
Chemical Engineering Journal 466 (2023) 143139

Available online 25 April 2023
1385-8947/© 2023 Elsevier B.V. All rights reserved.

Structural flexibility in cationic metal–organic framework for boosting 
ReO4

− capture 

Shufen Gu a, Zhiwu Yu b, Ning Li b, Qingyun Zhang a, Huiping Zhang a, Lipeng Zhang c, 
Lele Gong c, Rajamani Krishna d, Feng Luo a,* 

a School of Chemistry, Biology and Material Science, East China University of Technology, Nanchang 330013, China 
b High Magnetic Field Laboratory, Chinese Academy of Sciences, Hefei 230031, Anhui, China 
c State Key Laboratory of Organic− Inorganic Composites, Beijing Advanced Innovation Center for Soft Matter Science and Engineering, College of Chemical Engineering, 
Beijing University of Chemical Technology, Beijing 100029, China 
d Van‘t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Flexible materials 
Deformation 
cationic MOF 
ReO4

− capture 

A B S T R A C T   

ReO4
− , as a typical anion, its capture is now receiving increasing attentions. However, there still lacks effective 

method to boost the uptake performance of materials, except for designing new materials. In this work, we found 
that the structural flexibility could be a good candidate to boost ReO4

− uptake. The used flexible cationic MOF, 
[Co(H2O)2(TIB)][NO3]2 (named as Co-TIB-NO3, TIB = 3,3′,5,5′-tetra(1H-imidazol-1-yl)-1,1′-biphenyl), showed 
a multiple response towards temperature, counterion, and solvents with the observation of three different 
structures, including crystalline OP (open pore) phase, crystalline CP (closed pore) phase, and amorphous CP 
phase. The origin of the structural flexibility is quite complicated, involving a cage-to-channel migration for 
counterion, interlayer compression, and deformation of organic ligands. The developed material, Co-TIB-NO3- 
313, showing the amorphous CP phase, was found to perform outstanding ReO4

− capture with a high uptake 
capacity, rapid adsorption rate, large distribution coefficient, excellent selectivity, and recyclability, suggesting 
its superior application in ReO4

− capture.   

1. Introduction 

Metal-organic frameworks (MOFs), built on metal nodes and organic 
ligands through coordination bonds, still remain the frontiers of science 
and technology, and have been receiving interests, due to their potential 
applications in many fields such as storage, separation, radioactive 
treatment, and so on [1–16]. Solvent removal following synthesis, 
usually results in a rigid MOF structure, with retention of permanent 
porosity. By contrast, a small number of MOFs about 100 cases from 
70,000 MOFs were found to show a dynamic structure, when subjected 
to external stimuli such as heat, light, pressure, or guest adsorption/ 
desorption [17–31]. This small family are termed as flexible MOFs or 
soft porous crystals in the literature; their structural flexibility often 
brings improved performance or exceptional applications that could not 
be accessed for rigid MOFs [17–31]. 

Typically, the structural flexibility in MOFs can be classified as 
‘breathing’, ‘swelling’, subnetwork displacement, rotation of organic 
ligands, deformation of organic ligands (Scheme 1), and so on [20,32]. 

Among these, ‘breathing’ MOFs were commonly encountered, generally 
featuring a reversible structural transition between open-pore (OP) and 
closed-pore (CP) form. The representative example is MIL-53 [33,34]. In 
a few instances we encounter ‘swelling’ MOFs or continuous breathing 
mode, and the antetype is MIL-88 [35]. Subnetwork displacement only 
occurs in interpenetrating or 2D layer nets [20,32]. Ligand-based 
approach such as rotation or deformation is strongly dependent on the 
flexibility of organic ligands [36–39]. Moreover, frustrated flexibility 
was reported recently, stemming from an incompatibility of intra- 
framework dispersion forces with the geometrical constraints of the 
inorganic building units [40]. And Bennett et al reported an interesting 
flexibility phenomenon, transfering crystalline MOFs to be amorphous 
MOFs or glass-MOFs [41,42]. 

In fact, ionic MOFs also account for a certain proportion among all 
established MOFs [43]. A lot of cationic MOFs have been shown as 
promising anion-exchange materials [44]. Generally speaking, besides 
electrostatic interaction, counterions in ionic MOFs are also found to 
weakly bind to framework upon non-covalent interactions. And the 
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presence of counterion will certainly affect and largely complicate the 
host–guest chemistry, since it will cover a more complicated ternary 
inter-relationship among counterion, guest molecule, and host frame
work, rather than the relatively simple binary host–guest relationship in 
the neutral MOF [45]. This aspect, in conjunction with structural flexi
bility, will generate a more complicated but extremely interesting sys
tem (flexible ionic MOFs) [25,46]. However, several challenges still 
hinder us from gaining deeper insight into this category, such as the 
structural characterization of dynamic behaviour for both counterion 
and framework under external stimuli [25,46]. 

Herein we represent an intriguing flexible MOF, showing a cationic 
layer-pillared framework with NO3

– counterions. The structural flexi
bility, as unveiled by single/powder crystal X-ray diffraction and theo
retical calculation, was responsive to temperature, counterion, and 
solvents, allowing deeper insights into flexible ionic MOFs (Scheme 1). 
In addition, we further observed that such flexibility can largely enhance 
anion-exchange ability, capable of effectively capturing ReO4

− ions. 

2. Experimental section 

2.1. Materials and general methods 

The reagents and solvents were commercially available and were 
used as received without further purification. Thermogravimetric anal
ysis (TG) was performed by a TGA Q600 thermal analysis system. All 
TGA experiments were performed under air atmosphere from 25 ◦C to 
800 ◦C at a rate of 10 ◦C /min. X-ray powder diffraction were collected 
by a Bruker AXS D8 Discover powder diffractometer at 40 kV, 40 mA for 
Cu Kα (λ = 1.5406 Å) at room temperature in the range of 5–30◦ (2 
theta). The gas sorption isotherms were collected on a Belsorp-max. 
Ultrahigh-purity-grade (>99.999%) N2 gas was used in this adsorption 
measurement. To maintain the experimental temperatures, liquid ni
trogen (77 K) was used. SEM was performed by FEI NanoSEM450. X-ray 
photoelectron spectroscopy (XPS) analysis was carried out through a 
ESCALAB 250Xi spectrometer with AlKα radiation. ReO4

− concentration 
in solutions was measured by both UV/visible spectra and inductively 
coupled plasmaoptical emission spectroscopy (ICP-OES). ICP-OES tests 

were carried out by Thermo 7400. The solid state 13C NMR spectra was 
recorded on a Bruker Avance III WB-400 instrument with a Larmor 
frequency of 100.65 MHz.The Fourier transform infrared spectroscopy 
(FTIR) spectra in the range of 4,000–600 cm− 1 region were acquired on 
a Thermo Nicolet iS50 spectrometer. Single-crystal diffraction data was 
collected with variable temperature double target X-ray Single Crystal 
Diffractometer (Bruker). β-Irradiation was provided by an electron 
accelerator located at the CGD Dasheng Electron Accelerator Co. Ltd. in 
Jiangsu Province, China. 

2.2. Synthesis of Co-TIB-NO3 

A mixture of 3, 3′, 5, 5′-tetra(1H-imidazol-1-yl)-1, 1′-biphenyl (TIB) 
(0.024 mmol, 10 mg) and Co(NO3)2⋅6H2O (0.052 mmol, 15 mg) in the 4 
mL mixture of DMF and MeCN (v/v:3:1) was sealed in a Teflon lined Parr 
autoclave. The solution was heated at 130 ◦C for 3 days followed by 
decreasing to room temperature within 2 days. After filtration and 
washed with excess of DMF, orange crystals of Co-TIB-NO3 were 
collected as a pure phase with yield of 80% based on Co. Element 
analysis: calc. C/46.13%, N/21.35%, H/4.85%, exp. C/46.16%, N/ 
21.40%, H/4.79%. Based on TG and element analysis, the solvent 
molcules are estimated to be 2.5 DMF molecules in Co-TIB-NO3. 

