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Construction of multi-hydroxyl/ketone lanthanide
metal—organic frameworks for understanding
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Two types of lanthanide metal—organic frameworks (LnMOFs) [Zr1g-BPDC-Eu;_,Tb,] and [Zrig-Euy_,Tb,]
(x = 0.17, 0.25, 0.5) were designed and constructed through the directed assembly of multi-hydroxyl/
ketone Zr-oxo clusters and Ln** ions in a single-crystal-to-single-crystal (SCSC) structural transformation
manner. [Zrig-BPDC-Eu;_,Th,] is the first type of LnMOF to be found with mechanochromic lumine-
scence (MCL) properties; for example, the emission color of [Zrig-BPDC-Eug g3Tbg 17] can change from
yellow to orange-red when stimulated by mechanical forces, compared to which the luminescence of
[Zr16-Eug.g3Tbg 171 only becomes dark yellow. The proton conduction properties of [Zr;g-BPDC-Eu] and
[Zr16-Eu] were investigated because of the multi-hydroxyl/ketone character in their structures, and the
proton conductivity of [Zrig-Eu] was found to be 6.17 X 1072 S cm™! at 358 K and 98% relative humidity,
which is the highest among hydroxyl/ketone-function MOFs. The LnMOFs with MCL and high proton
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Introduction

Self-assembly of inorganic metal ions or cluster nodes and
organic linkers constitutes metal-organic frameworks (MOFs)
with periodic networks and well-defined crystal structures.'™
Among them, luminescent metal-organic frameworks are
widely used in applications such as light-emitting devices,
chemosensors and bioimaging not only because the inorganic
and organic parts in MOFs can provide luminescent platforms,
but also the metal-ligand charge transfer and the adsorbed
guest molecules in the pore channel can induce luminescence
and/or add additional emission.”” Lanthanide metal-organic
frameworks (LnMOFs) have emerged as an excellent class of
luminescent MOFs because of their unique luminescence
characteristics, such as sharp line emission bands, a long
luminescence lifetime, large Stokes shifts, and incredible
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conductivity pave the way to the development of more valuable properties and applications of LnMOFs.

emission change behavior in response to a variety of external
stimuli.>® Carlos’ group was the first to find that the fluo-
rescence intensity of EUMOFs enhanced with increasing pH in
the range of 5-7.5. Zhang et al. found that the emission inten-
sity of EuUMOFs decreased sharply with time under UV lamp
irradiation. Then Qian and his co-workers found that mixed-
lanthanide MOFs showed different fluorescence colors at
different temperatures.'® >

Mechanochromic luminescence (MCL), in which the emis-
sive behavior of a material is altered by external pressure
stimuli or other mechanical forces, shows significant potential
for applications such as fluorescence switches, information
storage, and mechanosensors.">™*> Many reported noble metal
(e.g., Ag", Pt**, and Ir*") complexes are MCL materials, and
metal-metal interactions are the possible cause of MCL.
Furthermore, the MCL phenomenon of MCL-active coordi-
nation polymers or MOFs originates from C-H:--n and n-=n
interactions. Most of these complexes are based on Cu* Zn*",
Cd*, and Bi*".'"®'® However, the MCL phenomenon of
LnMOFs has never been discovered and studied. It is well
known that when mixed-lanthanide MOFs are stimulated at
different temperatures, the appear
different (green at low temperature and red at high tempera-
ture) due to the energy transfer from Tb** to Eu*" ions.>>*" We
imagine that if mixed-lanthanide MOFs can also promote the
energy transfer from Tb*" to Eu®*" ions when stimulated by

fluorescence colors

This journal is © the Partner Organisations 2022


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0001-7139-1094
http://orcid.org/0000-0002-1050-219X
http://orcid.org/0000-0002-3342-1966
http://orcid.org/0000-0002-5758-6351
https://doi.org/10.1039/d2qi01103d
https://doi.org/10.1039/d2qi01103d
http://crossmark.crossref.org/dialog/?doi=10.1039/d2qi01103d&domain=pdf&date_stamp=2022-08-17
https://doi.org/10.1039/d2qi01103d
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI009017

Published on 13 July 2022. Downloaded on 8/20/2025 1:08:26 AM.

