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ABSTRACT: In this paper, a novel three-dimensional
(3D) porous lanthanide—organic framework, Eu,(p,-
pmdc),(OH),-3H,0 (1), which is stable up to 400 °C,
has been hydrothermally synthesized and characterized. It
shows intriguing single-crystal-to-single-crystal transforma-
tion and reversible dehydration/rehydration phenomenon
upon removal and rebinding of the lattice water molecules,
which is supported by single-crystal X-ray diffraction,
powder X-ray diffraction, and photoluminescence data.

n recent years, the research field on metal—organic

frameworks (MOFs) has drawn increasing attention. Many
researchers are focusing on the rational design and synthesis of
MOFs with novel structures and potential applications such as
gas separation and storage,1 catalysis,2 molecular magnetism,3
and fluorescence.* Among various MOF-based materials,
compounds with single-crystal-to-single-crystal (SCSC) trans-
formations are particularly interesting because SCSC represents
one of the most fascinating phenomena in chemistry and is
attractive not only from a fundamental point of view but also in
practical implications.~” It offers a means to adjust or regulate
the structures and properties of the materials through
postsynthetic methods such as insertion/removal of the guest
molecules,® modification of the organic 1igands,6 or changes in
the coordination environment of the metal ions.” Among these
strategies, insertion/removal of the guest molecules is most
common.® The most appealing aspect of SCSC is that X-ray
crystallographic analysis can provide sufficient and definite
structural information on the phase change, which allows us to
follow the progress of the transformation process. Thus, SCSC
transformations open new routes to systematically studying the
properties of the materials.””” As a branch of MOFs,
lanthanide—organic frameworks (LnOFs) show unusual
structures and properties because of the unique feature of
lanthanide ions with large radii, as well as their fascinating
photoluminescent and magnetic behavior.*”'> However,
compared with the large number of examples of transition-
metal-based MOFs with a SCSC transition, LnOFs with this
phenomenon are much more rarely observed.*$ 547> Also
removal of guests and/or coordination solvent molecules in a
LnOF often results in an amorphous phase.” Herein, we report
the synthesis, crystal structure, thermal gravimetric analysis
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(TGA), powder X-ray diffraction (PXRD), and photo-
luminescent properties of a porous LnOF, namely, Eu,(u,-
pmdc),(OH),-3H,0 (1; H,pmdc = pyrimidine-4,6-dicarboxylic
acid).

Needle crystals of 1 were obtained by a hydrothermal
reaction (see the Supporting Information, SI). Single-crystal X-
ray determination reveals that 1 contains a hydroxyl-bridging
one-dimensional (1D) tape structure of [Eu,(u;-OH),]*,
which is further connected via pmdc*™ ligands to result in a
3D coordination framework with 1D channels along the a axis
(Figure 1). The asymmetric unit of 1 consists of two Eu®" ions,
two pmdc’” ligands, two y;-hydroxyl groups, and three lattice
water molecules. The two crystallographically independent
centers, Eul and Eu2, reside in similar coordination environ-
ments and are coordinated with seven oxygen atoms from four
pmdc’” ligands, three hydroxyl groups, and one nitrogen atom

¢ ©
Figure 1. Coordination environment of Eul (a), a 1D tape structure
constructed by a py-hydroxyl (b), one type of bridging mode of
pmdc®”, (c) and the 3D porous structure with a 1D channel along the
a axis (d) in 1. The blue and purple spheres represent Eul and Eu2,
respectively.
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from the pyrimidine ring, resulting in a N107 donor set with a
distorted square-antiprism coordination geometry (Figures la
and Sla in the SI). Although the coordination environments in
Eul and Eu2 are similar, orientation of the pyrimidine rings and
carboxylate groups of pmdc®~ and the bond lengths and angles
around them are different (Figure SI in the SI). The Eu—O
distances are slightly shorter than the Eu—N distance, and these
values are comparable to those found in the reported Eu**
complexes (Table S2 in the SI).”~'> The hydroxyl groups adopt
a py-bridging mode and connect three Eu’* ions (O9 connects
two Eu2 and one Eul ions, while O10 links two Eul and one
Eu2 ions) with —09—09—010—010— alternations to produce
a 1D tape structure along the a axis. The Eu---Eu distances are
in the range of 3.829—3.989 A, which is similar to those found
in other lanthanide compounds with p;-hydroxyl bridges
(Figure 1b).”>'° Both pmdc®~ ligands in the asymmetric unit
bridge two Eul and two Eu2 ions, adopting a piyu-
(kN,0,k0,k0'kQ"’") bridging mode (Figures 1c and S1b in
the SI) and linking the 1D tape structures in an almost
vertically arranged AB fashion. This results in a rather
complicated 3D framework with 1D channels along the [001]
direction (Figure 1d). Calculations based on the X-ray crystal
structure show that the framework possesses a solvent-
accessible volume of ca. 259 A% corresponding to 13% of the
unit cell.

In order to study the thermal stability of the 3D network of
1, TGA was done and is shown in Figure S2 in the SI 1
displays a first weight loss of 7.6% between room temperature
and 110 °C, which is attributed to the release of three guest
water molecules per formula unit and matches reasonably well
with the calculated value (7.5%). There is no weight loss from
110 to 400 °C, which demonstrates that the dehydrated phase
is thermally stable in this temperature range. Upon further
heating, additional steps of weight loss in the range of 400—700
°C can be ascribed to decomposition of the framework. The
remaining weight is 48.5%, indicating that Eu,O; is the final
product (calculated 48.5%).