2.3. Synthesis of Co-TIB-Cl 

It was prepared by directly soaking 20 mg Co-TIB-NO3 crystals in 15 
mL 3 M of NaCl solution at room temperature for 24 h. Element analysis: 
calc. C/33.73%, N/13.11%, H/6.13%, exp. C/33.82%, N/13.18%, H/ 
6.20%. Based on TG and element analysis, the solvent molcules are 
estimated to be 15 water molecules in Co-TIB-Cl. 

2.4. Synthesis of Co-TIB-NO3-313 and Co-TIB-Cl-313 

Crystals of Co-TIB-NO3 or Co-TIB-Cl was degassed under vacuum at 
313 K for 24 h, generating Co-TIB-NO3-313 and Co-TIB-Cl-313, 
respectively. 

Scheme 1. A draft of flexible modes in MOFs with a comparison of established one in the literature and our case.  
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3. Results and discussion 

3.1. Synthesis, structure and characterizations of Co-TIB-NO3 

The rectangular platelet single crystal of Co-TIB-NO3 was synthe
sized by solvothermal reaction of Co(NO3)2 and TIB in DMF/CH3CN at 
130 ◦C. The yield is about 80% based on Co. The phase purity of as- 
synthesized samples was confirmed by powder X-ray diffraction 
(PXRD) and subsequent refinement (Fig. S1). The structure of Co-TIB- 
NO3 was determined by single crystal X-ray diffraction at 298 K, 
showing tetragonal crystal system with I4/mcm space group and unit cell 
parameters of a = b = 18.2441(10) Å, c = 26.915(4) Å, V = 8958.6(17) 
Å3. Co ions in this MOF is +2 valence, confirmed by XPS (X-ray 
photoelectron spectroscopy, Fig. S2), while TIB ligand is neutral, thus 
creating a cationic framework. The counterions are NO3

– ions, trapped in 
a Co2(TIB)4 cage in an exceptional tetramer arrangement. Co2(TIB)4 
cage made up of two Co(II) ions and four TIB ligands shows a ‘wind leaf’ 
configuration (Fig. 1a). The Co-Co distance in this Co2(TIB)4 cage is 7.93 
(2) Å. Each Co(II) ion displays six coordination in an octahedral geom
etry, finished by four nitrogens from four TIB ligands and two terminal 
water molecules. The Co-N length is 2.06 (5) Å, while Co-O length for 
the coordinated water molecule within Co2(TIB)4 cage is 2.14 (5) Å, 
shorter than that outside Co2(TIB)4 cage (2.76 (5) Å). For each TIB 
ligand, the central biphenyl structure shows perfect co-plane with 
dihedral angle of 0 (2)◦, whereas distortion is observed between the four 
surrounding imidazole rings and the central biphenyl unit, as evidenced 
by the torsion angle of 30.0 (2)◦, showing the anti-anti coordination 

mode (Fig. 1b). 
The secondary building block in this MOF is Co2(TIB)4 cage, showing 

a small cavity with size of 3.66 Å×8.89 Å×8.89 Å that was occupied by 
four NO3

– counterions in an tetramer arrangement (Fig. 1c), where each 
NO3

– plane is vertical to other two adjacent NO3
– plane, and one of NO3

– 

oxygen atom points to another NO3
– nitrogen atom in turn with a close 

O…N contact of ca. 3.00 (2) Å. The interaction between Co2(TIB)4 cage 
and tetramer counterions is shown in Fig. 1c, where the coordination 
water molecules within Co2(TIB)4 cage located up and down the 
tetramer plane is found to play a key role in fixing this tetramer through 
hydrogen-bonded interactions (O…O distance/2.77(2) Å-2.98(2) Å). 
Additionally, multiple C-H…O hydrogen bonds (3.45(2)-3.76(2) Å) be
tween them makes another contribution to fix this tetramer. 

Co2(TIB)4 cages in ab plane through sharing TIB ligands construct a 
cage-based double layer (Fig. 1d and e). If considering each Co(II) ion 
and TIB ligand as a node, then the framework can be simplified as a 
binary four-connecting net with (46)(4284) topology symbol (Fig. S3). 
Furthermore, two adjacent double layers with AB stacking fashion can 
be combined together through just one water bridge along c direction, 
resulting in an overall layer-pillared net. Note that, this layer-pillared 
net is very different from all established examples in the literature 
[47], and represents the first one solely pillared by water bridges. The 
distance calculated from the closest metal-to-metal distance between 
two adjacent layers is about 5.53(2) Å. Moreover, two regular 1D 
channels are also observed, one being square channel along c direction 
with pore size of 10.3 Å × 10.3 Å, the other one being narrow channel 
with pore size of 2.7 Å × 12.9 Å along a and b direction (Fig. S4). 

Fig. 1. View of the structures in Co-TIB-NO3. (a) View of Co2(TIB)4 cage composed of two Co(II) ions and four TIB ligands. (b) The coordination configuration of TIB 
ligand. (c) The (NO3

–)4 tetramer in Co2(TIB)4 cage. (d) The water bridge between two adjacent Co2(TIB)4 cages. (e) The square 1D channel along c direction. 
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3.2. Anion-exchange of NO3
– by Cl−

Soaking Co-TIB-NO3 crystals in NaCl solution resulted in a 
completely Cl-replaced phase of Co-TIB-Cl. The structure of Co-TIB-Cl 
determined at 298 K is similar to Co-TIB-NO3 (Table S1). However, the 
location of counterions showed some difference. In Co-TIB-Cl, Cl−

counterions were found to locate in not only Co2(TIB)4 cage (replacing 
NO3

– site), but also 1D square channel (Fig. 2a). Similarly, four Cl− ions 
within Co2(TIB)4 cage formed a Cl4 tetramer with closest Cl…Cl distance 
of 3.76(2) Å, which is shorter than corresponding N…N distance of 4.33 
(2) Å in (NO3

–)4 tetramer in Co-TIB-NO3. Besides, to confirm the anion- 
exchange of NO3

– by Cl− , we further carried out a series of character
izations. As shown in Fig. 2b, the most intuitive evidence is the obser
vation of large decrease of oxygen element and emergence of abundant 
chlorine element in SEM (scanning electron microscope) plus element 
mapping (SEM-EDS) in Co-TIB-Cl (Fig. 2b), relative to Co-TIB-NO3. 
Other evidence can be deduced from IR (infrared spectrum) test 
(Fig. 2c), showing absence of typical IR bond of NO3

– at 1383 cm− 1 and 
(NO3

–)4 tetramer at 1661 cm− 1, and XPS (Fig. 2d), displaying Cl signal 
with the absence of NO3

– signal. 

3.3. Response towards temperature stimulus 

The structural flexibility of Co-TIB-NO3 and Co-TIB-Cl under various 
temperatures was investigated through in-situ temperature varying 
single crystal X-ray diffraction. For Co-TIB-NO3, it is found that the 
crystal at 308 K was maintained and showed comparable structure and 
unit cell parameters of a = b = 18.1936(6) Å, c = 26.897(2) Å, V =
8903.3(8) Å3, as observed in Co-TIB-NO3 (Table S1). But two major 
differences were observed for TIB ligand and (NO3

–)4 tetramer (Fig. 3). 
For TIB ligand, almost bending deformation was observed between two 
central biphenyl units, as evidenced by the dihedral angle of 52.4 (2)◦, 
while, by contrast, the crystal at 298 K gave corresponding value of 
0 (2)◦, indicative of structural flexibility from deformation of TIB ligand 
in response to temperature. At the same time, in contrast to the crystal at 

298 K, the distortion of imidazole ring at 308 K, relative to conjoint 
phenyl ring, is reduced to be 11.0◦, implying structural flexibility from 
rotation of imidazole unit of TIB ligand in response to temperature. As a 
result, a distinct syn-syn coordination configuration was observed for 
TIB ligand at 308 K. For (NO3

–)4 tetramer, the determined structure at 
308 K becomes ordered, rather than disordered structure at 298 K, and 
accompanied is the elongated O…N contact of 3.35 (2) Å. 

