechano-thermochemical method were

Fig. 1 Illustration of the effect of different synthesis methods on the
presence or absence of coordinated solvent molecules in RE-MOFs.

Fig. 2 Comparison of typical solventhermal, mechanochemical, and
mechano-thermochemical methods. The green parts mark advantages,
the red parts mark disadvantages.
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investigated, with three topological configurations appearing or
disappearing in sequence as the ionic radius shrinks in the
powder X-ray diffraction spectrum of Fig. 4a, demonstrating the
structure-directing effects of synthetic environmental induction
and lanthanide contraction.27,28 The characteristic peaks of

powder X-ray diffraction patterns for RE-MOF (RE = La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb or Dy) obtained correspond to La(BTC)�
6H2O (CCDC 290771†)19,20 (the characteristic peaks are marked
in Fig. 4a with a yellow background and the coordinated
structure is shown in Fig. 4b). The rare earth metal centre in

Fig. 3 The structures of TJU-66 confirmed by Pawley refinements. PXRD patterns of (a) TJU-66 (Yb) and (b) TJU-66 (Sc) with experimental data in red,
Pawley-refined curves in black, calculated curves in blue, and difference plots in green. The allowed peak positions are marked as orange tics. View of
TJU-66(Yb) (c) down the [00_1] direction and (d) down the [_120] direction. (e) View of the coordination of bichiral organic linkers with six unique YbO6

polyhedra, and (f) structural formula for the coordination of bichiral organic linkers with Yb from TJU-66(Yb).

Fig. 4 Comparison of different topologies from RE-MOFs. (a) (from top to bottom) Simulated PXRD patterns of La(BTC)�6H2O with CCDC 290771,†
experimental PXRD patterns of the prepared RE-MOF (RE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb or Dy), simulated PXRD pattern of MIL-78 (Y) with CCDC
1109360,† prepared RE-MOF (RE = Ho, Y, Er, Tm, Yb or Lu), simulated PXRD pattern of TJU-66 (Yb), experimental PXRD pattern of prepared Sc-MOF, and
simulated PXRD pattern of TJU-66 (Sc); (b–d) Structural formulae for La(BTC)�6H2O, MIL-78 (Y) and TJU-66 (Yb); (e) (from top to bottom) FTIR absorption
spectra of the prepared RE-MOF (RE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er, Tm, Yb, Lu or Sc), and H3BTC, respectively.
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this structure is coordinated to six water molecules in addition
to the carboxylic acid groups from the three ligands. Then, the
components of the La(BTC)�6H2O structure gradually decrease
to disappear with lanthanide contraction, and the MIL-78(Y)
(CCDC 1109360†)29–31 (the characteristic peaks are marked in
Fig. 4a with a yellow background and the coordinated structure
is shown in Fig. 4c) configuration with eight-coordinated rare-
earth polyhedral, in which the metal centres are not coordi-
nated to water molecules, appears and disappears in the
product RE-MOF (RE = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er
or Tm). Subsequently, novel solvent-free coordination TJU-66
(Yb) as well as the isostructural TJU-66 (Sc) occur in RE-MOF
(RE = Ho, Y, Er Tm, Yb, Lu or Sc) (the characteristic peaks are
marked in Fig. 4a with green and blue backgrounds respectively
and the coordinated structure is demonstrated in Fig. 4d).
Furthermore, TJU-66 (Yb) was used as an example for heat
treatment times (t = 3 h, 12 h, 24 h or 48 h) to investigate the
division of labour between mechanochemical and thermoche-
mical processes in crystal nucleation and growth for the synth-
esis method. The topological structure characteristic peaks of
the novel crystals in powder X-ray diffraction patterns were
found to appear after 3 hours of heat treatment, as shown in
Fig. S4 (ESI†), demonstrating that their thermochemical pro-
cesses are the overwhelming contributors to crystallinity.