Inorganic Chemistry Frontiers

mechanical forces, the emission wavelength of LnMOFs will be
redshifted too. When the ratio of Eu**/Tb®" in mixed lantha-
nide MOFs is changed, a series of flexible MCL-active LnMOFs
will also be obtained, and the luminescence color can change
from green/yellow to orange/red when stimulated by mechani-
cal forces, which is completely different from the abrupt two-
color switching of transition metal-based MOFs whose colors
before and after mechanical force stimulation cannot be
expected or changed. These excellent LnMOFs with MCL
characteristics need to be developed urgently.

In recent years, MOFs have received increasing attention as
proton conductive materials. To obtain MOFs with higher
proton conductivity, functional groups (e.g., -COOH, -PO;H or
-SO;H units) can be anchored to the host framework to
enhance their acidity and hydrophilicity.>>** Apart from the
abovementioned oxygenated acids, the exploration of hydroxyl/
ketone functional groups (-OH and -C=O0) as proton sources
for increasing proton diffusion is still scarce.”*** We are inter-
ested in introducing ~-OH and -C=O into MOFs for proton
conduction for two reasons. First, the oxygen atoms from the
-OH and -C=O0 units in the frameworks can form complex
hydrogen bond networks with the guest polar molecules (e.g.,
H,0, NHj3, etc.), which would be very favorable for proton con-
duction. Second, through careful modulation, the uncoordi-
nated -OH and -C=O in MOFs will not only contribute
protons, but also create an efficient proton transport pathway,
which will greatly enhance proton conduction. However, so
far, only a limited number of MOFs with ~-OH and -C=0 func-
tional groups as acidic sources or proton sources have been
reported as proton conductors.
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In this work, we chose Zr;¢ clusters with 24 uncoordinated
oxygen atoms as inorganic ligands to synthesize two types of
LnMOFs by coordination with Ln*" ions. A direct reaction of
Zr,¢ with Ln(NO;); yields [Zrs-Eu] and [Zr,c-BPDC-Eu] is
obtained by the reaction of Zr;s with Ln(NOj3); and BPDC by a
new synthesis method.?® Inspired by the different emissions of
[Zr16-BPDC-Eu, ¢Tby 5] at different temperatures, we investi-
gated the luminescence characteristics of [Zrse-
BPDC-Eu;_,Tb,] (x = 0.17, 0.25, 0.5) under mechanical force
stimulation. To the best of our knowledge, [Zr¢
BPDC-Eu,_,Th,] is the first type of LnMOF reported for MCL
materials, probably because of the Tb**-to-Eu®" energy transfer
that occurs under the stimulation of mechanical forces. Due to
the presence of a large number of coordinated and uncoordi-
nated -OH and -C=O0 units in [Zr,6-Eu] and [Zr;6-BPDC-Eul],
we compared the proton conduction capacity of the two types
of LnMOFs and found that the proton conductivity of [Zr;-Eu]
at 358 K and 98% relative humidity reached 6.17 x 107> S
cm™', which exceeded all reported hydroxyl/ketone-function
MOF crystalline materials.

Results and discussion
Structural description

Our previous work demonstrated the ability of [Zr;¢] with a
large number of unsaturated coordination oxygen sites that
can be coordinated and assembled with metal ions (Fig. 1a).
When pre-synthesized [Zry¢] crystals were soaked in a DMF
solution of Eu(NOs); at 80 °C overnight, Eu®** ions successfully

