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ABSTRACT. Reaction of UO2(NO3)2  6 H2O with partly fluorinated H3-3F-BTB (BTB3-: 

benzene-1,3,5-tribenzoate) in DMF leads to the crystallization of the MOF [(CH3)2NH2][UO2(3F-
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BTB)]  x DMF, named UoC-3 (UoC: University of Cologne). X-ray single crystal structure 

analysis (Pnna, Z = 4) reveals that an anionic framework is formed, in which UO2
2+ nodes are 

connected by 3F-BTB3- ligands. Due to the fluorination of the inner ring of the linker, its three 

benzoate groups are tilted to an “out of plane” arrangement, which leads to the formation of a 3D 

structure with large pores. This is in contrast to a known uranyl coordination polymer with the 

unfluorinated BTB3- linker, where an almost coplanar arrangement of the linker leads to graphene-

like layers. The high porosity of UoC-3 was confirmed by N2 gas sorption measurements, resulting 

in SBET = 4844 m2/g. The charge compensating [(CH3)2NH2]
+ cation is formed by hydrolysis of 

DMF. Direct addition of [(CH3)2NH2]Cl to the reaction carried out in ethanol/H2O (v:v, 5:1) leads 

to the same MOF, but with lower crystallinity. When using solvents, which hydrolyze to larger 

cations (e.g. DEF: [(C2H5)2NH2]
+ and DBF: [(C4H9)2NH2]

+), again the formation of UoC-3 was 

found, as confirmed by X-ray single crystal analysis and X-ray powder diffraction. Thus, no 

templating-effect was achieved with these cations. The exchange of the organic cations by K+ 

turned out to be successful, as revealed by XPS analysis. UoC-3 was also successfully tested to 

remove approx. 96% radioactive 137Cs+ from aqueous solutions (93% after one regeneration cycle), 

while retaining its crystal structure.  

 

INTRODUCTION 

Since the discovery of MOF-51 and HKUST-12 in 1999, the field of metal-organic frameworks 

(MOFs) has experienced an enormous development. In 2017, it was reported that the Cambridge 

Crystallographic Data Centre (CCDC)3 contained almost 70,000 entries that were classified as 

MOFs.4 An updated MOF subset, available via the CONQUEST software of the CCDC,5 contains 
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almost 106,000 entries (version 5.42, Nov. 2020). Within this updated MOF subset, 1490 entries 

were found that consist of uranium cations as metal nodes, among which the majority (~1200 

entries) shows a U…-OOC-R coordination. Shustova and co-workers presented an approach to 

classify this large number of uranium (actinide) MOFs.6 They analyzed more than 100 crystal 

structures of (U,Th)-based MOFs and subdivided them into compounds with mononuclear motifs 

(the majority) and those with multinuclear motifs, mainly bi-, tri-, tetra-, and hexanuclear motifs. 

It was an intriguing aspect of this work that some of the resulting MOF structures show striking 

similarities with those of U-containing minerals like walpurgite, adolfpateraite, studtite or 

deliensite.6 Very recent reviews on actinide MOFs show the increasing interest in this class of 

compounds.7,8 

BTB3- (benzene-1,3,5-tribenzoate) is a commonly used ligand for the construction of coordination 

polymers (CPs) and MOFs (~500 entries in the MOF subset mentioned above). MOF-177 is 

probably the most prominent representative, in which BTB3- linkers connect Zn4O-oxo clusters.9 

As MOFs with the BTB3-linker typically result in highly porous materials, it is somewhat 

surprising that only two examples of U-BTB-MOFs were reported in the literature up to now. In 

2015, Wang et al. reported a layered coordination polymer 

[(CH3)2NH2][UO2(BTB)]·DMF·6.5H2O crystallizing in the acentric space group P3121.10 The 

BTB3- linker is almost planar in this compound due to the aromatic sp2 hybridization of all its 

carbon atoms. The UO2
2+ nodes are coordinated in a hexagonal bipyramidal geometry with the 

uranyl-oxygen atoms forming the apices and six oxygen atoms of three carboxylate groups the 

base of the bipyramid. This very regular coordination environment and the planarity of the linker 

lead to an open honeycomb-like layered structure, well-known in the literature.11 In 2017, Li et al. 

constructed a giant MOF based on UO2
2+ units and a modified BTB3- linker (NU-1301), where all 
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hydrogen atoms of the inner ring were replaced by methyl groups.12 Due to steric repulsion, this 

methylation leads to a cancellation of the planarity of the Me3-BTB3- linker and increased torsion 

angles between the inner ring and the benzoate rings are observed, resulting in the formation of a 

3D MOF with unprecedented complexity (e.g. V = 5,201,096 Å3 and 816 uranium nodes and 

linkers in the unit cell).  

In our ongoing research, we are interested in CPs and MOFs with fluorinated aromatic carboxylate 

linkers.13,14,15,16,17,18 It was already pointed out that the fluoro substituents also have a significant 

influence on the torsion angles of neighboring groups.19,20,21,22,23 In this respect, it was of interest 

to see how a fluorination of the inner ring of the BTB3- ligand affects its planarity and – in a next 

step – the structural chemistry of the resulting CPs and MOFs. However, the synthesis of this 

ligand, named 3F-BTB3-, has not been described in the literature so far. In the following, we will 

describe its synthesis as well as the new MOF [R2NH2][UO2(3F-BTB)]  x L, named UoC-3 (UoC: 

University of Cologne; L = DMF and R =CH3 or L = DEF and R = C2H5), constructed with this 

linker. It is noteworthy that [(CH3)2NH2][UO2(BTB)]·DMF·6.5H2O,10 NU-1301,12 and UoC-3 

form anionic frameworks.  