On further increase of temperature to 313 K, the crystals of Co-TIB- 
NO3 will lose crystallinity, as evidenced by PXRD test, displaying broad 
diffuse scattering (Fig. S5), indicative of non-crystalline state (named as 
Co-TIB-NO3-313). To disclose the structure of Co-TIB-NO3-313, a series 
of characterizations were employed, including infrared spectrum (IR), 
XPS, and solid-state 13C MAS NMR spectra. The (NO3

–)4 tetramer 
showing IR bond at 1661 cm− 1 was observed in Co-TIB-NO3, however 
this disappeared in Co-TIB-NO3-313, suggesting structural flexibility 
from disassembly of tetramer counterion in response to higher temper
ature (Fig. S6); this is most likely due to the migration of NO3

– from cage 
to channel. In XPS, the electron binding energy of Co(II) increased to be 
781.6 eV in Co-TIB-NO3-313, relative to the value of 780.8 eV in Co- 
TIB-NO3, implying enhanced coordination bond for Co(II) ions, due to 
structural flexibility from interlayer compression that reinforces Co-O 
coordination bond from the water molecule outside Co2(TIB)4 cage 
(Fig. S7). An inspection on N element disclosed no obvious change in the 
electron binding energy of nitrogen for TIB ligand, suggesting the 
retention of framework (Fig. S8). However, the binding energy of ni
trogen from NO3

– is reduced from 406.3 eV in Co-TIB-NO3 to 405.9 eV in 
Co-TIB-NO3-313, confirming the structural flexibility from disassembly 
of tetramer counterion (Fig. S8). 13C MAS NMR spectra renders a het
erogeneous local structure of non-crystalline phase, as illustrated by the 
broadened signals of the TIB carbon atoms (Fig. S9). Moreover, we 
tested N2 adsorption at 77 K, giving a type IV isotherm with low BET 
surface area of 60.3 m2/g and small pore volume of 0.06 cm3/g 
(Fig. S10), which is far below the corresponding calculated value of 
1628.5 m2/g and 0.56 cm3/g from crystal data of Co-TIB-NO3. This is 
mainly because of the formation of CP form in Co-TIB-NO3-313. The 

Fig. 2. (a) View of the anion-exchange structure 
from Co-TIB-NO3 to Co-TIB-Cl. The yellow spheres 
are Cl− ions. (b) A comparison of SEM-EDS between 
Co-TIB-NO3 and Co-TIB-Cl. (c) A comparison of IR 
between Co-TIB-NO3 and Co-TIB-Cl. The highlight 
is the typical IR bond for NO3

– (1383 cm− 1) and 
(NO3

–)4 tetramer (1661 cm− 1). (d) A comparison of 
XPS between Co-TIB-NO3 and Co-TIB-Cl. The 
highlight indicates the complete anion exchange of 
NO3

– by Cl− . Insert is Cl element XPS in Co-TIB-Cl. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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observation of type IV N2 adsorption stems from the crackle of crystal 
samples after heating 313 K (see the scanning electron microscope 
(SEM) results, Fig. S11). Two distinct pores were observed in Co-TIB- 
NO3-313 (Fig. S10), one showing narrow pore size distribution with 
micropore size of 0.37 nm, derived from CP form, the other one being 
broad pore size distribution with mesopore size of 3.9 nm, due to crackle 

of crystal samples. Moreover, heating the samples of Co-TIB-NO3 at 323 
K and 333 K also displayed broad diffuse scattering of PXRD (Fig. S12), 
suggesting non-crystalline state. 

On the other hand, for Co-TIB-Cl, similar temperature-various single 
crystal X-ray diffraction was carried out. It is found that heating crystals 
of Co-TIB-Cl at 308 K gave no clear change in the structure. However, 

Fig. 3. View of the two major differences in TIB ligand and (NO3
–)4 tetramer for the crystal determined at 298 K (above) and 308 K (below).  

×

×

Fig. 4. View of structural flexibility of Co-TIB-Cl after heating at 313 K. A comparison of structure between Co-TIB-Cl and Co-TIB-Cl-313 including the location of 
Cl− ions, channel, TIB ligand, and the topology matrix. 
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heating crystals at 313 K would generate a new crystalline phase of Co- 
TIB-Cl-313 (Table S1). More interestingly, although the symmetry 
(tetragonal) and space group (I4/mcm) is not changed, however, the unit 
cell parameters show big difference like that of a = b = 16.497(2) Å, c =
26.594(6) Å, V = 7238(2) Å3, creating an overall 17% contraction on ab 
plane rather than c direction, in contrast to Co-TIB-Cl. The main 
structure was maintained such as the coordination surrounding of metal 
ion, Co2(TIB)4 cage, and the framework connectivity. But, obvious dif
ference included deformation of TIB ligand and topology matrix was 
observed in Co-TIB-Cl-313, as evidenced by the dihedral angle of 2.7(2) 
◦ for the central biphenyl structure, the torsion angle of 50.0(2)◦ for 
imidazole ring with conjoint phenyl ring, and the syn-syn coordination 
mode of TIB ligand (Fig. 4), relative to Co-TIB-Cl. Shorter distance of 
11.7(2) Å along ab plane between two adjacent Co2(TIB)4 cage was 
observed, relative to that of 12.9 Å in Co-TIB-Cl (Fig. 4). More 
impressively, each initial square 1D channel in Co-TIB-Cl is divided into 
four identical rectangle 1D channels with pore size of 4.2 Å × 6.0 Å and 
one square 1D channel with pore size of 6.0 Å × 6.0 Å in Co-TIB-Cl-313 
along c direction, suggesting formation of CP form in Co-TIB-Cl-313. 
Notably, Cl− ions were found to locate in the center of both rectangle 
and square 1D channel, indicative of structural flexibility from cage-to- 
channel counterion-migration in response to temperature, relative to 
Co-TIB-Cl. The solvent-accessible volume was also reduced from 49.1% 
in Co-TIB-Cl to 36.8% in Co-TIB-Cl-313 [48]. The phase purity of Co- 
TIB-Cl-313 was confirmed by PXRD test and next refinement (Fig. S13). 
XPS of Co element in Co-TIB-Cl-313 showed almost no detectable 
change, relative to Co-TIB-Cl (Fig. S14), suggesting no flexibility in c 
direction, which is in agreement with the results from crystal data. 
Moreover, the deformation of TIB ligand and cage-to-channel anion- 
migration can be also reflected on XPS of N and Cl element (Fig. S15 and 
S16). N2 adsorption at 77 K gave a type I isotherm with BET of 312 m2/g 
and pore volume of 0.25 cm3/g (Fig. S17); this value is comparable with 
the calculated value of 289.9 m2/g and 0.32 cm3/g from crystal data, 
suggesting rigid framework of Co-TIB-Cl-313. Two micropores with 
narrow pore size distribution of 0.45 nm and 0.6 nm was observed 
(Fig. S17), consistent with the pore size evaluated from crystal data. 
Moreover, further increasing calcination temperature up to 323 K and 
333 K will decrease the crystallinity, but the resultant samples was found 
to possess similar structure as observed in Co-TIB-Cl-313 (Fig. S18). 

3.4. Recovery to OP form 

Interestingly, soaking the non-crystalline form of Co-TIB-NO3-313 in 
DMF led to recovery to crystalline OP form of Co-TIB-NO3, confirmed by 
single crystal X-ray diffraction (Table S1). This is mainly because the 
maintenance of coordination, skeleton in the non-crystalline form, as 
observed in the crystalline form, and the occurrence of a long-period 
irregular arrangement induced by heating. By contrast, no recovery 
was observed for soaking the non-crystalline form (generated at 323 K 
and 333 K) in DMF (Fig. S19), suggesting certain decomposition of 
framework under this condition. On the other hand, recovery to OP form 
was observed for these Cl-replaced samples (generated at 313 K, 323 K, 
and 333 K) in the crystalline CP form, when soaking them in DMF 
(Table S1). All the results suggest reversible structural flexibility from 
CP form to OP form in response to DMF, except for some exceptions such 
as the non-crystalline form (generated at 323 K and 333 K). 