v
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A

Fig. 1 (a) Crystal structure of the [Zr;¢] cluster. (b and c) Magnified parts of [Zrig-Eu] and [Zr;g-BPDC-Eu] displaying the connectivity between
BPDC, Eu®* ions, and [Zry¢] clusters. (d and e) Coordination details of the same layer structure in [Zry6-Eu] and [Zr1-BPDC-Eul].
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coordinated to O atoms on the capped HSQA of the quadran-
gular pyramid [Zrs] unit in [Zr;¢] and linked the [Zr;6] clusters
into a 3D framework (Fig. 1b), [Zr;cEu(SQA):1(HSQA)s(ps-
OH);,(p3-0)4(p2-0)s(COO0), (DMF);,] (SQA = squaric acid, BPDC
= 4,4"-biphenyl dicarboxylic acid, DMF = dimethylformamide)
([Zrye-Eu]). Each Eu** ion is eight-coordinated with a dodeca-
hedral geometry configuration, where four coordinated oxygen
atoms come from the four [Zr;¢] clusters in the upper and
lower layers, respectively, and the other four oxygen atoms are
derived from the DMF molecule (Fig. Sla and Sibf¥).
Interestingly, such a 0D-to-3D structural transition is carried
out in a single-crystal-to-single-crystal (SCSC) manner.
Compared to the crystal data of the [Zr;e] cluster, [Zr;s-Eu]
crystallizes in the same space group P4/mnc and slightly
reduced cell parameters on the a/b-axis (from 19.52 to 18.58)
and the c-axis (from 34.23 to 33.44) are observed, as the coordi-
nation of Eu®" ions and O atoms causes the distance between
[Zry6] clusters to become shorter.

The [Zr,¢] single crystals were placed in an Eu(NO;);/BPDC/
DMF solution overnight. X-ray single crystal diffraction clearly
shows the simultaneous coordination of Ln** and BPDC with
[Zry6] to obtain [Zr,c-BPDC-Eu], where Eu*" is coordinated to the
uncoordinated oxygen atom in the HSQA of Zr,s, while BPDC is
substituted with the mono-coordinated formic acid in Zryg
(Fig. 1c), demonstrating the high selectivity and precise regional
distribution of the system. BPDC substituted successfully
formate groups in adjacent Zry, in the same layer, while Eu**
ions are coordinated in approximately the same way as [Zr;6-Eu]
except that four of the coordinated oxygen atoms are from water
molecules rather than DMF, probably because DMF molecules
have much greater spatial resistance than water molecules,
resulting in an arrangement that cannot coexist with the BPDC
below (Fig. S1c and S1d¥). Crystallographic analysis clearly illus-
trates that [Zr,-BPDC-Eu] crystallizes in a different space group
of 1422 compared to [Zr;¢], exhibiting slightly decreased cell
parameters for the a/b axis (from 19.52 to 18.89) and the ¢ axis
(from 34.24 to 32.46). Because of the difference in the space
groups of [Zr;¢-Eu] and [Zr;-BPDC-Eu], although they are from
the same crystal system obtained by the SCSC method, the
details of coordination differ significantly, where the Zrs cluster
above and below Zr; in [Zr;-BPDC-Eu] is distorted centered on
the Zre cluster, resulting in a messy arrangement compared to
that of Zr, in [Zr;6-Eu] (Fig. 1d and e). The packing structures
of [Zr,6-Eu] and [Zr,-BPDC-Eu] are shown in Fig. S2.1

The crystallographic data table of [Zr;s-Eu] is provided in
Table S1.1 The crystal purity of [Zr,6-Eu] and [Zr,;,-BPDC-Eu]
has been confirmed by highly matched powder X-ray diffrac-
tion patterns (Fig. S3 and S47). The IR spectra and TG patterns
of [Zr,6-Eu] are shown in Fig. S5 and S6.F The Eu**/Tb*" mixed
lanthanide MOFs [Zry6-Eu,_,Tb,] and [Zr,;c-BPDC-Eu,_,Tb,]
can be easily produced by changing the original molar ratio of
Eu(NO3); and Tb(NOj); by the same synthesis procedure.
Inductively coupled plasma spectroscopy confirmed that the
molar ratio of Eu**/Tb** in the obtained [Zr;¢-Eu;_,Tb,] and
[Zr,6-BPDC-Eu,_,Tb,] matched the original molar ratio of
Eu**/Tb*" among synthetic raw materials.
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Mechanochromic luminescence