 

EXPERIMENTAL SECTION 

Radiation Precautions. Uranium is a natural occurring radioactive material (NORM). The amount 

of uranium used in this work can be handled outside a radiation protection area in compliance with 

German radiation protection regulations, i.e. when it is documented that the workers’ annual 

exposition to radiation is below the limit of 1 mSv. 137Cs is emitting 622 keV  radiation and must 

therefore be handled in a laboratory within a radiation protection area, applying radiation 
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protection measures like appropriate shielding, contamination control and personal dosimetry. 

Especially, the 137Cs stock solution should be stored in a lead shielded vial. 

Linker Synthesis. The synthesis of the 3F-BTB3- linker, which is described for the first time, is 

given in the Supporting Information.  

Synthesis of UoC-3. In a typical synthesis 0.0753 g (0.15 mmol, 1.5 eq.) UO2(NO3)2 ∙ 6 H2O and 

0.0492 g (0.1 mmol, 1.0 eq.) H3-3F-BTB were dissolved in a mixture of 4 ml DMF and 1 ml 

deionized water, after which 100 l HNO3 (conc.) were added. The solution was heated for 48 h 

at 100 °C in a Teflon® lined 20 ml pressure vessel (Parr Instrument Company) and cooled down 

to room temperature during 12 h. The precipitates were filtered off, washed with DMF/H2O and 

dried in air to give the as-synthesized product 1. The purity of the obtained material was confirmed 

by its PXRD pattern (Figure 5 and Figure S6, Supporting Information). Using other solvent 

mixtures, acids or additives, always MOFs with the same UoC-3 topology were obtained. In Table 

1, some of these experiments are summarized. It is remarkable that even with KCl in an EtOH/H2O 

mixture, a MOF with the UoC-3 topology is obtained.   

Table 1. Varying reaction conditions for the synthesis of UoC-3 (DMF: N,N-dimethylformamide; 

DMA: N,N-dimethylacetamide; DEF: N,N-diethylformamide; DBF: N,N-di(n-butyl)formamide). 

Solvent mixture Product PXRD pattern 

4 ml DMF, 1 ml H2O, 100 µl 

HNO3 (conc) 

[(CH3)2NH2][(UO2)3F-BTB] 

· x solvent, 1  

Figure 5 and Figure S6 

(Supporting Information) 

4 ml DMA, 1 ml H2O, 100 µl 

HNO3 (conc) 

[(CH3)2NH2][(UO2)3F-BTB] 

· x solvent, 1 

 

0.0815 g [(CH3)2NH2]Cl, 5 ml 

EtOH, 1 ml H2O  

[(CH3)2NH2][(UO2)3F-BTB] 

· x solvent, 1  

Figure 5 
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4 ml DEF, 1 ml H2O, 100 µl 

HCl (conc) 

[(C2H5)2NH2][(UO2)3F-BTB] 

· x solvent, 2  

Figure S7 (Supporting 

Information) 

4 ml 1-formylpyrrolidine, 

1 ml H2O, 100 µl HCl (conc) 

[(C4H8)NH2][(UO2)3F-BTB] 

· x solvent  

Figure S9 (Supporting 

Information) 

4 ml DBF, 1 ml H2O, 100 µl 

HCl (conc) 

[(C4H9)2NH2][(UO2)3F-BTB] 

· x solvent  

Figure S10 (Supporting 

Information) 

0.0373 g KCl, 1 ml H2O, 5 ml 

EtOH 

K[(UO2)3F-BTB] · x solvent Figure S11 (Supporting 

Information) 

 

Cation exchange with K+. 0.7455 g KCl were dissolved in 20 ml deionized water. 0.05 g 

[(CH3)2NH2][(UO2)3F-BTB] · 4 DMF (1) were added, and the solution was stirred for 48 h. 

Afterwards, the product was filtered off and washed with several portions of deionized water. 

PXRD measurements (Figure S12, Supporting Information) confirm that the UoC-3 framework is 

still intact after this procedure. Note: some of the intensities of early reflections are different to the 

starting material 1, as – most likely – DMF within the pores of 1 was replaced by water leading to 

the observed modulation of intensities. The successful exchange of [(CH3)2NH2]
+ by K+ cations 

was proven by XPS measurements (Figure 9). 

Cation exchange with radiocesium (137Cs+). 0.010 g of [(CH3)2NH2][(UO2)3F-BTB] · 4 DMF (1) 

were placed in a centrifuge tube. About 40 µL of 1M LiOH solution was added for pH adjustment. 

After 15 min, 100 µL of a carrier-free 137Cs stock solution with an activity of about 1000 Bq/mL 

and 1860 µL of deionized water were added (note: addition of LiOH was necessary to prevent a 

degradation of the MOF as the 137Cs stock solution was slightly acidic). The solution was shaken 

for 1 h at room temperature. After centrifugation, half of the clear supernatant was pipetted into 

an identical tube. The distribution coefficient Kd was determined quantifying 137Cs in both tubes 
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with  spectrometry using the same geometry. For the determination of the adsorption isotherm, 

different amounts of (non-radioactive) Cs+ were added. For the determination of the ion selectivity, 

a surplus of Na+/K+ was added (see Table S1, Supporting Information).  

X-ray Single-Crystal Structure Analysis. Single crystal data of 1 (290(2) K) and 2 (103(2) K and 

280(2) K) were collected with a Bruker APEX-II CCD diffractometer (Cu Kα radiation, 

λ = 1.54178 Å). It was found that measurements at low temperatures decrease the quality of the 

single crystals significantly and little cracks are visible under the microscope. Therefore, only the 

data obtained at 290(2) and 280(2) K are discussed in this manuscript. Semiempirical absorption 

corrections were executed using SADABS-2016/2.24 The crystal structures were solved by direct 

methods (SIR-92)25 and the structural models were completed using difference Fourier maps 

calculated with SHELXL-2014, which was also used for all refinements.26 All programs were run 

under the WinGX system.27 All non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were placed on calculated positions and refined with fixed distances (C–H: 0.93 Å). Possible 

positions for the R2NH2
+ cations (R = CH3, C2H5) were identified (Figure S4, Supporting 

Information), but a stable refinement of these positions could not be achieved. Therefore, these 

cations positions as well as the disordered solvent molecules within the pores were omitted in the 

final refinements, in which the SQUEEZE28 function within PLATON29 was used to account for 

their electron density. Details of the single-crystal structure analyses are given in Table 2. For the 

illustration of the crystal structures Diamond 4.2.0 was used.30 

Powder X-ray Diffraction (PXRD). PXRD data were collected at room temperature on a Stoe 

Stadi P powder diffractometer (germanium monochromator, Mo Kα1 radiation,  = 0.70926 Å, 

Mythen detector). Samples were filled into glass capillaries ( = 0.3 mm). Typical recording times 
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were 30 min. Employing the WinXPow software suite,31 the recorded patterns were compared with 

theoretical patterns calculated from known single-crystal structure data. 