3.5. Simulation and mechanism of framework flexibility 

With the aim to achieve a fully atomistic understanding of the 
framework flexibility, we further carried out DFT calculation by simul
taneously compressing the unit cell of a, b, and c [49,50]. The pristine 
framework of Co-TIB derived from Co-TIB-NO3 with the removal of NO3

– 

counterions was used as the initial model. As shown in Fig. 5, it is clear 
that the crystalline-to-amorphous transition occurs at a compression of 
a, b, and c with 35%. The amorphization mainly results from the 
exquisite distortion of TIB ligand. On examination of these simulated 
structures under 1%-30% compression, smart deformation of TIB ligand 
was observed, including in rotation of imidazole ring, bending of central 
biphenyl ring, and swing of imidazole unit (relative to central biphenyl 
unit). More impressively, the calculated structure under 10% compres
sion with a = b = 16.3742 (10) Å, c = 24.2073 (10) Å, and V = 6490(2) 
Å, as well as pore configuration and pore size is close to Co-TIB-Cl-313 
(Fig. S20), confirming the validity of our calculation method. Notably, 
unit cell of a = b = 16.497(2) Å in Co-TIB-Cl-313 agrees well with the 
calculated value under 10% compression, while the corresponding 
volume change of 19.2% in Co-TIB-Cl-313 is also comparable with the 
value 27.5% under 10% compression. Moreover, the distortion between 
imidazole unit and central biphenyl unit is further comparable such as 
50.0(2) ◦ (exp.) vs. 59.4(2) ◦ (calc.). 

Fig. 5. A comparison of Co-TIB framework and TIB ligand between pristine one and the counterparts under 1%-35% compression in the crystal volume.  
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3.6. ReO4
− adsorption 

Recent advances disclosed the important application of cationic 
frameworks in removal of radioactive 99TcO4

− contamination [51–62]. It 
is well known that the removal of 99TcO4

− remains a difficult and chal
lenging task, due to 99TcO4

− with large size, low charge density, high 
water solubility, high mobility, low binding constant, and small com
plexing enthalpy. Especially, there is still a lack of a general, simple, and 
effective method to boost 99TcO4

− removal without the need for design 
and synthesis of a large number of new cationic frameworks. To this end, 
the discovery of flexible cationic framework in this work promotes us to 
investigate its application in 99TcO4

− removal. In light of the radioactive 
nature of 99TcO4

− , herein we employed the commonly used nonradio
active surrogate of ReO4

− to conduct current research. 
We initially investigated the ReO4

− adsorption by using 10 mg 
adsorbent and 30 mL NH4ReO4 solution (50 ppm). The results were 
shown in Fig. 6a. It is found that the sorption equilibrium was achieved 
within 2 h for all these MOFs. And the sorption data can be well fitted by 
the pseudo-second-order model (Table S2), giving fast rate constant (k2, 
g⋅mg− 1⋅min− 1) with hiberarchy of Co-TIB-Cl (8.2 × 10− 3) > Co-TIB-Cl- 
313 (4.8 × 10− 3) > Co-TIB-NO3-313 (4.4 × 10− 3) > Co-TIB-NO3 (3.8 ×
10− 3). The results imply that anion exchange of NO3

– by Cl− can enhance 
the sorption rate. 

To evaluate the uptake capacity, the adsorption tests over a NH4ReO4 
solution from 100 to 600 ppm were carried out. The adsorption isotherm 
was shown in Fig. 6b (Table S3), where the uptake capacity (mg/g) 
yields the hierarchy, Co-TIB-NO3-313 (540.0) > Co-TIB-Cl-313 (460.7) 
> Co-TIB-Cl (391.7) > Co-TIB-NO3 (284.2). The results showed that in 
this system anion-exchange of NO3

– by Cl− ions can first boost ReO4
−

removal, then heating at 313 K can further enhance ReO4
− removal, 

indicative of the big potential of flexible cationic framework in 99TcO4
−

removal. The best adsorption value in Co-TIB-NO3-313 exceeds most 
established cationic MOFs (Fig. 6c, Table S4) [63], comparable with the 
benchmark MOFs such as SCU-100 (541 mg/g) [64] and Th-MOF-68 
(560 mg/g) [65]. The distribution coefficient (Kd) of these MOFs to
ward ReO4

− reaches 104 mL/g with the hierarchy, Co-TIB-Cl (9.3 × 104) 
> Co-TIB-NO3 (9.1 × 104) > Co-TIB-NO3-313 (2.0 × 104) > Co-TIB-Cl- 

313 (1.7 × 104). The Kd values are noticeably higher than for most re
ported anion sorbent materials such as Mg-Al-LDH [66] and comparable 
with some benchmark anion sorbent materials like that of SCU-100 [64]. 
We further explored the anion-exchange selectivity of these MOFs in the 
presence of one equivalent of NO3

–, CO3
2–, PO4

3− , ClO4
− , and SO4

2− with 
concentration of 125 ppm (Figs. S21-S23). Among them, Co-TIB-NO3- 
313 affords excellent ReO4

− selectivity towards all used anions (Fig. 6d), 
as evidenced by the little reduction in the ReO4

− uptake under mixed 
anions, relative to that just under ReO4

− . By contrast, PO4
3− shows the 

biggest effect on the ReO4
− uptake with a 26% decrease in Co-TIB-NO3, 

while correspondingly, 20% and 31% decrease respectively caused by 
NO3

– and CO3
2– were observed in Co-TIB-Cl and Co-TIB-Cl-313. In 

addition, the desorption of ReO4
− into solution can be simply achieved by 

soaking in 3 M NaNO3 for or NaCl solution for nitrate- and chlorine- 
containing materials, respectively. The desorption efficiency is over 
93% for all these MOFs. Good recycle use was observed for all these 
MOFs (Figs. S24-S27), as evidenced by negligible decrease in the ReO4

−

removal after repeating five adsorption–desorption circle. All the above 
results imply the significant potential of these MOFs, especially Co-TIB- 
NO3-313, in elimination of radioactive 99TcO4

− contamination. 

3.7. Stability of adsorbents 

For practical application, the stability of adsorbents under water and 
irradiation represent an important consideration. In this regard, Co-TIB- 
NO3-313 and Co-TIB-Cl-313 were representatively selected. For Co- 
TIB-NO3-313, phase transition from amorphous CP form to crystalline 
CP from was observed, when soaking it in water with pH = 1, 7, and 10 
(Fig. S28). By contrast, no change was observed for Co-TIB-Cl-313 
under similar conditions, suggesting the retention of crystalline CP form 
(Fig. S29). Moreover, decomposition was observed for both Co-TIB- 
NO3-313 and Co-TIB-Cl-313, when pH value is more than 11. In order 
to obtain the general applicability of adsorbents, we further tested the 
ReO4

− uptake for both Co-TIB-NO3-313 and Co-TIB-Cl-313 under 
various pH values (Figs. S30-S31), giving slight effect on ReO4

− uptake 
under acidic condition and big effect on ReO4

− uptake under alkaline 
condition. Furthermore, the irradiation tolerance of adsorbents was 

Fig. 6. The ReO4
− capture research in this work. 

(a) Sorption kinetics of ReO4
− by Co-TIB-NO3, 

Co-TIB-NO3-313, Co-TIB-Cl, and Co-TIB-Cl- 
313. (b) Sorption isotherms of ReO4

− by Co-TIB- 
NO3, Co-TIB-NO3-313, Co-TIB-Cl, and Co-TIB- 
Cl-313. (c) A comparison of ReO4

− uptake ca
pacity between some outstanding cationic MOF 
sorbents and our cases. The highlight renders a 
1.9-fold enhancement of ReO4

− uptake just 
caused by flexibility. (d) Effect of competing 
anions on the ReO4

− uptake by Co-TIB-NO3- 
313.   
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explored under β-irradiation at a dose rate of 20 kGy/h for 10 h, PXRD 
tests showed the maintenance of the integrity of the framework, as 
observed in Co-TIB-NO3-313 and Co-TIB-Cl-313 (Fig. S32). β-Irradia
tion on the samples was also found to have little effect on the ReO4

−

uptake (Fig. S33). 