Because of the surprising emission changes the behavior of
LnMOFs in response to different stimuli and the relevance of
the [Zr,6-Eu] and [Zr;s-BPDC-Eu] structures, the luminescence
of both types of LnMOFs under mechanical force stimulation
was investigated.””"*® First we studied the luminescence behav-
ior of [Zr,6-Ln] and [Zr;,-BPDC-Ln] (Ln = Eu or Tb). The emis-
sion of both compounds gradually becomes weaker with the
increase of grinding time as shown in Fig. S7-S10.1 The solid-
state emission spectra of [Zrjs-Eu,_,Tb,] and [Zrye-
BPDC-Eu;_,Tb,] at room temperature were tested and as
expected, all doped mixed lanthanide MOFs [Zr¢
BPDC-Eu, sTb 5], [Zr,6-BPDC-EU, 55Tbg »5], [Zry6
BPDC-Eu g3Tbo 17], [Zr16-EugsTbys], [Zr16-Eug-5Tbg,s] and
[Zr16-Eug g3 Ty 17] simultaneously show the characteristic emis-
sion of Tb** and Eu®" ions. The ground samples are referred to
as [Zr;-BPDC-Eu,_,Tb,]JG and [Zrjs-Eu;_,Tb,]JG below. As
shown in Fig. 2a, the intensity of the 544 nm characteristic
peak of the Tb*" ion in [Zr;-BPDC-Eu, sTb, 5] is much stronger
than that of the 613 nm characteristic peak of the Eu’* ion,
emitting green luminescence, but surprisingly, the emission
intensity of the Tb®" ion in [Zr;¢-BPDC-Eu, sTb, 5]G decreases
by nearly 40%, while the emission intensity of the Eu®* ion
remains essentially unchanged, exhibiting yellow lumine-
scence under 365nm irradiation (Fig. 2a). Compared with the
green emission of [Zr;s-BPDC-Eu, 75Tbg »5], the 544 nm emis-
sion peak of [Zr;s-BPDC-Eug;5Tbg,5]G decreases sharply,
while the 613 nm emission peak is enhanced and emits a
slight orange light (Fig. 2b). The MCL phenomenon is most
evident in [Zr;6-BPDC-Eu, g3Tby 17]G, where the emission band
intensity at 613 nm (Eu®*") is already stronger than that at
545 nm (Tb*"), emitting in orange-red, while [Zrye
BPDC-Euy 3Tby ;7] exhibits dark yellow luminescence (Fig. 2c
and S11%). However, in [Zr;¢-Eu;_,Tb,], the emission of both
Eu’" and Tb** ions decreases simultaneously, resulting in
[Zr16-Eu;_,Tb,]G exhibiting almost no MCL, only dimmed
luminescence in the case of grinding was observed (Fig. 3a—c
and S127).

In addition, the solid absorption spectra of both types of
samples before and after grinding were investigated and the
corresponding data are shown in Fig. S13-518.1 The newly pre-
pared [Zrys-Eu;_,Tb,] and [Zr;c-BPDC-Eu,_,Tb,] are yellow
under room light because they absorb blue light, implying a
broad absorption in the range of 290-500 nm, while [Zr¢
Eu,_,Tb,]G and [Zr;6-BPDC-Eu;_,Tb,]G are white because it
only absorbs UV light, indicating a stronger absorption in the
range of 290-450 nm (Fig. S19 and S207). To gain insight into
the mechanochromic properties, solid-state X-ray diffraction
patterns of the two types of samples before and after grinding
were studied (Fig. 2d-f and 3d-f). Both [Zr,s-Eu;_,Tb,] and
[Zr,16-BPDC-Eu,_,Tb,] pristine crystals show many strong and
sharp reflection peaks, which indicate their ordered crystalline
nature. Since no new diffraction peaks appear, no new crystal-
line phases were formed during the grinding process.
However, the diffraction curves of both [Zrys-Eu;_,Tb,] and

This journal is © the Partner Organisations 2022
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Fig. 2 PL spectra of [Zrig-BPDC-EugsTbgs] (@), [Zrig-BPDC-Eug75Tbg2s] (b) and [Zrig-BPDC-Eug g3Tbg 171 (c) before and after grinding. (Inset)
photographs of the three samples before and after grinding under 365 nm (UV lamp) at room temperature. Powder X-ray diffraction patterns of
[ZrlG'BPDC'EUo_sTbQ_sl (d), [Zr16-BPDC-Eu0_75Tbo_25] (e) and [ZI’lG'BPDC'EUO_83TbQ_17] (f) before and after gl’lndlng
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Fig. 3 PL spectra of [Zrig-Eug sTbg 5] (a), [Zr16 -Eug 75Tbg 251 (b) and [Zr1g-Eug g3Tbg 17] (c) before and after grinding. (Inset) photographs of the three
samples before and after grinding under 365 nm (UV lamp) at room temperature. Powder X-ray diffraction patterns of [Zrig-Eug sTbo sl (d), [Zri6-

Eug 75Tbg 25 (€) and [Zri6-Eug g3Tbg 171 (f) before and after grinding.