The Fourier transform infrared absorption spectra of RE-
MOFs further confirm the solvent-free coordination structure
of TJU-66. As shown in Fig. 4e, the characteristic spectral band
of the O–H group in the water molecule at 3000–3500 cm�1

disappears as the components of the La(BTC)�6H2O structure
gradually decrease to vanish. This indicates that the MIL-78
and TJU-66 conformation do not contain coordinated or encap-
sulated water molecules, which is beneficial for the construc-
tion of high-performance photonic functional materials. Also
fundamental is that the FTIR spectrum of H3BTC shows the
absorption at 3083 cm�1 (n O–H), 1716 cm�1 (n CQO) and
533 cm�1 (d CQO). In contrast, the absorption spectrum of RE-
MOFs, located at 1606–1545 cm�1 (asymmetric stretching vibra-
tion of –COO–) and 1443–1387 cm�1 (symmetric stretching
vibration of –COO–), prove the formation of coordination bonds.

Structural stability investigation

The thermal stability of MOFs is an important parameter for
their application in materials chemistry, and the TJU-66 struc-
ture possesses high stability by eliminating the perturbation of
the structure and the weakening of ligand bonds by solvent
stripping. The structural stability properties are explored in
different atmospheres by means of in situ PXRD techniques and
thermogravimetric analysis (TGA) using TJU-66 (Yb) as an
example. The in situ PXRD test is carried out to collect diffrac-
tion patterns of synthesised TJU-66 (Yb) at different tempera-
tures (multiple temperature points between 25 1C and 900 1C)
in an air atmosphere, shown in Fig. 5a. The two diffraction
peaks of the (104) crystal plane form of TJU-66(Yb) (2y = 22.411)
and the (222) crystal plane form of Yb2O3 (2y = 28.781) are
selected to analyse the variation in height, making the inter-
polation in Fig. 5a. It can be observed that the crystal structure

of the material starts to decompose after 475 1C and can
maintain about 80% of the diffraction peak at 500 1C. Thermo-
gravimetric analysis test under a dynamic N2 atmosphere
shows that the weight loss of TJU-66(Yb) starts at 550 1C, which
further supports that it is not coordinated or encapsulated with
solvent small molecules such as water. Thus, the higher weight
loss temperature presents the excellent thermal stability of this
crystalline material. In contrast, MOFs synthesised using the
solvothermal method, which usually have solvents coordinated
or presented as guests within their pores, must be removed by
thermal and vacuum activation prior to application. However,
solvent removal can lead to structural degradation caused by
capillary forces due to the narrow pore size, which can cause
crystal breakage and reduce their thermal stability.32,33

Photophysical property study

The high-performance photoluminescent mixed metal–organic
frameworks TJU-66(RE/Sc) (RE= Sm, Eu, Tb, Dy, Yb, Nd or Er)
are synthesized using the rare earth metal ion doping method.
The PXRD pattern and FTIR absorption spectra show that the
conformations are essentially the same as TJU-66(Sc), main-
taining the solvent-free coordination structure. The doped Sc3+

ions are homogeneously distributed within the MOF crystal as

Fig. 5 Stability analysis of TJU-66. (a) In situ PXRD patterns of TJU-
66(Yb), and the interpolation shows the variation of the two diffraction
peaks of the (104) crystal plane from TJU-66(Yb) and (222) crystal plane
from Yb2O3. (b) TGA curves registered under a dynamic N2 atmosphere of
TJU-66(Yb).
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shown in the energy-dispersive X-ray spectrometry mapping
images (Fig. S3, ESI†). The photophysical properties of single
and mixed metal–organic frameworks in the solid state were
characterized with the photoluminescence excitation (PLE)
spectrum and visible and near infrared photoluminescence
(PL) spectrum. The characterisation results follow the energy
transfer mechanism proposed by Crosby and Whan for organic
ligands to lanthanide ions.34 Under UV irradiation at 300 nm,
the organic ligand of TJU-66 is excited to the vibrational energy
level of the first excited singlet state (S1 ’ S0), and then
undergoes nonradiative intersystem crossing from the singlet
state S1 to the triplet state T1. The nonradiative transition from
the triplet state to the excited state of the lanthanide ion excites
the rare earth element ion by energy transfer. The radiative
transitions to lower energy levels can be observed as character-
istic linear photoluminescence with visible and infrared emis-
sion from TJU-66(RE/Sc) (RE = Sm, Eu, Tb, Dy, Yb or Nd) in
Fig. 6c–i. However, TJU-66(Er/Sc) exhibits emission weakly in
the IR II region. According to energy level analysis, the weak

performance can be attributed to the fact that the triplet state
energy level of BTC (23 200 cm�1) is so far above that of the
emitting lanthanides EEr(4I13/2) = 6700 cm�1 that effective
energy transfer is not possible.16,35

