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Although catalysis is highly dependent on the catalytically active site, accurately regulating the microenvi-
ronment around the active site is an important way to improve the overall performance of catalysts.
Herein, an Eu-based MOF with a rod-shaped secondary building unit (SBU) was obtained through a self-
assembly strategy, and named Eu-MOF-T (T = temperature). Eu-MOF-T can absolutely and kinetically
transform into another structure, Eu-MOF-S (S = solvent), under a stimulus in different solvents.
Interestingly, Eu-MOF-S can convert into Eu-MOF-T absolutely and thermodynamically upon tempera-
ture stimulation. These transformations are mainly caused by microenvironmental changes, including the
ligand torsion angle and cavity volume in the structure, and take place in the form of single-crystal-to-
single-crystal. Incredibly, Eu-MOF-S exhibits a halved cavity volume due to the bending of the ligand, yet
demonstrates a superior photocatalytic CO,RR capacity of 7886.1 pmol g~ h™, while Eu-MOF-T, which
possesses a larger cavity porosity, has a capacity of only 599.7 umol g7! h™L. Theoretical calculations
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Introduction

Metal-organic frameworks (MOFs), as excellent model catalysts,
have been increasingly used in small molecule catalysis in recent
years, such as water oxidation, CO, reduction, organic small
molecule transformations, etc."™ which is attributed to their well-
defined catalytic sites, tunable structures, and suitable material
transport channels, but their unstable feature makes their appli-
cation in catalysis very limited.”® The design and preparation of
framework-stabilized MOFs are essential prerequisites for the
development of their catalytic properties. Currently known frame-
works, which can stabilize above 400 °C, such as UiO-66,°
NU-1000,"° MIL-101," and MOF-808,'* are too rigid and only
have a single type of nodal metal. This makes them unable to
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conversion into CO during the COzRR.

reflect the advantages in the field of catalysis, especially in the
field of photocatalysis. Designing MOFs with high thermal stabi-
lity, good framework flexibility and node diversity is one of the
next tasks for MOF designers.'* ™

Although the catalytic performance is highly dependent on
the active sites of the catalyst, including the number and distri-
bution of the sites, the impact of the microenvironment sur-
rounding the catalytic site on the catalytic outcome is typically
significant yet often disregarded.'®'” Certain pivotal microen-
vironments intricately maintain a multifaceted and delicate
equilibrium within living systems, actively participate in the
regulation of diverse physiological processes, and assume an
indispensable role in upholding the robust development of
organisms.'® Natural enzymes, as the catalysts with the
highest catalytic efficiency in nature, have abundant amino
acid residues around their centers to act as microenvironments
to enhance the catalytic efficiency of the catalytic sites."® The
microenvironment is an extremely important factor in deter-
mining the physical or chemical behavior of the surrounding
molecules as a powerful complement to the catalytic site, the
main types of which include the ligand situation, spatial acces-
sibility, residual groups, conjugated environments, and guest
molecules, and designing and making full use of these types
can significantly enhance catalytic effects.>*

The crystalline nature of MOF materials provides a good
basis for studying microenvironmental changes induced by
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external stimuli at the atomic level.>*>® The microstructure of
MOFs with a certain framework flexibility can obviously
respond to changes in external stimuli, and the magnitude of
such changes can be determined by means of single-crystal
testing.”>?”*® Single-crystal-to-single-crystal (SCSC) conversion
has been a hot topic in the field of MOF research in recent
years, and the relationship between structure and performance
in applying SCSC to the catalytic process is rarely reported at
present. By introducing PDMAEMA-functionalized pollen as
“smart” anchors, Lee’s group was able to “turn on” and “turn
off” the catalytic activity of MOF@P-pollen with tunable dis-
persion, environmentally responsive activity, and significantly
enhanced  liquid-phase  photocatalytic ~ performance.>
However, among the thousands of MOFs reported in the past
decades, only a few were able to respond to external stimuli,
and this practical necessity motivates us to continue research-
ing this type of material.>*'

In order to deeply investigate the mechanism of the influ-
ence of the microenvironment around the active site on the
photocatalytic performance to understand the microenvi-
ronment-activity relationship, structurally flexible MOFs with
well-defined microenvironments were constructed in this
study using the rare-earth metal Eu and flexibly branched
bicarboxylic acid ligands (Eu-MOF-T and Eu-MOF-S,
Scheme 1). The reversible single-crystal-to-single-crystal (SCSC)
conversion of Eu-MOFs under external stimuli was performed
by a simple strategy, in which Eu-MOF-T can be converted into
Eu-MOF-S using a solvent under 20 min immersion, and con-
versely, Eu-MOF-S can be fully converted into Eu-MOF-T again
at 220 °C. The photocatalytic results show a larger production
of CO, to CO for Eu-MOF-S.