3.8. Phase-dependent adsorption mechanism 

In general, cationic framework materials employs anion-exchange 
mechanism to capture ReO4

− [51–70]. Undoubtedly, ReO4
− capture in 

our MOFs is also mainly based on anion-exchange mechanism. However, 
as discussed above, our MOFs generated under various conditions 
showed big difference in ReO4

− uptake; thus, we anticipated additional 
contribution on ReO4

− uptake, except for anion exchange, and further 
carried out a series of characterizations. 

In light of the best performance in ReO4
− capture using Co-TIB-NO3- 

313, it is representatively selected to carry out other characteriazations 
including IR, SEM-EDS, and PXRD (Fig. 7). In the ReO4

− loaded samples 
(Fig. 7a), the absence of typcial IR bonds of NO3

– (1383 cm− 1) and (NO3
–)4 

tetramer (1661 cm− 1) and new formation of IR bond at 903 cm− 1 

(typical for ReO4
− ) [71–77] strongly supports the full anion-exchange of 

NO3
– by ReO4

− . In SEM images (Fig. 7b), we found the retention of rect
angular platelet crystal morphology after ReO4

− uptake, suggesting high 
chemical and mechanical stability, while uniform distribution of ReO4

−

was observed in EDS mapping. More interestingly, recovery to crystal
line state (Fig. 7c) was observed for the samples after ReO4

− uptake, 
which is in agreement with CP phase of Co-TIB-Cl-313, indicative of 
ReO4

− induced phase transformation from non-crystalline CP state to 
crystalline CP state. This in conjunction with the experimental results 
strongly suggests the significant contribution on ReO4

− removal from 
structural flexibility of CP-to-CP transformation. By contrast, no phase 
transformation was found for Co-TIB-Cl-313 after ReO4

− loading, due to 
the rigid framework in Co-TIB-Cl-313 (Fig. 7d). As discussed above, the 
pore volume in Co-TIB-NO3-313 (0.06 cm3/g) is far below that in Co- 
TIB-Cl-313 (0.25 cm3/g), thus indicative of a more closed pore in Co- 
TIB-NO3-313, relative to Co-TIB-Cl-313; and this to some extent sug
gests bigger structural flexibility and consequently leads to ultrahigh 
ReO4

− uptake in Co-TIB-NO3-313. Moreover, we further measured PXRD 
patterns of ReO4

− loaded samples for Co-TIB-NO3 and Co-TIB-Cl. 
Interestingly, no phase transformation was found, in contrast to the 
pristine samples (Figs. S34-S35). In addition, we further explored ReO4

−

uptake for samples generated at 323 K and 333 K, and a comparison of 
ReO4

− uptake for samples generated at various temperature was shown 
in Figs. S36-S37, giving that further enhancement in ReO4

− uptake was 
not observed for these samples after generated at 323 K and 333 K, due 
to decomposition in NO3

–-containing derivates or similar structural 
flexibility for Cl− -containing derivates (samples generated at 313 K, 323 
K, and 333 K affords the same structure). 

In light of the above results, a summary and the and inter- 
relationship among the structural flexibility, stimulus, and ReO4

− up
take was shown in Fig. 8. It is found that temperature provides the key 
control on the structural flexibility, which can cause the structural 
transition from OP to CP form. The type of counterions can further 
amplify the temperature effect, resulting in large difference in crystal
linity, porosity, ReO4

− uptake ability, and recovery ability from solvent. 
Moreover, three major factors including increasing the heating treat
ment temperature, tuning the type of counterion, and improving struc
tural flexibility are found to afford positive effect on ReO4

− uptake. To 
obtain a deep insight into the relationship between structural flexibility 
and ReO4

− uptake, we further carried out theoretical calculation on the 
exchange energy (ΔGa) for samples of Co-TIB-NO3, Co-TIB-Cl, and Co- 
TIB-Cl-313 K, giving a hierarchy, Co-TIB-NO3 (− 1.36 eV) > Co-TIB-Cl 
(− 2.05 eV) > Co-TIB-Cl-313 K (− 2.33 eV). The results demonstrated 
that ReO4

− ions were most easily substituted for Cl− ion in Co-TIB-Cl- 
313 K than in Co-TIB-Cl, because of the lowest exchange energy (ΔGa =

− 2.33 eV) in Co-TIB-Cl-313 K, confirming the temperature effect; this 
also implies the best ReO4

− uptake for Co-TIB-Cl-313 K. In addition, Co- 
TIB-NO3 affords the biggest exchange energy (ΔGa = − 1.36 eV), 
indicative of a relatively poor ReO4

− uptake, while the exchange energy 
in Co-TIB-Cl relatively lower than that in Co-TIB-NO3 also strongly 
supports the positive effect on ReO4

− uptake from the replacement of 
NO3

– counterion of by Cl− . Accordingly, the order of ReO4
− uptake can be 

deduced as follows: Co-TIB-Cl-313 K > Co-TIB-Cl > Co-TIB-NO3, which 
is entirely consistent with the experimental results of Co-TIB-Cl-313 K 
(459.6 mg/g) > Co-TIB-Cl (392.9 mg/g) > Co-TIB-NO3 (281 mg/g). 

4. Conclusion 

In conclusion, we successfully synthesized a water-bridged pillar- 
layered cationic MOF by self-assembly of Co(II) ions with neutral mul
tiple N-donor ligands. The counterions were found to locate in the center 
of Co2(TIB)4 cage in a unique fashion of (NO3

–)4 or Cl4 tetramer. The 

Fig. 7. (a) A comparison of IR between the samples of 
Co-TIB-NO3-313 and its ReO4

− loading counterpart. 
(b) SEM image and EDS mapping of Co-TIB-NO3-313 
after ReO4

− loading. (c) A comparison of PXRD pat
terns among the samples of Co-TIB-NO3-313, its 
ReO4

− loading counterpart, and the simulated one 
from the crystal data of Co-TIB-Cl-313 and Co-TIB- 
NO3. (d) A comparison of PXRD patterns among the 
samples of Co-TIB-Cl-313 after ReO4

− loading and the 
simulated one from the crystal data of Co-TIB-Cl-313 
and Co-TIB-NO3.   
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cationic framework renders smart response towards thermal treatment. 
The temperature 313 K is a key factor that can cause crystalline OP to 
amorphous CP phase transition, when NO3

– ions act as counterion, on the 
other hand, crystalline OP to crystalline CP phase transition, when Cl−

ions act as counterion. The origin of the structural flexibility mainly 
results from (i) weak coordination bond as interlayer bridge that allows 
for interlayer compression, (ii) mobility of counterions in the solid, and 
(iii) deformation of organic ligands. The framework flexibility coupled 
with the cationic nature further gives the materials with distinct 
response towards guest molecules such as ReO4

− , for the first time 
opening up the gate of application of flexible ionic MOFs in eliminating 
radionuclide pollution. We also believe that the findings in this work 
will largely promote the design and application of flexible ionic MOFs. 
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M. Rauche, M. Mendt, M.S. Weiss, A. Pöppl, E. Brunner, U. Kaiser, A.L. Goodwin, 
S. Kaskel, Adaptive response of a metal-organic framework through reversible 
disorder-disorder transitions, Nat. Chem. 13 (2021) 568–574. 

[18] A.P. Katsoulidis, D. Antypov, G.F. Whitehead, E.J. Carrington, D.J. Adams, N. 
G. Berry, G.R. Darling, M.S. Dyer, M.J. Rosseinsky, Chemical control of structure 
and guest uptake by a conformationally mobile porous material, Nature 565 (2019) 
213–217. 

[19] Y. Yang, L. Li, R.B. Lin, Y. Ye, Z. Yao, L. Yang, F.H. Xiang, S.M. Chen, Z.J. Zhang, S. 
C. Xiang, B.L. Chen, Ethylene/ethane separation in a stable hydrogen-bonded 
organic framework through a gating mechanism, Nat. Chem. 13 (2021) 933–939. 

[20] S. Krause, N. Hosono, S. Kitagawa, Chemistry of soft porous crystals: structural 
dynamics and gas adsorption properties, Angew. Chem. Int. Ed. 59 (2020) 
15325–15341. 

[21] P. Vervoorts, J. Keupp, A. Schneemann, C.L. Hobday, D. Daisenberger, R. 
A. Fischer, R. Schmid, G. Kieslich, Configurational entropy driven high-pressure 
behaviour of a flexible metal-organic framework (MOF), Angew. Chem. Int. Ed. 
133 (2021) 800–806. 