[Zr16-BPDC-Eu, _,Th,] after grinding show weakening or dis-
appearance of the diffraction peaks, indicating their change
from the crystalline state to the amorphous state. The amor-
phous state produced by grinding may be caused by the dis-
ordered sliding of Zr,¢ clusters between the same layers in the
structure. The FT-IR spectra before and after grinding are
almost identical, indicating that the coordination bonds
between the metal ions and linkers including SQA and BPDC
are preserved (Fig. S21-526%).

In order to find valuable evidence to explain the different
MCL phenomena of [Zr,6-Eu;_,Tb,] and [Zr;,-BPDC-Eu,_,Tb,],

This journal is © the Partner Organisations 2022

we tried to analyze and speculate the MCL mechanism from a
structural point of view. First of all it is obvious that metal-
metal interactions do not exist in these two types of

29-31

structures. Moreover, in [Zr;s-Eu;_,Tb,] with only square

acid as a ligand, there are no C-H---x and n—x interactions,**>
while in [Zr;,-BPDC-Eu,_,Tb,], the BPDC between the same
layer is separated by Zr;e clusters and the BPDC between
different layers is more than 15 A apart, which means that still
there is no intermolecular interaction as mentioned above.
The XRD of the amorphous state shows that the strong grind-

ing may lead to the Zr,¢ clusters between the layers to slip, but
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[Zry6-Eu;_,Tb,] does not produce the MCL phenomenon as a
result, so the slip may not affect the luminescence properties
in this system. Therefore, the MCL phenomenon in [Zrs-
BPDC-Eu,_,Th,] cannot be explained by various previous MCL
mechanisms. From the solid-state emission spectra of both
materials, it can be concluded that the emission centers of
both are Eu** and Tb*" ions, and the only difference in the
structure is the BPDC linkage between the layers in [Zrye-
BPDC-Eu,_,Tb,], which may promote the antenna effect in the
structure, resulting in a more sensitive to mechanical force
stimulation and promoting the energy transfer of Tb**-to-Eu**
ions.

Proton conduction

Due to the presence of large quantities of uncoordinated -OH
and -C=0O0 units in the structures of both [Zr;,-BPDC-Eu] and
[Zri6-Eu] favoring the formation of rich hydrogen bond net-
works, we investigated the proton conductivity of the two
samples. The crystal samples of both compounds were finely
ground and pressed into small spheres for the assessment of
proton conductivity at different temperatures and relative
humidities by the AC impedance method. Calculations were
fitted by using the ZView program to derive the values of
proton conductivity. Subsequently, we analysed the proton
conductivity at high relative humidities.

At 98% RH, the proton conductivity of [Zr;s-BPDC-Eu]
increased from 1.11 x 107> S em™ at 313 K to 1.82 x 107> S

(a) Zr,-BPDC-Eu A

318K
323K
328K
333K
338K
343K
348K
353K
358K

¢ © © © ©

.
66" cee© 6 © ¢

¢ ¢ o @

0 100 200 300 400 500 600 700 800

Z'(Q)

3
(c) ) Zr,-BPDC-Eu
_&il ;:;\\
5 5o
2w E,=0.41eV
2o

24

98%RH
-3 -

2.8 2.9 3.0 3.1 3.2 3.3
1000/T(1/K)