Materials and equipment: All chemicals were commercially
sourced and used without further purification.

Results and discussion

The Experimental section is given in the ESL{ The detailed

information for Eu-MOF is summarized in Tables S1 and S2.}
Two Eu-MOFs with different coordination environments

were prepared by a mild and convenient method using the
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Scheme 1 Brief schematic diagrams of the construction, structural
transformation and photocatalytic properties of Eu-MOFs (in the experi-
ment, the crystals were all colorless and transparent, but here the blue
crystal represents Eu-MOF-T and the red crystal represents Eu-MOF-S).
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same Eu metal salt and the flexible ligand DTDA as precursors.
First, Eu-MOF-T was obtained by self-assembly using the clas-
sical one-pot synthesis method. Eu-MOF-T was immersed in
different solvents to form Eu-MOF-S, which occurred in a SCSC
manner. Single crystal X-ray diffraction studies show that the
crystal structures belonging to the triclinic system of both Eu-
MOFs were constructed from the same Eu metal ion and the
DTDA ligand, in the P1 space group. The asymmetric units all
contain an Eu(m) cation, one and a half DTDA> anions, and
two coordinating water molecules (Fig. 1a and b). The differ-
ence is that the guest molecules of Eu-MOF-T contain three
DMF and eight water molecules, while Eu-MOF-S contains
only one DMF and six water molecules. And the torsion angles
of the DTDA ligands in the two MOFs are very different
(Fig. 1c, d, Fig. S3a and b¥). The DTDA ligand simultaneously
coordinates with four Eu(m) ions in a saturated coordination
mode, and each Eu(m) ion coordinates with six DTDA ligands
and two water molecules in an eight-coordinate mode. For two
structures, the Eu(m) ions are connected by four carboxyl
groups from four DTDA ligands to form a twisted paddlewheel
unit (Eu,(CO,),). These units further extend indefinitely to
form rod-shaped SBUs (Fig. S3g and hft), and ultimately form
an infinite three-dimensional structure by DTDA cross-linking
(Fig. 1e and f). From a topological point of view, the spatial
structure of the entire complex can be simplified as a new
5,5,6 connected three-node network with the point symbol
{3%.4*.6*.7-8} {3%-4°.5-6} {3%-4°.5%-6%}. The pore structures of the
two Eu-MOFs are clearly different (Fig. S3b-f}). The void
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Fig. 1 Asymmetric units of Eu-MOF-T (a) and Eu-MOF-S (b); partial
structural diagrams of Eu-MOF-T (c) and Eu-MOF-S (d); 3D structural
diagrams of Eu-MOF-T (e) and Eu-MOF-S (f); the labeling in the figure is
the pore volume.
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volume of Eu-MOF-T was 1027.3 A® (41.4% of the unit cell
volume), whereas the pore volume of Eu-MOF-S was reduced to
roughly half, i.e., 403.6 A® (21.2% of unit cell volume) (Fig. 1e,
f and S3e and f¥).