Elemental Analysis. Elemental analyses were performed in-house with a CHNS Euro EA 3000 

Analyzer (HEKAtech GmbH). 

Thermoanalytical Investigations. Differential scanning calorimetry (DSC) and thermogravimetric 

analyses (TGA) were performed with a Mettler Toledo Stare TGA/DSC 1 system in a constant 

argon stream (30 ml/min). Samples were heated with a heating rate of 10 °C/min.  

N2 Sorption. The measurements were carried out at 77 K with an AUTOSORB-1-MP 

(Quantachrome). Prior to the N2 gas sorption measurements, the samples were heated at varying 

temperatures (1: 120-220 °C; 2: 180-220 °C) in high vacuum (110–7 mbar) for 24 h (Figures S20 

and S21, Supporting Information). The Brunauer–Emmett–Teller (BET) surface area was 

calculated based on the pressure region p/p0 = 0.0005–0.03. For both compounds, the highest 

surface area was obtained after activation at 200 °C for 24 h. 

NMR Spectroscopy. NMR measurements were performed with a Bruker Avance II 300 

spectrometer. Spectra were recorded at the following frequencies:  1H NMR: 300 MHz, 19F NMR: 

282 MHz, 13C NMR: 75 MHz. The chemical shifts (δ) are given in ppm, referenced to the 

respective solvent. 

IR Spectroscopy. Samples were measured as pure solids on a Perkin–Elmer SPECTRUM 400 FT-

IR with ATR cell under ambient conditions. For each sample, 16 scans were measured and added 

for the final spectrum. 
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Raman Spectroscopy. Raman spectra were recorded on a Renishaw InVia Quontor Raman 

microscope using a 457 nm laser (laser power 10%, exposure time: 10 s), which was focused on 

the sample with a x10 objective (grating: 3000 lines per mm). The spectrometer is equipped with 

a Centrus 05TJ CCD detector. Before and during the measurements the instrument was calibrated 

with an internal Si standard. IR and Raman spectra were visualized with Origin 8.5.0.32 

XPS. XPS analysis was performed with an ESCA M-Probe system from Surface Science 

Instruments. The samples were irradiated with Al Kα rays (λ = 8.33 Å). Survey scans were 

recorded with a detector pass energy of 158.28 eV and high-resolution spectra were recorded with 

a pass energy of 55.2 eV. The binding energies of all spectra were referenced to 284.8 eV based 

on the C 1s spectra. All spectra were fitted using a Shirley background. C=C/C-C bindings were 

fitted together with an asymmetric line-shape A(0.38,0.4,20)GL(20), whereas all other peaks were 

fitted with a GL(30) line shape using CasaXPS software from Casa Software Ltd. 

 

RESULTS AND DISCUSSION 

The linker H3-3F-BTB (1,3,5-trifluoro-2,4,6-tris(4-carboxyphenyl)benzene) was synthesized via 

an oxidation of the known aldehyde33 with KMnO4 (Scheme 1). The aldehyde is accessible via a 

palladium-catalyzed cross-coupling reaction of 1,3,5-trifluoro-2,4,6-triiodobenzene and 4-

formylphenylboronic acid (for details see Supporting Information).33 The overall yield is 79.5 % 

and H3-3F-BTB is obtained in a phase-pure form.  
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Scheme 1. Synthesis of H3-3F-BTB via oxidation of the known aldehyde.33 

 

By reaction of UO2(NO3)2  6 H2O with H3-3F-BTB under solvothermal conditions in DMF (for 

details see experimental section), yellow crystals of 1 (Figure S1, Supporting Information) were 

obtained, from which a single crystal suitable for an X-ray structure analysis was isolated. 1 

crystallizes in the orthorhombic space group Pnna with Z = 4. The unit cell contains four UO2
2+ 

units connected by four 3F-BTB3- anions resulting in the anionic framework [UO2(3F-BTB)-]n. 

The ORTEP plot of the (extended) asymmetric unit with labeling of the atoms is given in Figure 

1. A difference Fourier map resulted in two positions within the pores of 1 with distances as 

expected for an organic cation [(CH3)2NH2]
+ (Figure S4, left, Supporting Information). However, 

attempts to refine these cation positions failed – probably due to disorder – so that they were 

omitted in the final refinements. In further experiments discussed below, the existence of this 

cation was confirmed, which is known to be formed by hydrolysis of DMF under acidic 

conditions.34,35 To account for the electron density of these cations as well as disordered solvent 

molecules in the pores of UoC-3, which could not be localized in difference Fourier maps, the 

SQUEEZE28 option within PLATON29 was used. It resulted in 692 electrons within the solvent 

accessible pores of UoC-3(DMF), 1 (for details see Table 2). After subtraction of four counter 
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cations (4 x 27 electrons), the remaining electrons are in reasonable agreement with four DMF 

molecules per formula unit so that the composition of 1 is described as [(CH3)2NH2][UO2(3F-

BTB)]  4 DMF in the following. Using DEF as solvent, a MOF with the same topology is formed 

(cp. Figures S6 and S7, Table 2), denoted as UoC-3(DEF), 2. Here, [(C2H5)2NH2]
+ cations (43 

electrons) should be formed upon hydrolysis (cp. Figure S4, right, Supporting Information). 