[22] H. Zeng, M. Xie, Y.L. Huang, Y. Zhao, X.J. Xie, J.P. Bai, M.Y. Wan, R. Krishna, W. 
G. Lu, D. Li, Induced fit of C2H2 in a flexible MOF through cooperative action of 
open metal sites, Angew. Chem. Int. Ed. 58 (2019) 8515–8519. 

[23] W. Wang, X.-H. Xiong, N.-X. Zhu, Z. Zeng, Z.-W. Wei, M. Pan, D. Fenske, J.-J. Jiang, 
C.-Y. Su, A rare flexible metal–organic framework based on a tailorable Mn 8 
-cluster showing smart responsiveness to aromatic guests and capacity for gas 
separation, Angew Chem Int Ed 61 (26) (2022). 

[24] S. Yuan, L. Zou, H. Li, Y.P. Chen, J. Qin, Q. Zhang, W. Lu, M.B. Hall, H.C. Zhou, 
Flexible zirconium metal-organic frameworks as bioinspired switchable catalysts, 
Angew. Chem. Int. Ed. 128 (2016) 10934–10938. 

[25] E.J. Carrington, C.A. McAnally, A.J. Fletcher, S.P. Thompson, M. Warren, 
L. Brammer, Solvent-switchable continuous-breathing behaviour in a diamondoid 
metal-organic framework and its influence on CO2 versus CH4 selectivity, Nat. 
Chem. 9 (2017) 882–889. 

[26] K. Roztocki, F. Formalik, A. Krawczuk, I. Senkovska, B. Kuchta, S. Kaskel, 
D. Matoga, Collective breathing in an eightfold interpenetrated metal-organic 

framework: from mechanistic understanding towards threshold sensing 
architectures, Angew. Chem. Int. Ed. 59 (2020) 4491–4497. 

[27] H.L. Zhou, Y.B. Zhang, J.P. Zhang, X.M. Chen, Supramolecular-jack-like guest in 
ultramicroporous crystal for exceptional thermal expansion behaviour, Nat. 
Commun. 6 (2015) 6917. 

[28] S.-H. Lo, L. Feng, K. Tan, Z. Huang, S. Yuan, K.-Y. Wang, B.-H. Li, W.-L. Liu, G. 
S. Day, S. Tao, C.-C. Yang, T.-T. Luo, C.-H. Lin, S.-L. Wang, S.J.L. Billinge, K.-L. Lu, 
Y.J. Chabal, X. Zou, H.-C. Zhou, Rapid desolvation-triggered domino lattice 
rearrangement in a metal-organic framework, Nat. Chem. 12 (1) (2020) 90–97. 

[29] D. Balestri, P.P. Mazzeo, C. Carraro, N. Demitri, P. Pelagatti, A. Bacchi, Stepwise 
evolution of molecular nanoaggregates inside the pores of a highly flexible metal- 
organic framework, Angew. Chem. Int. Ed. 131 (2019) 17503–17511. 

[30] Y. Wang, G. Jia, X. Cui, X. Zhao, Q. Zhang, L. Gu, L. Zheng, L.H. Li, Q. Wu, D. 
J. Singh, D. Matsumura, T. Tsuji, Y.-T. Cui, J. Zhao, W. Zheng, Coordination 
number regulation of molybdenum single-atom nanozyme peroxidase-like 
specificity, Chem. 7 (2) (2021) 436–449. 

[31] C.X. Chen, Z.W. Wei, J.J. Jiang, S.P. Zheng, H.P. Wang, Q.F. Qiu, C.C. Cao, 
D. Fenske, C.Y. Su, Dynamic spacer installation for multirole metal-organic 
frameworks: a new direction toward multifunctional MOFs achieving ultrahigh 
methane storage working capacity, J. Am. Chem. Soc. 139 (2017) 6034–6037. 

[32] S. Seth, S. Jhulki, Porous flexible frameworks: origins of flexibility and 
applications, Mater. Horiz. 8 (2021) 700–727. 

[33] C. Serre, F. Millange, C. Thouvenot, M. Noguès, G. Marsolier, D. Louër, G. Férey, 
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X-ray Crystallography 

X-ray diffraction data were collected on a Bruker diffractometer. The data reduction included a 

correction for Lorentz and polarization effects, with an applied multiscan absorption correction 

(SADABS). The crystal structure was solved and refined using the SHELXTL program suite. Direct 

methods yielded all non-hydrogen atoms, which were refined with anisotropic thermal parameters. 

All hydrogen atom positions were calculated geometrically and were riding on their respective 

atoms. The SQUEEZE subroutine of the PLATON software suite was used to remove the scattering 

from the highly disordered guest molecules. CCDC 2201226-2201231 contains the supplementary 

crystallographic data of these materials, respectively. These data can be obtained free of charge 

from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/ data_request/cif. 

Experiment for the sorption of ReO4
-: The starting Re stock solution was made by dissolving 

1.44 g NH4ReO4 in 1000 mL deionized water to create an 1000 mg/L (ppm) NH4ReO4 solution. All 

the adsorption experiments were conducted at 298 K.  

In the sorption kinetics experiment,
 
ReO4

- solution with initial concentration of 65 ppm was 

used. The dose of adsorbent is 10 mg, while volume of ReO4
- solution is 30 mL. 

In the sorption isotherm experiment, ReO4
- solution with initial concentration of 100-700 ppm 

was used. The dose of adsorbent is 10 mg, while the volume of ReO4
- solution is 20 mL and the 

contact time is 5 h.  

The adsorption amount, q(mg/g), was calculated by the difference of the ReO4
- equilibrium 

concentration before and after adsorption (equation 1), where C0, and Ce are the initial and 

equilibrium concentration of ReO4
-, V is the volume of solution, m is the mass of used sample. 

                       
 

m

V
q CC e


 0                      (1) 

In the selective adsorption experiments, KNO3, K2CO3, K3PO4, KClO4 or K2SO4 was used to 

generate the mixed ion solution containing 125 ppm ReO4
- and other ions (125 ppm) such as NO3

-, 



or CO3
2-, or PO4

3-, or ClO4
- , or SO4

2-. The dose of adsorbent is 10 mg, while the volume of mixed 

ion solution is 20 mL and the contact time is 5 h. 

The Kd value was determined with adsorbent of 10 mg, volume of 30 mL, ReO4
- concentration 

of 1 ppm, contact time of 24 h, temprature at 298 K.  

In the recycle experiments, the first adsorption was carried out with adsorbent of 10 mg, volume 

of 20 mL, ReO4
- concentration of 65 ppm, contact time of 5 h, temprature at 298 K. Then the 

desorption was achieved by soaking ReO4
- loaded samples in 3 M NaNO3 solution (30 mL, 

adsorbents with NO3
- as counterion) or 3M NaCl solution (30 mL, adsorbents with Cl- as 

counterion). Then the second adsorption experiment was carried out based on the desorbed samples, 

except for Co-TIB-NO3-313 and Co-TIB-Cl-313 adsorbents that request further redegassing under 

vacuum at 313 K for 24 h.  

For all the adsorption test, the errors is about 3%.    

The sorption data fitting by isotherm models 

The Langmuir model assumes that the sorption of metal ions occurs on a homogenous surface 

by monolayer sorption and there no interaction between adsorbed ions, with homogeneous binding 

sites and equivalent sorption energies. The linear equation of the Langmuir isotherm model is 

expressed as followed: 

q
C

kqq
C

m

e

Lme

e 
1                      (2)    

where qm is the maximum sorption capacity corresponding to complete monolayer coverage (mg/g) 

and kL is a constant indirectly related to sorption capacity and energy of sorption (L/mg), which 

characterizes the affinity of the adsorbate with the adsorbent. The linearized plot was obtained when 

we plotted Ce/qe against Ce and qm and kL could be calculated from the slope and intercept (Table 

S1).  

The Freundlich equation is an empirical equation based on sorption on a heterogeneous surface. 

The isotherm assumes that adsorbent surface sites have a spectrum of different binding energies. 