Powder X-ray diffraction (PXRD) was conducted to deter-
mine the structural transformation processes that regulate
solvent- and temperature-mediated polycrystalline transform-
ations, with the kinetic product Eu-MOF-S interconverting
with the thermodynamic product Eu-MOF-T. The PXRD pat-
terns of the synthesized Eu-MOF-T were very similar to the
crystal structure simulations (Fig. S4at), but changed signifi-
cantly under different solvents submerged for different times.
Specifically, the initial peak of Eu-MOF-T (26 = 6.1°) dis-
appeared rapidly after 20 min of immersion, while a new peak
(260 = 8.2°) appeared, and after 24 h of immersion, it was found
to be completely transformed into Eu-MOF-S in all solvents
without the appearance of any other new structures (Fig. 2a).
Interestingly, this conversion was achieved through an SCSC
manner in a variety of solvents. Amazingly, Eu-MOF-S is gradu-
ally transformed into Eu-MOF-T during the warm-up process
(Fig. 2b). As known from Fig. 2f, this process can be divided
into three stages. The first stage is the induction period; the
PXRD spectra do not change significantly until 190 °C. Both
Eu-MOF-T and Eu-MOF-S have guest molecules and their con-
version has to overcome a barrier for activation. The transform-
ation starts from the second stage (190-220 °C), during which
the 26 peak at 8.2° for Eu-MOF-S gradually disappears and a
new peak at 6.1° subsequently increases. In the third stage,
above 220 °C, the peak at 8.2° almost disappears, while the
intensity of the peak at 6.1° continues to increase, and the
final PXRD is in good agreement with the simulated Eu-
MOF-T. This indicates that the polycrystalline transformation
of Eu-MOF-S and Eu-MOF-T is successful and reaches the
thermodynamic minimum.

Although the Eu-MOF-T and Eu-MOF-S transformations
show low signal-to-noise ratios in the infrared spectra, the
characteristic infrared variation bands of both structures can
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Fig. 2 (a) PXRD spectra of two Eu-MOFs in different solvents; (b) PXRD
spectra of two Eu-MOFs at different temperatures; enlarged details of IR
spectra of (c) Eu-MOF-T and (d) Eu-MOF-S at different temperatures.
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still be observed by testing at different temperatures (Fig. S4c
and dt). The characteristic peaks for the asymmetric stretching
vibration of Eu-O (595 cm™'), as well as the characteristic
peaks of C-O and C-H of the DTDA ligand, and the peaks of
DMF and H,O, can be clearly identified in the IR spectrum
With the increase of temperature, the infrared bands of Eu-
MOFs changed significantly, and the different frequencies of
the C-H (~2850-3000 cm™") and C-O (~1630 cm™ ") stretching
vibrations led to an increase in the peak bandwidth and a blue
shift, which is in agreement with the results of the structural
transformations (Fig. 2c and d). The vibrations of DMF dis-
appeared, whereas the benzene rings of DTDA ligands
remained unchanged, and the Eu-O bonds were unchanged.
From the thermogravimetric analysis (TGA), it can be seen that
Eu-MOF-T and Eu-MOF-S underwent a strong pyrolysis at
410 °C (Fig. S5a and bt), with the final thermal weight loss
reaching 50.9% and 58.5%, respectively. In the N, adsorption
and desorption experiments at 77 K (Fig. Séa and bt), Eu-
MOF-T adsorbed 128 cm g~ with a pore size distribution of
7.3-12.7 A, whereas Eu-MOF-S did not adsorb or desorb N,,
and the pore size distribution obtained by CO, adsorption and
desorption experiments was 6.9-12.7 A, which suggests that
Eu-MOF-T has a larger pore size. In CO, adsorption and de-
sorption experiments (Fig. S6¢ and df), Eu-MOF-T outperforms
Eu-MOF-S at both temperatures, but the presence of a large
hysteresis loop in the isothermal adsorption and desorption
curves of Eu-MOF-S indicates a strong CO, adsorption capacity,
which can capture and immobilize CO, molecules more
efficiently during the catalytic process, which is conducive to
the photocatalytic CO,RR.

Further spectroscopic measurements were performed to
determine the actual effect of the ligand-twisted microenvi-
ronment on the formation of Eu-MOFs. In general, PL signals
are generated by photogenerated electron-hole complexation,
and the peak intensity correspondingly indicates the degree of
complexation. As shown in Fig. S5c,T both Eu-MOF-T and Eu-
MOF-S show four PL emission peaks, which can be attributed
to the typical three emission peaks of metal Eu and one emis-
sion peak of ligand DTDA. Among them, Eu-MOF-S has the
lowest PL signal, indicating that it has the highest separation
efficiency of photoelectrons and holes. At various tempera-
tures, however, the fluorescence emission showed a significant
redshift from low to high temperature tests, which was caused
by molecular motion (Fig. 3a). In addition, the time-resolved
photoluminescence (TRPL) decay spectra show a smaller
average fitted lifetime of 31 ns for Eu-MOF-S relative to the 37
ns for Eu-MOF-T, suggesting that its singlet excited state
decays faster and is capable of rapid electron transfer (Fig. S5e
and ft). The UV-vis spectra showed that Eu-MOF-T and Eu-
MOF-S possessed similar light absorption properties, with two
distinct absorption peaks at 286 nm and 355 nm. Compared
with the DTDA ligand, the enhancement of absorption in the
visible region of both MOFs is not negligible (Fig. S5d,t
>400 nm), and both have competitive potential for the photo-
catalytic reduction of CO,. The band gaps of Eu-MOF-T and
Eu-MOF-S are calculated to be 2.99 and 2.84 eV, respectively,