SQUEEZE calculations result in 618 electrons per solvent accessible voids. With the same 

considerations, a composition [(C2H5)2NH2][UO2(3F-BTB)]  2 DEF is deduced. This is in good 

agreement with the larger spatial requirements of [(C2H5)2NH2]
+ cations and DEF solvent 

molecules. However, at this point other solvents like water cannot be excluded to reside within the 

pores of 1 and 2. 

In the following, only the crystal structure of UoC-3(DMF), 1, will be discussed in more detail. It 

is already obvious from Figure 1 that the uranyl unit forms a hexagonal bipyramid (the asymmetric 

unit of 2 is given in Figure S5, Supporting Information). The two symmetry equivalent oxygen 

atoms of the uranyl unit (U1-O1 = 1.755(8) Å) form the two apices of the bipyramid, whereas the 

base is formed by six oxygen atoms stemming from three carboxylate groups of three different 3F-

BTC3- ligands. They form an almost ideal hexagon with U1-O distances ranging from 2.470(6) Å 

to 2.473(6) Å and O-U1-O angles in the range 53.0(2)° - 67.7(2)° (Table 3). The angular sum of 

361.7° indicates an almost ideal planarity of the base of the hexagonal bipyramid. Very similar U-

O distances and O-U-O angles are found for 2 with [(C2H5)2NH2]
+ as counter cation (Table 3). 
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Figure 1. ORTEP plot of the crystal structure of UoC-3(DMF), 1, with labelling of the atoms in 

the asymmetric unit. Thermal ellipsoids are drawn at the 50 % probability level. The 3F-BTB3- 

linker and the coordination sphere around U1 are completed by atoms drawn in a ball-and-stick 

presentation.  

 

These [UO2]
2+ units are connected by the 3F-BTB3- linkers to form a 3D-framework structure. 

This is remarkable, as in the uranyl coordination polymer with the pristine BTB3- linker a 

coordination polymer with a layered structure was observed.10 A detailed analysis of the torsion 

angles in [(CH3)2NH2][UO2(BTB)]·DMF·6.5H2O
10 shows that the angles between the inner ring 

and the benzoate rings range from 22.3° to 26.7°, so that the BTB3- linker cannot be considered as 

being planar in this compound. However, the rotation between the carboxylate groups and the 

benzoate rings is always opposite to the rotation between the inner ring and the benzoate 

substituents so that in sum, small torsion angles between the carboxylate groups and the inner ring 

ranging from 4.3° to 16.4° result. This leads to the observed formation of polymeric layers with a 

slight corrugation. For 1 the situation is different (Figure 2). Here, significantly larger torsion 

angles between the inner ring and the benzoate rings (40.3° - 63.9°) are observed due to steric 

repulsion between the benzoate rings and the fluoro substituents. For two of them (symmetry-



 13 

equivalent), the rotation of the carboxylate group occurs in the opposite direction decreasing this 

torsion to an overall angle of ~12.9°. However, for the third benzoate group the phenyl ring and 

the carboxylate group rotate in the same direction, so that an almost perpendicular “out of plane” 

arrangement of the carboxylate group with respect to the inner ring is found (84.7°, Table 3). This 

structural behavior of the 3F-BTC3- linker is emphasized in Figure 2. It leads to the formation of 

a 3D-connected framework structure in contrast to [(CH3)2NH2][UO2(BTB)]·DMF·6.5H2O.10 A 

similar behavior was observed for the Me3-BTB3- linker in NU-1301.12 We did not analyze the 

many organic linkers in this compound (816 linkers per unit cell), but refer to the published data 

that show an “out of plane” arrangement of these linkers.12   

 

Figure 2. Coordination of the 3F-BTB3- linker in the crystal structure of UoC-3(DMF), 1, 

emphasizing the tilting of the three benzoate rings with respect to the central 3F-phenyl ring. The 

coordination sphere around U1 is shown as a light blue polyhedron. Color code: U (white), O (red), 

C (dark grey), F (green), H (light grey). 

 

In 1, the 3F-BTB3- linker connects the [UO2]
2+ units to a 3D-framework structure with large porous 

channels along [010] (Figure 3) with an oval shape (size: approx. 10 x 8 Å). Along [100] (Figure 

S2, Supporting Information) and along [001] (Figure S3, Supporting Information) a more or less 
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dense packing is observed, so that UoC-3 (1) can be classified as a MOF with a 1D porous channel 

system. It should be noted that estimation of the sizes of these channels is difficult, as the counter 

cations [(CH3)2NH2]
+ reside within these channels, which will minimize the accessible pore 

volumes. Probable positions of these cations were found in difference Fourier maps (Figure S4, 

Supporting Information) as already discussed above. To the best of our knowledge, UoC-3 (1) is 

one of the few examples of a MOF with uranyl nodes with a highly porous structure.12,36  

 

Figure 3. View of the crystal structure of UoC-3(DMF), 1, in a projection along [010] showing 

large pores in this direction. Atoms are drawn with their respective van der Waals radii. Solvent 

molecules and [Me2NH2]
+ cations within the pores are omitted. Color code: U (white), O (red), C 

(dark grey), F (green), H (light grey). 

 

A more detailed analysis of the UoC-3 anionic framework using ToposPro37 reveals the ths (ThSi2) 

topology, which is a relatively common uninodal 3-connected net (point symbol: 103). In UoC-3, 

four of these ths nets form a 4-fold interpenetrated structure, which is depicted in Figure 4. With 
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different counter cations (and solvent molecules inside the pores) no significant shifts of the lattice 

parameters were observed: a = 12.9279(5) Å, b = 11.5597(4) Å and c = 30.009(1) Å for 1 

(measured at 290(2) K) compared to a = 12.9023(5) Å, b = 11.5845(4) Å and c = 30.001(1) Å for 

2 (measured at 280(2) K, Table 2). This is in agreement with no significant shifts of the reflections 

in the PXRD patterns of these compounds (Figure S8, Supporting Information).   