To further probe the thermal stability and possible phase
transition of the as-synthesized material, compound 1 was
calcined at variable temperatures (Figure 2). The temperature-
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Figure 2. PXRD patterns of 1 at different temperatures along with the
simulated pattern based on the single-crystal structure of the as-
synthesized compound.

dependent PXRD patterns of 1 from room temperature to 400
°C indicate no changes and agree well with the simulated
pattern based on the single-crystal X-ray diffraction data. The
PXRD patterns together with the fact that the dehydration
process occurs below 110 °C (according to the TGA curve)
indicate that 1 may retain its crystalline structure even after
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losing its water molecules. The diffraction peaks have an
obvious change when the temperature is increased to 500 °C.
This is presumably due to decomposition of the framework.
When further increases in the temperature, the sample becomes
amorphous, as indicated by the broadness and disappearance of
the diffraction peaks. Taken together, these results suggest that
the framework structure of 1 is thermally stable up to 400 °C.

The above evidence suggests that it is possible to generate
porous frameworks by removing the guest water molecules and
compound 1 might be robust enough to undergo SCSC
transitions rarely found in LnOFs. To test this hypothesis, the
original sample was heated to 110 °C for 6 h under vacuum to
obtain the dehydrated compound 2. Indeed, 2 remained single
crystalline, and we were able to successfully obtain its precise
structural information by single-crystal X-ray diffraction. The
cell parameters of 2 were almost identical with those of the
parent compound, with a slight expansion of the unit cell
(0.2%), suggesting that the porous structure is robust. The
coordination environments around the Eu®* ions and the
bridging mode of pmdc®~ ligands found in 2 are reminiscent of
those found in 1 (Figure S3 in the SI). The dehydrated phase 2
has a similar solvent-accessible volume of ca. 261 A3 also
corresponding to 13% of the unit cell. The TGA data of the
dehydrated phase indicate that the water molecules are
completely removed with nearly no weight loss below 110
°C, while the porous framework is also stable up to 400 °C
(Figure S2 in the SI). Interestingly, when the dehydrated phase
2 was suspended in water at room temperature for 2 days, the
sample regained its original weight and recovered the original
structure, as indicated by a comparison of their PXRD patterns
to that of the as-synthesized material (Figure S4 in the SI).
Consequently, dehydration and rehydration are fully reversible,
and the rehydrated sample retains the porous framework upon
repeated dehydration.

The solid-state luminescent properties of 1 were studied
upon the dehydration/rehydration processes. Both the
dehydrated/rehydrated and original phases show emission
spectra with characteristic emissions of Eu** (Figures 3 and SS
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Figure 3. Solid-state excitation/emission spectra and the decay pattern
(inset) of 1.

in the SI). The excitation spectrum monitored at 612 nm
consists of a broad band and a few narrow bands. The broad
band peaking around 278 nm is ascribed to the z7—z* ligand
transition, and the narrow bands are attributed to the intra-4f°
electron transitions of Eu*."" The emission spectrum under
316 nm excitation shows five sharp emission peaks at 548, 593,
612, 653, and 696 nm, which are assigned to Dy — 7F] (J=0-
4) transitions of Eu’* ions, respectively. The peaks at 548, 653,
593, and 696 nm attributed to the magnetic-dipole transitions
are noticeably weaker than the electric-dipole-induced *D, —
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’F, transition at 612 nm, indicating that the coordination
environment around Eu®* ions is in low symmetry with the
absence of inversion centers.”” To better understand the
luminescent properties of the original and dehydrated/
rehydrated phases, the D, lifetime of the Eu®* ion was
monitored under excitation at 316 nm and the most intense
emission at 612 nm (°D, — ’F,). The room temperature
lifetime value of 1 was determined to be 0.48 ms by
monoexponentially fitting the emission decay pattern shown
in the inset of Figure 3.

Interestingly, when the water molecules were removed to
obtain the dehydrated sample 2, its solid-state photo-
luminescent properties are evidently modified, with the lifetime
increasing to 0.53 ms. This is likely due to the quenching effect
of the luminescent state by high-frequency-vibrating water
molecules and is in agreement with the finding published
previously.”®> Furthermore, when the dehydrated sample was
suspended in water to give rise to the rehydrated phase, its
photoluminescent properties recover, with the lifetime
changing back to 0.47 ms (0.48 ms for the original sample),
further validating the reversibility of the dehydration/
rehydration processes (Table S3 in the SI). In addition, the
emission quantum yields (®qy) were determined to be 8.9%,
11.0%, and 9.4% for the original, dehydrated, and rehydrated
phases, respectively, which provides further evidence for a
reversible dehydrated/rehydration process.'*

In conclusion, a novel 3D porous LnOF stable up to 400 °C
has been hydrothermally synthesized and thoroughly charac-
terized. Upon removal and rebinding of the guest water
molecules, it shows unusual SCSC transformation and
reversible dehydration/rehydration phenomenon that is
supported by single-crystal XRD, PXRD, and photolumines-
cence data. Furthermore, compared with the original sample 1,
the dehydrated phase 2 has modified photoluminescent
behavior with a longer lifetime and higher emission quantum
yield. These results suggest that our LnOF system represents a
promising candidate for structural probing and fluoroimmuno-
assays.
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Details of the experimental section, crystal data and selected
bond lengths, coordination environment of Eu2 and another
bridging mode of pmdcz_, TGA, PXRD, solid-state excitation/
emission spectra and the decay pattern (inset) of dehydrated/
rehydrated phases, and X-ray crystallographic data in CIF
format of compounds 1 and 2 (CCDC 906997 and 906998).
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