Inorg. Chem. Front,, 2024, 1, 5685-5691 | 5687
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Fig. 3 (a) Fluorescence emission plots of Eu-MOFs at different temp-
eratures; (b) Kubelka—Munk energy function plots of Eu-MOFs; (c) the
corresponding plots of transient photocurrents of Eu-MOFs; (d) ESI
impedance plots of Eu-MOFs; Mott—Schottky plots of Eu-MOF-T (e) and
Eu-MOF-S (f).

by the Kubelka-Munk function (Fig. 3b). As can be seen from
the band gap structure, the prepared photocatalysts fully
satisfy the favorable conditions for the conversion of CO, to
CO. The ligand-twisted Eu-MOF-S photocatalyst with efficient
photogenerated carrier separation efficiency, excellent light
absorption properties and suitable bandgap structures can
enhance the photocatalytic CO, reduction performance.

The transient photocurrent response was tested under
visible light using an electrochemical workstation. When the
light source is turned on, the catalysts absorb photons with
energies equal to or greater than the bandgap energy, leading
to the rapid generation of electron-hole pairs on a picosecond
time scale, resulting in an instantaneous increase in the
photocurrent. Over time, the process of the trapping and re-
emission of light-generated carriers on the trap gradually takes
effect, leading to a gradual decay of the current to the equili-
brium current. The slow decay of the current when the light is
turned off can be understood as being a result of the gradual
re-emission and recombination of charge carriers from the
trap. The photoresponsive capability of Eu-MOF-S is much
stronger than that of Eu-MOF-T and boosts more photogene-
rated electron-hole pairs (Fig. 3c). In order to better define the
carrier transport type of Eu-MOFs, Mott-Schottky experiments
were performed. As shown in Fig. 3e and f, Eu-MOF-T and Eu-
MOF-S have positive slopes and are both typical n-type semi-
conductors with flat band potentials (Eg,) of —1.07 V (V vs. Ag/
AgCl) and —0.98 V (V vs. Ag/AgCl), respectively. Based on the
optical bandgap values, the HOMO and LUMO positions of
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the Eu-MOFs are roughly calculated, where the HOMO and
LUMO positions of the Eu-MOF-T are at 2.12 V and —0.87 V,
respectively, while those of the Eu-MOF-S are at 2.06 V and
—0.78 V, respectively. The electron transfer ability of the two
MOFs was investigated using EIS. In general, the smaller the
R value of the catalyst, the smaller the surface charge transfer
impedance and the stronger the electron transfer ability. The
conductivity of Eu-MOF-S was significantly increased after
undergoing solvent stimulation, suggesting that ligand twist-
ing significantly improves the electron transfer capacity of Eu-
MOFs (Fig. 3d). The results show that the effective capture of
photogenerated carriers by the twisted microenvironment of
Eu-MOF-S can promote the separation of photogenerated elec-
tron-hole pairs. The captured photogenerated electrons
rapidly migrate to the catalyst surface, which in turn promotes
the photocatalytic CO, reduction.

The CO, photoreduction performance of two Eu-MOFs was
tested using a visible 400 nm cartridge xenon lamp as a light
source, acetonitrile as a solution, Ru(bpy);CI, as a photosensi-
tizer, and triethylamine (TEA) as a sacrificial agent, to investi-
gate the effects of microenvironmental changes induced by
external stimuli on the photocatalytic activity. The collected
gaseous products were detected using gas chromatography
and the liquid products were analyzed using a mass
spectrometer. The results show that the photocatalytic CO,
reduction products for Eu-MOF-T and Eu-MOF-S are indeed
H,, CO and CH,.