The linear equation can be expressed by: 

                      Ckq eFe
Ln

n
LnLn

1
                 (3) 

where kF and n are the Freundlich constants related to the sorption capacity and the sorption 

intensity, respectively.  

The adsorption kinetics was analyzed by simplified kinetic models such as the 

pseudo-first-order and pseudo-second-order, through the following two equations: 

                          kqqq
ete

LnLn
1

)(                    (4) 

                       
qqkq
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2
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1                     (5) 

Where qe (mg/g) and qt (mg/g) are the quantity of the adsorbed ReO4
- at equilibrium and at t time, 

respectively, and k1(min-1)/k2[g/(mgꞏmin)] is the pseudo-first/second-order sorption rate constant 

that is deduced from the slope of the plot of t/qt versus t (Table S2). 

The Kd value is calculated from the following equation, 

                        
e

0

C

CC

m

V
K e

d


                    (6) 

Computational Methods 

The first-principle calculations were performed within the framework of density functional 

theory (DFT) as implemented in the plane wave set Vienna Ab-initio Simulation Package (VASP) 

code[1-2], in which the Perdew-Burke-Ernzenhof (GGA-PBE) functionalization and the 

project-augmented wave generalized gradient approximation pseudopotentials (PAW-GGA) were 

employed to calculate the exchange-correlation energy and electron-ion interaction[3-4], respectively. 

Additionally, spin-polarization was considered in all calculations.[5] Wave functions were expanded 

using a plane-wave basis set with kinetic energy cutoff of 500 eV and the geometries were fully 

relaxed until the residual force convergence value on each atom being less 0.02 eV Å-1.[6] A gamma 

k-point mesh of 1×1×1 for the Brillouin zone sampling for structural optimization. During the 



calculations, the periodicity of MOF was maintained for simplicity and saving computational 

resources. 

   The detail of calculation of exchange energy (Ga) was listed as follows. The formula of 

average exchange energy (Ga) was defined: 

∆𝐺௔ ൌ ൣ𝐺୑୓୊@ୖୣ୓ర
ష െ 𝐺୑୓୊@େ୪ష/୒୓య

ష െ 2 ൈ 𝐺ୖୣ୓ర
ష ൅ 2 ൈ 𝐺େ୪ష/୒୓య

ష൧/2 

Where the 𝐺୑୓୊@ୖୣ୓ర
ష and 𝐺୑୓୊@େ୪ష/୒୓య

ష were the calculation total energy of the MOFs structure 

with ReOସ
ି, Clି or NOଷ

ି counterions. The 𝐺ୖୣ୓ర
ష, 𝐺େ୪ష/୒୓య

ష and 𝐺୒୓య
ష were defaulted as the energy 

of freeous  ReOସ
ି, Clି or NOଷ

ି ions.  
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Fig. S1 A comparison between PXRD pattern of as-synthesized samples of Co-TIB-NO3 and 
PXRD pattern simulated from single crystal data. The refinement is using GSAS-II program.  
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Fig. S2 The XPS of Co element in Co-TIB-NO3. The binding energy of 780.8 eV is comparable 
with Co(OH)2, suggesting +2 valence of Co(II) in this MOF.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. S3 View of the topology of Co2(TIB)4 cage and Co2(TIB)4 cage based double layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. S4 View of the narrow channel in Co-TIB-NO3 along a or b direction. 
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Fig. S5 The PXRD patterns of Co-TIB-NO3-313. The broad diffuse scattering implies 
non-crystalline state of the resultant samples.  
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Fig. S6 A comparison of IR between Co-TIB-NO3 and Co-TIB-NO3-313. It is found that the 1383 
cm-1 peak belonging to NO3

- is retained, while 1661 cm-1 belonging to (NO3
-)4 tetramer disappeared, 

indicative of dynamic behavior of (NO3
-)4 tetramer. 
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Fig. S7 A comparison of XPS of Co element between Co-TIB-NO3 and Co-TIB-NO3-313. It is 
clear that Co in Co-TIB-NO3-313 shifts to higher binding energy, most likely due to interlayer 
compression that reinforces the additional Co-O coordination bond on the pristine pyramidal 
geometry.  
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Fig. S8 A comparison of XPS of N element between Co-TIB-NO3 and Co-TIB-NO3-313. It is clear 
that NO3

- in Co-TIB-NO3-313 shifts to lower binding energy, indicative of dynamic behavior of 
(NO3

-)4 tetramer. 
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Fig. S9 A comparison of 13C MAS NMR spectra between Co-TIB-NO3 and Co-TIB-NO3-313. The 
broadened signals of the TIB carbon atoms suggest the disordered skeleton structure in 
Co-TIB-NO3-313.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. S10 The N2 adsorption isotherm at 77 K for Co-TIB-NO3-313 with the inset of poree size 
distribution. 
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Fig. S11 The SEM images of Co-TIB-NO3-313, where crackles were clearly observed (insert). The 
EDS mapping shows somewhat uneven distribution of C, O, N, and Co element, due to the 
disordered structure in Co-TIB-NO3-313.   
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Fig. S12 The PXRD patterns of Co-TIB-NO3 samples after calcination at 323 K and 333 K for 24 
h.   
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Fig. S13 A comparison between PXRD pattern of Co-TIB-Cl-313 and PXRD pattern simulated 
from single crystal data. The refinement is using GSAS-II program.  
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Fig. S14 A comparison of XPS of Co element between Co-TIB-Cl and Co-TIB-Cl-313, where no 
detectable change is observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



398 400 402

Binding energy (eV)

 Co-TIB-Cl-313
 Co-TIB-Cl

N1s

 
Fig. S15 A comparison of XPS of N element between Co-TIB-Cl and Co-TIB-Cl-313, where the 
change suggests the dynamic behavior of TIB ligand.   
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Fig. S16 A comparison of XPS of Cl element between Co-TIB-Cl and Co-TIB-Cl-313, where the 
change suggests the dynamic behavior of Cl- ions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. S17 The N2 adsorption isotherm at 77 K for Co-TIB-Cl-313 with the inset of poree size 
distribution. 
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Fig. S18 The PXRD patterns of Co-TIB-Cl samples after calcination at 323 K and 333 K for 24 h. 
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Fig. S19 The recovery of Co-TIB-NO3 samples after calcination at 323 K and 333 K for 24 h in 
DMF, traced by PXRD. 
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Fig. S20 A comparison of Co-TIB-Cl-313 and the calculated Co-TIB structure under 10% 
compression.  
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Fig. S21 Effect of competing anions on the ReO4
- uptake by Co-TIB-NO3. 
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Fig. S22 Effect of competing anions on the ReO4
- uptake by Co-TIB-Cl. 
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Fig. S23 Effect of competing anions on the ReO4

- uptake by Co-TIB-Cl-313. 
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Fig. S24 Recycle use of adsorbent of Co-TIB-NO3 for ReO4

- uptake. 
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Fig. S25 Recycle use of adsorbent of Co-TIB-Cl for ReO4
- uptake. 
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Fig. S26 Recycle use of adsorbent of Co-TIB-NO3-313 for ReO4
- uptake. 
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Fig. S27 Recycle use of adsorbent of Co-TIB-Cl-313 for ReO4
- uptake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S28 The stability of Co-TIB-NO3-313 in water with various pH values. In contrast to the 
PXRD pattern in the crystalline CP from of Co-TIP-Cl-313, it is clear that formation of crystalline 
CP from was observed, when soaking Co-TIB-NO3-313 in water with pH=1, 7, and 10.  
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Fig. S29 The stability of Co-TIB-Cl-313 in water with various pH values. In contrast to the PXRD 
pattern in the crystalline CP from of Co-TIP-Cl-313, it is clear that maintenance of crystalline CP 
from was observed, when soaking Co-TIB-Cl-313 in water with pH=1, 7, and 10. 
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Fig. S30 View of the ReO4

- uptake for Co-TIB-NO3-313 under pH=1-10 (C0=15 ppm, m=10 mg, 
V=20 mL, T=298 K, Time=5 h). HNO3 (1 M) and NaOH (1 M) was used to adjust pH value.  
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Fig. S31 View of the ReO4
- uptake for Co-TIB-Cl-313 under pH=1-10 (C0=15 ppm, m=10 mg, 