View Article Online

Inorganic Chemistry Frontiers
em™" at 358 K (Fig. 4a). The proton conductivity of [Zr;s-Eu]
increased from 2.28 x 10™* S em™" at 303 K to 6.17 x 107> §
cm " at 358 K (Fig. 4b). This indicates that the proton conduc-
tivity of both samples increases with temperature. This is con-
sistent with the typical proton conducting behavior. At rela-
tively high temperatures, they could accelerate proton motion
and thus higher proton conductivity was obtained. By analyz-
ing the structural features of two LnMOFs, it can be seen that
both have a large number of -OH and -C=O units, both of
which can be bound to adsorbed water molecules. Since the
BPDC in [Zr,6-BPDC-Eu] is connected between the Zr,¢ clusters
in each layer, it obstructs part of the proton transport channel
and also blocks the formation of a large H-bonded network. In
contrast, [Zr;¢-Eu] has only Ln ions inserted between the layers
of Zr;¢ and can satisfy the structural need of hydrogen bond
formation by proper twisting of itself, unlike [Zr;s-BPDC-Eu]
which is fixed by Ln*" ions and BPDC in both directions and is
difficult to rotate. The above structural differences lead to
different H-bonding networks inside the two LnMOF back-
bones, which further explains the different proton conduction
behaviors of the two compounds. A schematic representation
of the H-bonding network formed that is responsible for the
proton conduction of [Zr,6-Eu] is shown in Fig. S27.

Based on the Arrhenius curves obtained, the activation
energies (E,) for proton conduction in [Zr;-BPDC-Eu] are esti-
mated to be 0.38 eV (313-328 K) and 0.41 eV (333-358 K)
under 98% RH (Fig. 4c), indicative of the Grotthuss mecha-
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Fig. 4 Nyquist plots of [Zr1¢-BPDC-Eu] (a) and [Zr16-Eul (b) at 98% RH and different temperatures. Arrhenius plots for the activation energy of [Zr;¢-

BPDC-Eu] (c) and [Zry6-Eu] (d) at 98% RH.
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nism for the proton-conductive mechanism. For [Zr;s-Eu], the

E, value exceeds 0.40 eV and proton conduction follows the
Vehicle mechanism (Fig. 4d). Moreover, note that for [Zr;e-
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BPDC-Eu] below 60% RH and [Zr;s-Eu] below 90% RH, the
impedance pattern is irregular, collection of the relevant
electrochemical data is not possible. This is probably because
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Fig. 5 Humidity dependence of proton conductivities for [Zr;g-BPDC-Eu] (a) and [Zr16-Eu] (b). H,O adsorption isotherms of [Zr;-BPDC-Eu] (c) and

[Zri6-Eu] (d) at 303 K.

Table 1 Comparison of the ¢ values of MOFs with hydroxyl/ketone functional groups

Materials Conductivity (S em™) Testing conditions Ref.
[Zr,6-Eu] 6.17 x 1072 85 °C and 98% RH This work
Fe-CAT-5 5.0 x 1072 25 °C and 98% RH 24
PCMOF2(Pz) 4.6 x1072 85 °C and 90% RH 36
FZU-1 2.84 x 1072 85 °C and 98% RH 37
PCMOF2-1/2 2.1x1072 85 °C and 90% RH 38
[Zr,6-BPDC-Eu] 1.82x1072 85 °C and 98% RH This work
ZrPP-1 8.0 x 1073 25 °C and 98% RH 25
FZU-2 6.37 x 1073 85 °C and 98% RH 37
FZU-3 5.43 x 1073 60 °C and 98% RH 39
Hf-Ui0-66(0H), 4.22%x107° 100 °C and 98% RH 40
ZrPP-2 4.2x107° 25 °C and 98% RH 25
MIL-163 2.1x107° 90 °C and 95% RH 41
FZU-4 1.94x 1073 60 °C and 98% RH 39
[Cuy(Htzehp),(4,4"-bipy)]-3H,0 1.43 x 1072 80 °C and 95% RH 42
Ti-CAT-5 8.2x107* 25 °C and 98% RH 24
HNU-3 3.61 x107* 100 °C and 98% RH 43
HNU-1 2.24 x107* 100 °C and 98% RH 43
HNU-2 2.00 x 107* 100 °C and 98% RH 43
a(tart)],-4n(H, .0x107 5 °C and 100%