Firstly, the reduction performance of Eu-MOFs at different
activation temperatures was investigated, as shown in Fig. 4a.
With the prolongation of the irradiation time, the CO pro-
duction rate increased rapidly in the initial steps, then
decreased, and increased slowly in the last stage. This may be
attributed to the faster decomposition of the photosensitizer
during the experimental process, and led to a sudden decrease
in the reactivity. Due to the high stability of the catalyst, the
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Fig. 4 (a) CO yield plots of photocatalytic CO, reduction by Eu-MOFs
at different temperatures; (b) photocatalytic CO, reduction yield plots of
Eu-MOFs under different conditions; (c) graphical representation of the
glass-surface vessel opening/closing reaction; (d) graphical representa-
tion of photocatalytic CO, reduction by sunlight.
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CO production amount continued to increase. After irradiation
for 2 h, Eu-MOF-S showed the best catalytic effect at an acti-
vation temperature of 150 °C, and Eu-MOF-S was superior to
Eu-MOF-T at any temperature. Next, blank and control experi-
ments were carried out under the same experimental con-
ditions (Fig. 4b) to investigate the yields and selectivities. It
can be seen that Eu-MOF-S is optimal in terms of photo-
catalytic efficiency and selectivity (99.2%), and its catalytic
activity of 7886.1 pmol g~* h™" is about 13 times better than
that of Eu-MOF-T, reflecting the necessity of microenvironmen-
tal studies in stimulus-responsive MOFs. No CO, reduction
products were detected under both N, and dark conditions,
suggesting that the products originate from a light-driven cata-
lytic reduction reaction of dissolved CO,, and confirming that
the CO, feed is indeed the carbon source. In the absence of
the addition of the sacrificial agent triethylamine, the catalytic
activity was reduced to 47.8 pmol g~* h™ CO due to severe
electron-hole complexation. The catalytic activity of Eu-MOF-S
without the photosensitizer was significantly reduced to
160.1 pmol g~' h™'. However, [Ru(bpy);]Cl, itself produced
185 pmol g™ h™ CO and 5.8 pmol g~* h™' H,, which was sub-
tracted from the -catalytic reduction results of Eu-MOFs.
Controlled experiments demonstrated that the Eu-MOF photo-
catalyst, light, photosensitizer, sacrificial agent and CO, were
indispensable. In order to evaluate the stability of the Eu-MOF
catalysts, cycling experiments were carried out, and only a
slight decrease in the CO yield was observed in five test cycles
(Fig. S7at). The XRD spectra of Eu-MOFs before and after the
reaction were almost the same (Fig. S7bt), indicating quality
framework structure stability during the photocatalytic testing.

It is extremely interesting that Eu-MOF-T remains
unchanged when placed in an isolated glass-surface vessel for
one week after synthesis, while it can be converted into Eu-
MOF-S in 3 days when placed in an open glass-surface vessel,
i.e., when exposed to air, indicating that a very weak stimulus
can elicit a response from Eu-MOF-T (Fig. 4c). The solar photo-
catalytic CO,RR was carried out, and the experimental pro-
cedure was consistent with the “Photocatalytic reduction of
CO, test” described in the ESI,} except that the xenon lamp
was replaced by sunlight. The CO, to CO production rate was
240.2 pmol g~ h™" (Fig. 4d), which indicates that Eu-MOF-S is
a new stimulus-responsive MOF material with potential for
CO, reduction using solar energy.

Density Functional Theory (DFT) calculations were per-
formed on the above reaction steps to understand the photore-
ductive activities of Eu-MOF-T and Eu-MOF-S at the atomic
level, especially the key role of the microenvironment around
the active site in CO, conversion. Fig. S6af shows that the
Gibbs free energy (AG) of Eu-MOF-T is lower than that of Eu-
MOF-S. The theoretical bandgap values of Eu-MOF-T and Eu-
MOF-S are 2.91 and 2.83 eV, respectively, which are in agree-
ment with the experimental test results (Fig. S8bt). The AG of
the photocatalytic CO, reduction process was calculated for
Eu-MOFs according to two reaction pathways, where the nega-
tive AG value of the adsorbed CO, represents the effective
capture and activation of CO, molecules. Fig. 5a shows the
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Fig. 5 (a and b) Gibbs free energy diagram of the CO, reduction
pathway of Eu-MOFs, where in the a-figure path the proton originates
from solution and in the b-figure path the proton originates from the
adsorbed state H* near the catalytic site; (c) state diagram of CO, to
*COOH near metal sites in the pores of Eu-MOF-S; (d) state diagram of
CO, to *COOH near metal sites in the pores of Eu-MOF-T.