V=20 mL, T=298 K, Time=5 h). HNO3 (1 M) and NaOH (1 M) was used to adjust pH value. 
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Fig. S32 PXRD patterns were used to trace the stability of these samples after β-irradiation at a 
dose rate of 20 kGy/h for 10 h. For samples of Co-TIB-NO3-313, to confirm the maintenance of the 
integrity of the framework, the recovery to crystalline CP phase (as observed in Co-TIB-NO3-313) 
was observed, when soaking corresponding samples in water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 10 15 20 25 30

200 kGy for Co-TIB-Cl-313

recovery in water

200 kGy for Co-TIB-NO
3
-313

2

Co-TIB-Cl-313



 

Fig. S33 A comparison of ReO4
- uptake for the samples of Co-TIB-NO3-313 and Co-TIB-Cl-313 

before and after β-Irradiation (C0=18 ppm, m=10 mg, V=20 mL, T=298 K, Time=5 h). 
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Fig. S34 A comparison of PXRD patterns and IR among the samples of Co-TIB-NO3 and its ReO4
- 

loading counterpart. Two cycles was explored, where it is clear that the PXRD peak at 9.33 is due to 
ReO4

- loading. 
 

 

 

 

 

 

 

5 10 15 20 25 30

second, ReO
4

-@Co-TIB-NO
3

Regenerated Co-TIB-NO
3

first, ReO
4

-@Co-TIB-NO
3

2(o)

Co-TIB-NO
3

860 880 900 920 940
60

70

80

90

100

T
ra

n
s.

 (
%

)

Wavenumber (cm-1)

 First, Co-TIB-NO
3

 First, ReO
4

- loading

 Second, Co-TIB-NO
3

 Second, ReO
4

- loading

ReO4
‐ 

ReO4
‐ 



 

 
Fig. S35 A comparison of PXRD patterns and IR among the samples of Co-TIB-Cl and its ReO4

- 
loading counterpart. Two cycles was explored, where it is clear that the PXRD peak at 9.43 is due to 
ReO4

- loading. 
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Fig. S36 A comparison of ReO4

- uptake for NO3
--containing samples generated at various 

temperature (C0=53 ppm, m=10 mg, V=20 mL, T=298 K, Time=5 h).  
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Fig. S37 A comparison of ReO4

- uptake for Cl--containing samples generated at various temperature 
(C0=53 ppm, m=10 mg, V=20 mL, T=298 K, Time=5 h). 
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Table S1. A summary of the crystallographic parameters involved in this work. 

Compounds Co-TIB-NO3 Co-TIB-NO3-308 Co-TIB-NO3-R Co-TIB-Cl Co-TIB-Cl-313 Co-TIB-Cl-R 
Temperature(K) 298(2) 308(2) 240(10) 298(2) 313(2) 298(2) 
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal 
Space group I4/mcm I4/mcm I4/mcm I4/mcm I4/mcm I4/mcm 
Unit cell dimensions 
(Å) 

18.2441(10) 
18.2441(10) 
26.915(4) 

18.1936(6) 
18.1936(6) 
26.897(2) 

18.1772(10) 
18.1772(10) 
26.738(2) 

18.2181(3) 
18.2181(3) 
26.3120(9) 

16.497(2) 
16.497(2) 
26.594(6) 

18.2729(10) 
18.2729(10) 
26.293(4) 

Volume (Å3) 8958.6(15) 8903.3(8) 8834.5(12) 8732.9(4) 7238(2) 8779.3(14) 
R indices (all data) R1=0.1225 

wR2= 0.2233 
R1=0.1773 
wR2=0.3032 

R1=0.0705 
wR2= 0.1960 

R1=0.1189 
wR2=0.3433 

R1=0.1882 
wR2=0.3404 

R1=0.1218 
wR2=0.2638 

CCDC number 2201231 2201226 2201228 2201230 2201227 2201229 

For Cl-replaced samples (generated 323 K, and 333 K), the recovery to crystalline OP form was confirmed by the determination of 

unit cell, giving a=b=18.1648(9), c=26.274 (3) for 323 K and a=b=18.3317 (10), c=26.165 (4) for 333 K. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Tabl

e S2. 

Kine

tic 

para

mete

rs of 

pseu

do-fi

rst-o

rder 

and 

pseudo-second-order models. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. Isotherm parameters of Langmuir and Freundlich models. 

Adsorbent 
qe, exp 

(mgꞏg-1) 

pseudo-first-order pseudo-second-order 

qe,cal (mgꞏg-1) k1 (min-1) R2 qe, cal (mgꞏg-1) k2 (gꞏmg-1ꞏmin-1) R2 

Co-TIB-NO3 146.41 122.067 0.0664 0.8550 156.006 0.00038 0.9967 

Co-TIB-Cl 152.54 79.815 0.0489 0.9114 156.740 0.00082 0.9999 

Co-TIB-NO3-313 186.36 138.951 0.0737 0.9602 196.078 0.00044 0.9989 

Co-TIB-Cl-313 188.51 113.750 0.0422 0.9376 194.932 0.00048 0.9994 

Adsorbent 

Langmuir model Freundlich model 

qe, exp 

(mgꞏg-1) 
KL (Lꞏmg-1) qm (mgꞏg-1) R2 

KF 

(mg1-1/nꞏg-1ꞏ

L-1/n) 

1/n R2 

Co-TIB-NO3 284.18 0.0113 348.432 0.9858 24.403 0.4199 0.8883 



 

 

 

 

 

 

 

 

 

Table S4. A comparison table of ReO4
- capture with some well-studied examples in the literature. 

 Compounds Uptake capacity (mg/g) Reference 

 

 

 

 

 

 

 

MOFs 

UIO-66-NH3
+Cl  159  Inorg. Chem. 2016, 55, 8241-8243 

NU-1000  210 Chem. Mater. 2018, 30, 1277-1284 

SCU-101  217 J. Am. Chem. Soc. 2017, 139, 14873-14876 

SCU-103 318 Nat. Commun. 2020, 11, 5571 

Co-TIB-NO3 281 Our work 

Co-TIB-Cl 392.9 Our work 

Co-TIB-Cl-313 459.6 Our work 

Co-TIB-NO3-313 540 Our work 

SCU-100 553 Environ. Sci. Technol. 2017, 51, 3471-3479 

Th-MOF-68 560 Nano. Res. 2022, 15, 1472-1478 

SLUG-21  602 J. Am. Chem. Soc. 2010, 132, 7202-7209 

iMOF-2C  691 ACS Appl. Mater. Inter. 2020, 12, 41810-41818 

CAU-1 692 J. Hazard. Mater. 2021, 407, 5, 124729 

SBN  786 Environ. Sci. Technol. Lett. 2017, 4, 316-322 

Th-MOF  807 Angew. Chem. Int. Ed. 2019, 131, 6083-6088 

MOR-2 1025 J. Mater. Chem. A, 2018, 6, 20813-20821 

Inorganic 

compounds 

MgAl-LDHs  112 Water Res. 2009, 43, 3067-3075 

YPbOClO4-1 434 Adv. Sci. 2019, 6, 1900381 

 

Polymer  

 

PAF-1-F  420 Chem. Eur. J. 2016, 22, 17581-17584 

SCU-CPN-1  999 Nat. Commun. 2018, 9, 3007 

PQA-pN(Me)2Py-Cl 1127 Nat Commun. 2019, 10, 1646 

SCU-CPN-2 1467 Sci. China Chem. 2021, 64, 1251-1260 

 

COFs 

PS-COF-1 1262 Sci. Bull. 2022, 67, 924-932 

NKCOF-41-Cl- 1078  Angew. Chem. Int. Ed. 2022, 61, e202213247 

 

 

Co-TIB-Cl 391.71 0.0250 427.350 0.9931 98.727 0.2319 0.9836 

Co-TIB-NO3-313 539.55 0.0206 613.497 0.9958 71.243 0.3571 0.9523 

Co-TIB-Cl-313 460.77 0.0182 507.614 0.9934 78.038 0.2968 0.9758 
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