 

Figure 4. Four interpenetrating nets with ths (ThSi2) topology in the crystal structure of 1; each 

net is given in a different color. 

 

To confirm the existence of [Me2NH2]
+ counter cations in the pores of 1, which were assumed to 

be formed by hydrolysis of the DMF solvent,34,35 it was attempted to synthesize 1 in an EtOH/H2O 

solvent mixture and direct addition of [Me2NH2]Cl. The PXRD patterns clearly show that a MOF 

with the UoC-3 topology also forms under these synthetic conditions (cp. green and black patterns 
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in Figure 5). In a control experiment using an EtOH/H2O solvent mixture without addition of 

[Me2NH2]Cl, only a yellow solution formed, from which a colorless solid precipitated, which was 

proven to be the unreacted linker.  

 

Figure 5. PXRD pattern of UoC-3(DMF) as-synthesized (1; green curve), UoC-3 after N2 gas 

sorption measurement (red curve), and UoC-3 as obtained after reaction in EtOH/H2O and addition 

of Me2NH2Cl (black curve). All data were collected on a Stoe Stadi P diffractometer (Mo Kα1 

radiation, Mythen detector). For comparison the theoretical pattern calculated from single crystal 

data of 1 is given as a blue line diagram.  

 

IR/Raman spectroscopy is known to be a versatile tool to characterize [UO2]
2+ units.38,39 Whereas 

in the Raman spectra the symmetric O=U=O stretching vibration leads to a clearly visible signal 

at 810-880 cm-1 depending on the coordination sphere of the uranyl unit, in the IR spectra the 

asymmetric O=U=O stretching mode is observed in the range 915-960 cm-1 with carboxylate 
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ligands. In Figure 6 sections of the IR and Raman spectra of 1 are shown (700-1000 cm-1; the 

complete IR and Raman spectra of 1 and 2 are given in Figure S16, Supporting Information). Both 

signals are found in the expected range: ̃(O=U=O)sym at 875 cm-1 in the Raman and 

̃(O=U=O)asym at 917 cm-1 in the IR spectrum. It should be noted that the Raman spectrum is 

somewhat “noisy”, but the respective signal is still clearly detectable. In former work on two 

coordination polymers with uranyl nodes and fluoro-substituted aromatic carboxylate ligands17, 

we observed the symmetric O=U=O stretching vibration at slightly lower frequencies 

(851/852 cm-1). More remarkable, in these compounds two completely different coordination 

spheres were observed, which lead to a splitting of the asymmetric O=U=O stretching vibration in 

the IR spectra with signals at 911/912 cm-1 and 929/928 cm-1, whereas the symmetric O=U=O 

stretching mode (Raman) remained almost unaffected.17 In the IR spectra of 1, no splitting of the 

asymmetric O=U=O stretching vibration is detectable in agreement with only one, highly 

symmetric coordination sphere around the uranyl unit. 
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Figure 6. Section of the IR (blue) and Raman spectra (orange) of UoC-3(DMF), 1. The wave 

numbers of the respective symmetric and asymmetric O=U=O stretching vibrations are indicated. 

 

As already mentioned, MOFs with the UoC-3 topology are accessible in DMF or DEF as solvents, 

i.e. the formation of [Me2NH2]
+ or [Et2NH2]

+ cations has no significant structure-directing 

influence with the exception of some slight changes of the lattice parameters. Therefore, we 

investigated the influence of other solvents and their cations formed upon hydrolysis on the 

formation of MOFs with UoC-3 topology. With 1-formylpyrrolidine, which forms [(C4H8)NH2]
+ 

cations with a heterocyclic structure, again a MOF with UoC-3 topology is obtained (Figure S9, 

Supporting Information). Even with DBF (N,N-di(n-butyl)formamide) forming large [(n-

C4H9)2NH2]
+ cations, the formation of a MOF with the same topology is observed (Figure S10, 

Supporting Information). The PXRD patterns clearly confirm the formation of MOFs with the 

same topology, but they also show significant shifts of some reflections indicating lattice 

parameter changes upon embedment of cations with different shapes and sizes. Only after addition 

of the bulky [(n-C4H9)4N]+ cation (reaction of UO2(NO3)2  6 H2O with H3-3F-BTB and [(n-

C4H9)4N]Br in an EtOH/H2O solvent mixture), a completely different PXRD pattern was obtained. 

Unfortunately, we were unable to isolate single crystals suitable for an X-ray structure analysis 

from these reactions up to now. Currently, we are working on the optimization of the synthetic 

conditions to obtain samples with improved crystallinity. 

The thermal stability and composition of UoC-3(DMF), 1, was further explored by DSC/TGA. 

The results are depicted in Figure S17, Supporting Information. Assuming the composition 

[(CH3)2NH2][UO2(3F-BTB)]  4 DMF, as concluded from the X-ray single-crystal structure 

analysis and subsequent SQUEZZE calculations, the release of four DMF molecules should lead 

to a mass loss of 26.6 %, which is reached at approx. 385 °C. However, there is no clear plateau 
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in the TGA curve and the DSC curve is almost featureless in this temperature range. As the TGA 

curve shows a small mass loss already at temperatures below 100 °C, the existence of water within 

the pores of UoC-3(DMF), 1, is likely. Between 400-500 °C a second mass loss occurs (~4.7 %), 

before the decomposition of the material starts above 500 °C. This second mass loss might be due 

to the decomposition of the cation [(CH3)2NH2]
+ under the release of dimethylamine, for which a 

mass loss of 4.1 % is calculated, although this decomposition temperature of the cation seems to 

be surprisingly high. Obviously, release of solvent molecules, decomposition of the cation and 

decomposition of the framework overlap with no clear plateau between them. Even at 1000 °C the 

decomposition seems to be not completed, although a PXRD pattern of the residue obtained after 

heating in the DSC/TGA clearly proofs the formation of UO2 (Figure S14, Supporting 

Information). 