path of protons originating from the solution, and the first
proton-coupled electron transfer (PCET) on Eu-MOF-T forms
adsorbed COOH* with a AG of 1.47 eV. In contrast, the lower
energy barrier of AG (—0.3 eV) for Eu-MOF-S obviously favors
the catalytic process. The other pathway is the proton originat-
ing from the adsorbed state *H near the catalytic site (Fig. 5b);
the AG values of the process (*CO, + H" + e~ — *COOH) are
2.94 eV and 1.23 eV for Eu-MOF-T and Eu-MOF-S, respectively.
It follows that *COOH is the rate-determining step for CO,-to-
CO and Eu-MOF-S is superior to Eu-MOF-T under both path-
ways. Detailed information on PCET throughout the photore-
duction process and the corresponding structures of the reac-
tion intermediates are provided in Fig. S9.f In the further
PCET process, dehydration occurs to form *CO which then
desorbs from the active site.

Further computational simulations show that the presence
of the HOMO on the metal site and total density of states
(DOS) originate from the Eu-4f atomic orbital for the Eu-
MOF-S configuration, as seen in Fig. S10,f which facilitates
electron transfer from the substrate to CO, during CO, adsorp-
tion. The next two hydrogenation steps of CO, to *COOH and
*COOH to CO are also accompanied by the transfer of elec-
trons, and the better electrical conductivity of Eu-MOF-S may
result in the lowering of *COOH energy barriers, which creates
ordered and fast electron transfer conditions for photocataly-
sis. It is noteworthy that *COOH and Eu sites are positively
charged and do not approach each other easily, whereas the
apparently small pore of Eu-MOF-S favors the confinement of
*COOH, making its distance to the Eu site 2.9 A, which is
smaller than that of 3.76 A for Eu-MOF-T. *COOH is forced to
be close to the Eu site and appears to interact with O around
Eu in the presence of H stabilization (differential charge
density plot), reducing the overall energy (Fig. 5¢ and S97t). It
can be seen that the modulation of the catalytic properties of
crystalline MOF materials is ultimately achieved by changes in
the microenvironment of the active site manipulated by exter-
nal stimuli such as temperature and solvent, including the
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ligand torsion angle, cavity volume, and electronic effects.
This catalytic property enhancement accompanying the SCSC
conversion process is a major breakthrough in the application
field of single MOF materials, and also provides experimental
and theoretical support for the study of stimulated crystalline
materials.

Conclusions

In order to deeply investigate the mechanism of the microenvi-
ronment around the active site on the photocatalytic perform-
ance and to wunderstand the microenvironment-activity
relationship, in this paper, structurally flexible MOFs with a
good microenvironment were constructed using rare-earth
metal Eu and flexibly branched dicarboxylic acid ligands. They
have flexibly branched dicarboxylic acid ligands, DTDA, and
the two carboxyl groups are attached to two metal Eu(u) ions,
respectively. The effects of different microenvironments
around the metal active sites on the photocatalytic CO,
reduction performance and the subtlety of the stimulus-
responsive structural modulation were investigated by adjust-
ing the torsion angle of DTDA in the model system.
Interestingly, reversible SCSC conversion of the Eu-MOF can
be achieved under external stimulation using a simple strategy,
in which Eu-MOF-T can be converted into Eu-MOF-S in a
solvent with immersion for 20 min, and in contrast, Eu-MOF-S
can be completely converted into Eu-MOF-T again under an Ar
atmosphere at 220 °C. Photocatalytic CO, reduction results
showed that Eu-MOF-S with a larger ligand torsion angle sig-
nificantly improved the photocatalytic activity and reached the
optimum catalytic effect at an activation temperature of
150 °C. Utilizing the fundamental physical properties of the
stimuli-responsive framework with host-guest interactions and
rationally designing the ligand torsion, not only was a better
photocatalytic performance obtained, but also the microenvi-
ronment-activity relationship was elucidated to achieve the
performance tuning of the microenvironmental aspect of
stimuli-responsive MOF catalysis.
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