The quantum yields and fluorescence lifetimes of the near
infrared emissions from TJU-66 (Yb) and TJU-66 (Yb/Sc) were
measured to investigate the effect of metal doping on photo-
physical properties. Compared with the single-component
MOF, the quantum yield of the Sc metal-doped MOF is
increased by about 30%, and the fluorescence lifetime (tau) is
significantly increased by nearly 4 times, from 10.9 ms to 43.1 ms
(Fig. 7 and Table 1). This suggests that ion doping resolves the
detrimental effect of concentration quenching on quantum
yields. It also changes the environment around the Yb3+ ions
in TJU-66 (Yb/Sc), increasing one optical centre, allowing the
fluorescence lifetime to change from fitting a double to a triple
exponential fit. The sensitisation process of the Yb3+ ions is very
sensitive to this small environmental change, contributing to
the longer lifetimes. Remarkably, the fluorescence lifetime of

Fig. 6 Structural and photophysical property studies of mixed metal–organic frameworks. (a) (from top to bottom) experimental PXRD patterns of TJU-
66(RE/Sc) (RE = Nd, Sm, Eu, Tb, Dy, Er or Yb), and simulated PXRD patterns of TJU-66(Sc). (b) (from top to bottom) FTIR absorption spectra of the
prepared TJU-66(RE/Sc) (RE = Nd, Sm, Eu, Tb, Dy, Er or Yb). (c) PLE spectrum and visible and near infrared PL spectrum of TJU-66 (Sm/Sc). (b–d) PLE and
visible PL spectrum of TJU-66 (RE/Sc) (RE = Eu, Tb or Dy). Near infrared PL spectrum of (e) TJU-66 (Yb), TJU-66 (Yb/Sc), (f) TJU-66 (Nd/Sc), (g) TJU-66
(Er/Sc), respectively.
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TJU-66 (Yb/Sc) is the highest among those of the currently
reported Yb-based MOFs,16,17,36–38 indicating its potential for
application in time-resolved detection.

The extraordinary water stability of the TJU-66 series materi-
als provides them with potential for applications such as trace
detection, molecular identification, potential fingerprinting,
etc.23,30,31 The TJU-66 (RE/Sc) (RE= Sm, Eu, Tb or Dy) with
bright visible light emission was dispersed in water for 90 days.
The PXRD patterns and FTIR absorption spectra show no
significant changes in structure (Fig. 8a and b) and no notice-
able difference in photoluminescence ability after 90 days
(inset of Fig. 8a).

Conclusions

In conclusion, a mechano-thermochemical method, combining
mechanical grinding and thermal treatment, is proposed to
prepare solvent-free ligated RE-MOFs to avoid the reduced
quantum yields and shortened lifetimes associated with non-
radiative multiphoton relaxation. A novel series of solvent-free
coordination metal complexes, called TJU-66, has been synthe-
sised, exhibiting a rare 6,6 coordination shape, giving the
exclusive non-centrosymmetric space group R3c. Multiple iso-
morphic mixed rare-earth metal organic frameworks have been

modulated by rare-earth ion doping, with excellent visible and
near-infrared emission properties. In this approach, the
fluorescence lifetime of Yb-based MOFs has been greatly
enhanced by the doping of Sc, up to 43.1 ms, which is to the
best of our knowledge the highest value reported in Yb-based
MOFs, which may have great potential for applications in time-
resolved detection, fluorescence lifetime encoding, etc. In addi-
tion, the TJU-66 structure has been explored for its excellent
thermal and water stability, ensuring the viability of isostruc-
tural functional materials for practical applications. Our find-
ings provide a sustainable and environmentally friendly
prospective due to the solvent-free synthesis of highly crystal-
line functional materials.
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Fig. 7 Fluorescence lifetimes of TJU-66 (Yb) and TJU-66 (Yb/Sc).

Table 1 Quantum yields and luminescence lifetimes of TJU-66 (Yb) and
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Fig. 8 Water stability analysis of TJU-66. (a) PXRD pattern and (b) FTIR
absorption spectra of the original TJU-66 (Eu/Sc) and the dispersion in
water for 90 days. The inset shows the photoluminescence state of the
TJU-66 (RE/Sc) (RE= Sm, Eu, Tb or Dy), lex = 254 nm.
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