C H,0 3.0x107° 25 °C and 100% RH 44
Zn,(5-mtz),(L-mal),(H,0), 1.33x107° 60 °C and 95% RH 45
(Cs5(THB)(H,0);.4 (S-12) 1.1x107° 70 °C and 50% RH 46
Al(OH)(bdc-OH)(H,0), s[MIL-53(Al)-OH] 1.9x107° 80 °C and 95% RH 47
[Cd(w-tart)(4,4'-bipy)(H,0)],-9n(H,0) 1.3x107° 85 °C and 95% RH 48
[Cd(p-tart)(4,4"-bipy)(H,0)],-9n(H,0) 1.3x107° 85 °C and 95% RH 48
[Cd(pL-tart)(4,4-bipy)(H,0)],-61(H,0) 4.5%1077 85 °C and 95% RH 48
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under low RH conditions the skeleton absorbs fewer water
molecules which is not enough to form a sufficient network of
H-bonds to act as a good proton transfer. Therefore, proton
conductivity measurements were performed for [Zrie
BPDC-Eu] under 60%, 65%, 70%, 80%, 85%, 90%, 93%, 95%
and 97% RHs (Fig. 5a) at 303 K and for [Zr;-Eu] under 90%,
93%, 95% and 97% RHs (Fig. 5b). The proton conductivity of
[Zr,6-BPDC-Eu] increased from 9.52 x 10~° S cm™" at 60% RH
to 6.09 x 107" S em™ at 97% RH, and that of [Zr;e-Eu]
increased from 2.15 x 107® S cm™" at 90% RH to 1.78 x 107> S
em™! at 97% RH. The proton conductivity of the two samples
increased as the RH increased, which shows that the proton-
conductive behavior is typically mediated by water. As the rela-
tive humidity increases, the number of water molecules
attached to the skeleton also increases, leading to an increase
in the number of proton carriers. Based on the above data, we
conclude that the optimum proton conductivity for both [Zry¢-
BPDC-Eu] and [Zr;¢-Eu] is more than 107> S ecm™", indicating
that both samples have a high proton conductivity. When the
RH increases, the H,O units enter the skeleton and interact
with the uncoordinated -OH and -C=O0 groups in the square
acid to establish hydrogen bond networks. On the other hand,
they act as proton carriers for proton transfer, which leads to
an efficient enhancement of proton transport. To demonstrate
this, H,O adsorption/desorption experiments have been
carried out for [Zr,-BPDC-Eu] and [Zr,6-Eu] and curves of the
water adsorption/desorption isotherms have been plotted
(Fig. 5¢ and d). The water vapor adsorption isotherms of [Zry¢-
BPDC-Eu] and [Zr,4-Eu] at 303 K showed the maximum uptake
of 127.81 and 162.14 mg g™, respectively. At higher relative
humidity, both samples could accommodate more water mole-
cules in the framework due to the hydrophilic nature of the
-OH and -C=O units, which was confirmed by the fact that
the samples exhibited higher conductivity at higher relative
humidity. As shown in Table 1, the ¢ value of [Zr,sEu] is
impressive and exceeds that of almost all multi-hydroxyl/
ketone MOFs under similar conditions. This indicates that the
strategy of choosing multi-hydroxyl/ketone ligands to syn-
thesize MOFs with high proton conductivity is successful.
Finally, we tested the stability of proton conductivity for [Zre-
BPDC-Eu] and [Zr;6-Eu] and the conductivity of both samples
is basically unchanged after 300 min (Fig. S28 and S297).

Conclusion

In summary, we have selected Zr clusters with -OH and -C=0
groups as inorganic ligands to synthesize two types of
LnMOFs, realizing the 0D-to-3D structural transition by SCSC
structural transformation. Among them [Zr;-BPDC-Eu;_,Tb,]
is the first reported case of LnMOFs with MCL properties,
stemming from a new MCL mechanism also known as Tb*"-to-
Eu®” energy transfer. The development of this MCL material
has changed the situation of single two-color switching, and
by changing the ratio of starting Ln** ions, we can manipulate
different color transitions under the stimulation of mechanical
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forces. Moreover, the ultra-high proton conductivity of [Zr;e-
Eu] surprised us, reaching 6.17 x 107> S cm ™", exceeding all
hydroxyl/ketone-mediated MOFs, confirming the great poten-
tial of proton-conducting materials with hydroxyl/ketone func-
tional groups as proton sources. This work represents a signifi-
cant advancement in the field of MCL materials and provides
a new synthetic strategy for the preparation of novel crystalline
MOFs with the desired functionality.
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