For 2, the composition [(C2H5)2NH2][UO2(3F-BTB)]  2 DEF was deduced from the X-ray single-

crystal structure analysis and SQUEEZE calculations. Its DSC/TGA curves are given in Figure 

S18 (Supporting Information). Here, a mass loss of 19.5 % is calculated for the release of both 

DEF molecules, which is reached at approx. 285 °C. A small mass loss below 120 °C plausibly 

indicates the evaporation of water molecules present in the pores of 2. Around 300 °C, another 

mass loss starts, which is accompanied by a small endothermic signal in the DSC curve. The 

decomposition of the [(C2H5)2NH2]
+ cation under the release of diethylamine should lead to a mass 

loss of 7.2 %, which is in reasonable agreement with the observed value. At approx. 500 °C, the 

decomposition of the framework starts accompanied by an endothermic signal. 

For UoC-3(DBF), the composition is unknown. Its DSC/TGA curves are plotted in Figure S19 

(Supporting Information). It displays the most pronounced signals in both DSC and TGA data. An 

almost flat TGA curve up to 120 °C obviously indicates that no water molecules reside in the pores 
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of this material. Above 130 °C, the release of DBF starts, accompanied by a very weak 

endothermic effect. In Figure 7, the TGA curves of 1, 2, and UoC-3(DBF) are plotted in one 

graphic. The release temperatures of DMF, DEF, and DBF nicely follow the trend of the boiling 

points of these solvents (b.p.(DMF) = 153 °C, b.p.(DEF) = 178 °C, b.p.(DBF) = 240 °C). For the 

release of one DBF molecule, a mass loss of 13.1 % is calculated. This value is reached around 

300 °C. Above this temperature, two further events occur leading to another mass loss and two 

endothermic signals. For the release of dibutylamine by decomposition of the [(C4H9)2NH2]
+ 

cation, a mass loss of 10.7 % is expected. This obviously overlaps with the release of DBF. 

Therefore, the estimation of the composition of the material is difficult, but it should contain 

approx. 1.5 DBF molecules per formula unit, in good agreement with the rising spatial 

requirements of the solvent molecules (four DMF molecules in 1, two DEF molecules in 2, and 

1.5 DBF molecules in UoC-3(DBF)). Between 400-450 °C, a plateau is reached in the TGA curve 

of UoC-3(DBF), before the decomposition of the framework starts at approx. 500 °C. Figure 7 

shows that this decomposition is, as expected, very similar in all three remaining frameworks. 
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Figure 7. TGA curves of UoC-3(DMF) (1, blue line), UoC-3(DEF) (2, red line), and UoC-3(DBF) 

(green line). 

 

The porosity of UoC-3(DMF), 1, was confirmed by N2 sorption measurements at 77 K. As 

expected from the TGA/DSC data (Figures 7 and S17), the search for the optimal activation 

conditions turned out to be difficult, as no clear plateau was visible in the TGA curve. In Figure 

S20 (Supporting Information), N2 ad-/desorption isotherms recorded after different activation 

temperatures (always activated for 24 h) are depicted. The highest BET surface area was obtained 

after evacuation at 200 °C for 24 hours. As shown in Figure 5 (red curve), UoC-3 is still intact 

after activation with an unchanged crystallinity. The resulting ad-/desorption isotherm of 1 is 

depicted in Figure 8 (red curve). A type 1(a) isotherm characteristic for microporous materials was 

observed, resulting in a BET surface area of SBET = 4844 m2/g (for details see Experimental 

Section). For 2, a smaller BET surface area of SBET = 3602 m2/g was measured (Figure 8, black 

curve; activation: Figure S21, Supporting Information), which can be explained by increased pore 

blockage of the larger [(C2H5)2NH2]
+ cations. Both SBET values point to a highly porous MOF with 

BET surface areas comparable to those of other MOFs with uranyl nodes, namely NU-1300 

(SBET = 2100 m2/g)36 and NU-1301 (SBET = 4750 m2/g)12, reported in the recent past.  
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Figure 8. N2 adsorption and desorption isotherms of UoC-3(DMF) (1, red curve) and UoC-3(DEF) 

(2, black curve), carried out at 77 K after activation at 200 °C for 24 h (1: SBET = 4844 m2/g; 

2: 3602 m2/g).  

 

As shown in Table 1, UoC-3 is also obtained from a solution containing UO2(NO3)2  6 H2O, 

H3-3F-BTB, and KCl in an EtOH/H2O solvent mixture. It clearly shows that K+ is able to replace 

the organic cation [R2NH2]
+ in the synthesis. Therefore, we have also tested, whether K+ can 

replace [(CH3)2NH2]
+ in an ion exchange experiment. As UoC-3 turned out to be stable in water 

for longer times (Figure S15, Supporting Information), 1 and KCl were stirred in an aqueous 

solution for 48 h. After filtering off the precipitate and washing it with several portions of 

deionized water, it was analyzed by XPS (Figure 9).  

Survey spectra of pristine UoC-3(DMF) (1) and the material obtained after exchange with KCl 

(Figure 9a)) show the expected peaks for the elements carbon, oxygen, fluorine, and uranium. 

Additionally, the K 2p peak is seen as a shoulder at higher binding energies of the C 1s peak in the 

KCl exchanged material. For a more detailed analysis, high-resolution spectra were recorded 
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(Figures 9b) and c)). In the range from 370 to 405 eV (Figure 9b)), the signals of the U 4f, N 1s, 

and K 2s orbitals strongly overlap. Nonetheless, by comparing the spectra of pristine UoC-3 and 

KCl exchanged UoC-3, the contribution of the K 2s peak (~372 eV) in the KCl exchanged material 

is clearly visible, whereas the N 1s peak (~399.4 eV) almost disappeared.40,41 Moreover, the 

analysis of the U 4f signals confirm that uranium is, as expected, in valence state +VI due to a 

binding energy of 382.4 eV (U 4f 7/2), a spin-orbit splitting of ΔE = 11 eV, and its characteristic 

satellites features.42,43 The final proof for the successful [(CH3)2NH2]
+ vs. K+ exchange can be 

given by analysis of the C 1s/K 2p region of the high-resolution XPS spectra (Figure 9c)). In 

general, carbon atoms with C=C and C-C bindings are fitted separately with a ΔE of ca. 0.3-0.8 eV. 

However, as obvious from Figure 9c) carbon-carbon bindings in UoC-3(DMF) (1) and the KCl 

exchanged material strongly overlap due to contributions from the 3F-BTB3- linker, DMF solvent 

molecules and the [(CH3)2NH2]
+ cations, so that the C=C/C-C bindings were fitted as one peak 

and set to a binding energy of 284.8 eV. An additional peak associated to the π-π* satellite at ca. 

290.8 eV is also visible and affirms the presence of sp2 carbon atoms of the 3F-BTB3- 

linker.44,45,46,47 While the peaks of the K 2p orbital are clearly visible in the KCl exchanged UoC-

3 (K 2p 3/2: 294 eV; K 2p 1/2: 296.51 eV), the contributions of the C-H bindings (284.8 eV) 

decrease confirming a successful exchange of [(CH3)2NH2]
+ by K+.  



 24 

Figure 9. XPS analysis of pristine UoC-3(DMF) (1) and after exchange with KCl; a) survey 

spectra, b) high-resolution spectra with K 2s, U 4f, and N 1s peaks, c) high-resolution spectra with 

C 1s and K 2p peaks.  

 

This successful cation exchange in UoC-3(DMF), 1, motivated us to look for possible applications 

of the material. 137Cs is a radioactive fission product of the nuclear fission of 235U in nuclear 

reactors and weapons. Due to its high water solubility and its short-to-medium-lifetime 

t1/2 = 30.17 y, it is one of the most problematic radionuclides in nature. Its removal from aqueous 

solutions (i.e. sea water) is a real challenge and many materials were tested for this 

purpose.48,49,50,51 The coordination polymer [(CH3)2NH2][UO2(BTB)]·DMF·6.5H2O was also 

shown to selectively remove cesium from aqueous solutions10 as well as the modified MOF MIL-

a) b) 

c) 
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101-SO3H.52 As 1 showed a successful exchange of [(CH3)2NH2]
+ cations by K+, we also tested it 

for its Cs+ exchange abilities. In a test experiment it was shown that the framework of UoC-

3(DMF), 1, is still intact after Cs+ exchange with CsCl (Figure S13, Supporting Information). 

Tests with a carrier-free solution of the radionuclide 137Cs showed a successful exchange of Cs+ 

cations with [(CH3)2NH2]
+, demonstrating the principal usability of 1 for an effective removal of 

radiocesium from aqueous solutions. About 96% of the 137Cs was adsorbed (Kd = 4390±280). After 

regeneration with a surplus of [(CH3)2NH2]
+, the material exhibited an adsorption of 93% 

(Kd = 2620±240). We consider this a promising result, although this is not yet in the region of 

highly selective hexacyanoferrates that are used effectively e.g. to remove radionuclides from 

Fukushima Daiichi waste effluent.53 An adsorption isotherm was determined by adding non-

radioactive Cs as a carrier, indicating that the Cs+ uptake is compatible with the assumption that 

the loaded form of 1 contains Cs/U in a ratio of ~1:4 (Figure S22, Supporting Information). In the 

presence of a surplus of Na+/K+ ions, high Kd values were obtained for Cs+. We used Na+/K+ in a 

ratio as in seawater; the Kd values are starting to drop when c(Na+)/c(K+) exceeds 1.8·10-4/5.0·10-

6 mol/L. Although this is below sea water concentrations, it still corresponds to a vast surplus of 

Na+/K+ ions, as the concentration of the used 137Cs+ solution is only around 10-12 mol/L (see Table 

S1, Supporting Information).  

 

CONCLUSIONS 

By reaction of UO2(NO3)2  6 H2O with H3-3F-BTB in DMF/H2O under solvothermal acidic 

conditions, the highly porous MOF UoC-3 ([(CH3)2NH2][UO2(3F-BTB)]  4 DMF) with an anionic 

framework was obtained (SBET = 4844 m2/g), showing a 4-fold interpenetrated ths (ThSi2) 
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topology. The charge compensating [(CH3)2NH2]
+ cation is formed by hydrolysis of DMF. 

Reactions in DEF lead to the same MOF, but with charge compensating [(C2H5)2NH2]
+ cations 

(SBET = 3602 m2/g). Even with larger [(n-C4H9)2NH2]
+ cations the same topology was found. Only 

with the very large [(n-C4H9)4N]+ cation a completely different diffraction pattern was observed, 

indicating the formation of a solid with a new crystal structure. However, the crystallinity of this 

compound was too low to elucidate its crystal structure. UoC-3 is another example of uranium-

based MOFs, which have attained a lot of attention in the recent past.7,8,54,55,56,57,58  

UoC-3 is stable in water and its thermal decomposition under inert conditions occurs significantly 

above 400 °C. UoC-3 was successfully tested to remove ~96% radioactive 137Cs+ from aqueous 

solutions by cation exchange, while retaining its crystal structure. The exchange also works in the 

presence of a larger surplus of Na+ and K+ cations, although not yet at seawater concentrations. At 

the moment, we are testing the Cs+ exchange abilities of other coordination polymers with 

fluorinated aromatic carboxylate ligands, we have synthesized in the recent past. Furthermore, the 

easy exchangeability of cations in UoC-3 allows the targeted incorporation of functional cations, 

which is one of our primary research goals in this field in the near future. 

From a structural point of view, it is remarkable that with the unfluorinated, almost planar BTB3- 

linker a coordination polymer is formed with graphene-like layers.10 Fluorination of the inner ring 

leads to a rotation of the benzoate groups out of the plane and thus the formation of a 3D-connected 

MOF. A similar finding was reported for a giant uranyl MOF (NU-1301), where the inner ring of 

the Me3-BTB3- linker bears three methyl groups.12 But it was also found that fluoro substituents 

may lead to a high degree of disorder of the benzoate groups in BTB3- ligands.59 According to the 

classification introduced by Shustova and co-workers6 UoC-3 and NU-1301 belong to the MOFs 

with mononuclear motifs showing some similarities to minerals with [UO2(CO3)3]
4- cores.60  
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Currently, we are working on other examples of uranyl MOFs and coordination polymers with 

fluorinated aromatic polycarboxylate ligands. Especially the concept that fluoro substituents 

cancel the planarity of such linkers is intriguing and might pave the way for the synthesis of more 

uranyl MOFs with interesting structures and properties. 
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Table 2. Details of X-ray single crystal structure analysis of 1 and 2. 

 
(Me2NH2)[(UO2)(3F-BTB)]·xL (1) 

 UoC-3(DMF) 

(Et2NH2)[(UO2)(3F-BTB)]·xL (2) 

 UoC-3(DEF) 

Formula C27H12F3O8U [+ cation, + solvent] C27H12F3O8U [+ cation, + solvent] 

Formula weight (g/mol) 759.40 759.40 

Crystal description Irregular, yellow Irregular, yellow 

Crystal size (mm) 0.15 · 0.20 · 0.20 0.15 · 0.10 · 0.10 

Space group; Z Pnna (no. 52); 4 Pnna (no. 52); 4 

a (Å) 12.9279(5) 12.9023(5) 

b (Å) 11.5597(4) 11.5845(4) 

c (Å) 30.009(1) 30.001(1) 

V (Å3) 4484.7(3) 4484.1(3) 

Absorption correction Multi-scan (SADABS-2016/2)24 Multi-scan (SADABS-2016/2)24 

Diffractometer, radiation Bruker APEX-II CCD, Cu K Bruker APEX-II CCD, Cu K 

Temperature (K) 290(2) 280(2) 

2max (°) 144.39 144.90 

Index ranges -15  h  15; -9  k  14; -36  l  30 -15  h  15; -14  k  14; -37  l  37 

Reflections collected / 

independent 
30361 / 4422 63933 / 4440 

Significant reflections 3709 with I > 2(I) 3933 with I > 2(I) 

R(int) 0.0952 0.0746 

Data / parameters / restraints 4422 / 180 / 0 4440 / 180 / 0 

GooF = Sall (before SQUEEZE) 0.947 (1.210) 1.119 (1.198) 

R [I > 2(I2)] (before 

SQUEEZE) 
0.0703 (0.0880) 0.0422 (0.0538) 

wR(F2), all data (before 

SQUEEZE) 
0.1550 (0.1988) 0.1158 (0.1753) 

Solvent accessible volume, 

electrons found in s.a.v. 

(SQUEEZE) 

2427 Å3, 692 2006 Å3, 512 

max / min, e·10-6 pm-3 -2.51 / 1.44 -1.115 / 1.214 

CCDC deposition number CCDC-2053846 CCDC-2115257 
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Table 3. Selected interatomic distances and angles in the crystal structures of 1 and 2. 

 (Me2NH2)[(UO2)(3F-BTB)]·xL (1) 

 UoC-3(DMF) 

(Et2NH2)[(UO2)(3F-BTB)]·xL (2) 

 UoC-3(DEF) 

U1-O1 

U1-O3 

U1-O4 

U1-O2 

1.755(8) Å, 2x 

2.470(6) Å, 2x 

2.472(5) Å, 2x 

2.473(6) Å, 2x 

1.733(6) Å, 2x 

2.467(4) Å, 2x 

2.464(4) Å, 2x 

2.460(4) Å, 2x 

O1-U1-O1 

O1-U1-O2 

O1-U1-O3 

O1-U1-O4 

O2-U1-O3 

O4-U1-O4 

O3-U1-O4 

O2-U1-O2 

179.3(5)° 

84.9(4)°, 2x; 95.7(3)°, 2x 

88.3(3)°, 2x; 91.8(3)°, 2x 

87.2(3)°, 2x; 92.2(3)°, 2x 

53.0(2)°, 2x 

53.2(3)° 

67.7(2)°, 2x 

67.1(3)° 

178.2(3)° 

85.2(3)°, 2x; 96.3(3)°, 2x 

89.5(2)°, 2x; 90.7(2)°, 2x 

87.0(2)°, 2x; 91.3(2)°, 2x 

52.65(14)°, 2x 

52.6(2)° 

68.34(13)°, 2x 

67.0(2)° 

Torsion angles of 3F-BTB3- linker 

(inner ring – benzoate ring) 

(benzoate ring – carboxylate group) 

(inner ring – carboxylate group) 

 

40.3°, 2x; 63.9° 

27.4°, 2x; 20.8° 

12.9°, 2x; 84.7° 

 

39.3°, 2x; 63.7° 

27.4°, 2x; 20.2° 

12.2°, 2x; 83.9° 
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TABLE OF CONTENTS Synopsis 

By reaction of UO2(NO3)2  6 H2O with H3-3F-BTB in DMF/H2O under solvothermal conditions 

the highly porous (SBET = 4844 m2/g) MOF UoC-3 ([(CH3)2NH2][UO2(3F-BTB)]  4 DMF) with 

an anionic framework was obtained. The charge compensating [(CH3)2NH2]
+ cation is formed by 

hydrolysis of DMF. Reactions in DEF lead to the same MOF, but with charge compensating 

[(C2H5)2NH2]
+ cations (SBET = 3602 m2/g). UoC-3 was successfully tested to remove ~96% 

radioactive 137Cs+ from aqueous solutions by cation exchange, while retaining its crystal structure.  
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