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ABSTRACT 

The capture of gaseous iodine has been deeply studied for trying to mitigate the dangers of nuclear power 

energy. The UiO family of MOF materials is considered as one of the best candidates for such purpose since 

it couples high specific surface areas, facility to be chemically modified, great iodine adsorption capacity, and 

good stability under nuclear accidents conditions. UiO-66 was profoundly evaluated in several works for 

trapping I2 by using different linkers and metal contents. A transformation of the I2 molecule into I3
– inside 

such porous systems was verified in other studies and is yet to be better elucidated. The comprehension of this 

transformation can improve the systems used to capture iodine species and guarantee a better stabilization of 

such pollutants in a long term. For this reason, three UiO-67_NH2 samples with different metal contents (Zr, 

Zr/Hf, and Hf) were employed to capture iodine and the signature of the different species were evaluated using 

Raman spectroscopy mappings in and out of resonance conditions (λex = 515, 633 and 785 nm). The UiO-

67_NH2(Hf) compound demonstrated the best adsorption capacity after 48 h of contact with gaseous I2 under 

room temperature, capturing 3428 g.mol-1 of iodine. The other two samples, UiO-67_NH2(Zr/Hf) and UiO-

67_NH2(Zr), adsorbed 2835 g.mol-1 and 1658 g.mol-1 in the same conditions, respectively. The I2 

transformation into I3
– was confirmed by the presence of bands related to “perturbed” I2 and I3

– at about 170 

and 107 cm-1, respectively. The Raman mapping demonstrated that both the monometallic UiO-67_NH2 

samples displayed a homogeneous distribution of the two species after 48 hours of contact with the iodine gas 

flow, whereas the bimetallic sample exhibited zones with different concentrations of I2 and I3
–. This effect 

was related to the I2 diffusion process through the UiO-67_NH2 crystallites, which could be faster in the 

monometallic UiO-67_NH2 samples because of their smaller crystal size ( ≈ 44 μm and  ≈ 51 μm for UiO-

67_NH2(Hf) and UiO-67_NH2(Zr), respectively) when compared to the UiO-67_NH2(Zr/Hf) sample ( ≈ 140 

μm). This paper shows the spatial distribution of I2 and I3
– along the crystals of UiO-67_NH2 materials and 

correlates this data with the diffusion process of both species, improving the understanding of the mechanism 

responsible for the iodine conversion and stabilization in UiO materials.  
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1. INTRODUCTION 

 

The release of radioactive iodine into the atmosphere has become an issue of great concern from the scientific 

community in the last few decades. This element can be liberated either by nuclear spills, as in the case of 

Chernobyl and Fukushima accidents, but also during the reprocessing of Spent Nuclear Fuel (SNF) 1,2. In both 

cases, the radioactive iodine can be released in its gaseous form (I2), in which the main radioactive isotopes 

present are found to be 129I and 131I. While 129I raises concern due to its long half-life time (t1/2 = 1.6 × 107 

years) 3, the 131I is problematic due to its high specific activity (4.59 × 1015 Bq.g-1) 4. The capture of these 

isotopes in its gaseous form poses various challenges specially due to its great oxidation capacity at the same 

time that it can easily spread throughout different ecosystems 5. 

 

The use of Metal-Organic Frameworks (MOFs) materials for the capture of iodine is subject of several studies 

nowadays 6–8. MOFs pose enormous advantages compared to other materials due to their high Specific Surface 

Areas (SSA) (up to 10,000 m2.g-1), to their enormous range of possible metal-linker combinations (which 

result in the construction of a plethora of structural architectures), and also to their ability to be chemically 

functionalized 9,10. In fact, the optimization of MOF materials for trapping iodine can be achieved by several 

means such as introducing functional groups, shaping their porosity, using redox metal centers, and doping 

with metals or active molecules 11. For instance, since I2 is known to be an electron acceptor, frameworks with 

electron donor groups can improve the iodine uptake 6. Tailoring the size of the pores by using series of iso-

reticular MOFs is also an interesting approach for capturing I2 11. An example is a series of Zr-based UiO-66 

MOFs that were elongated using linkers containing unsaturated alkene and alkyne as bridges 12. These 

materials can improve the iodine uptake by providing sites for the halogenation of their unsaturated C–C bonds 

11,12. Indeed, UiO family of MOFs bearing zirconium stands out in this vast class of crystalline solids due to 

its thermal and chemical stability as well as its facility to be functionalized, either by replacing the organic 

linker on its structure or also by changing the metal within the inorganic cluster 6,8 .  
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For instance, Leloire et al. demonstrated the stability of UiO-66_NH2 binderless granules MOF under 

conditions that simulates a nuclear accident (131I leaking with steam at 120 ºC and up to 2 MGy γ radiation 

from 60Co source) 7. In another work, the authors highlighted the influence of modifying the UiO organic 

linker over the capture of I2, indicating that the presence of –NH2 groups improved the iodine capture by a 2.7 

and a 5.5 factor in UiO-66 and UiO-67 series, respectively 6. Similarly, other functional groups such as –OH 

and –COOH also favorized the I2 capture 13. The formation of I3
– in MOFs after the contact with iodine was 

reported in several works before 14–16. In some cases, the reduction of I2 molecules was ascribed to an oxidation 

of the metallic sites from the framework. For instance, Zhang et al. demonstrated that VIII centers in MFM-

300 can trigger a host-to-guest charge transfer, which oxidates them into VIV and generates I3
– from I2 

molecules 16. However, recently, Leloire et al. 6 demonstrated that there is no redox phenomena related to the 

zirconium centers in the UiO framework during the I3
– formation. This feature was later confirmed in another 

study that evaluated the influence of the metal content (zirconium of hafnium) on the iodine evolution 8. In 

fact, considering the isoreticular UiO-66 structure with different metals (Zr and Hf), it was demonstrated that 

the occurrence of a smaller band gap, coupled with more acidic elements (such as hafnium instead of 

zirconium) improved the I2 uptake and the I3
– stabilization in UiO materials 8. In this case, the I3

– formation 

was ascribed to an electron donor-acceptor complex between the 1,4-benzenedicarboxylate (BDC) linker and 

the I2 molecules, forming a BDC●+ radical 8. It is worth mentioning that benzene-carboxylates cation radicals 

were already reported in other works, supporting such hypothesis 17,18. 

 

Among the different isoreticular structures that can be obtained with the UiO family, the UiO-67_NH2 member 

stands out due to its ability to form single crystals with up to 40 µm size 6. Moreover, although the zirconium 

based UiO-67_NH2 is easily found in the literature for capturing I2, to the best of the authors’ knowledge, 

there is no mention of a hafnium-doped UiO-67_NH2 being used for such purposes. Nevertheless, UiO-

67_NH2(Zr) was found to be one of the best candidates among UiO compounds to adsorb gaseous iodine  after 

48 hours of exposure (with an I2 uptake capacity of 1071 mg.g-1 in dynamic conditions) 6. Therefore, it is of 

great interest to evaluate the I2 capture by UiO-67_NH2 with different metal (Zr/Hf) compositions by coupling 

the best materials for iodine capture and I3
– stabilization from the two previous studies regarding I2@UiO 
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compounds 6,8. For this reason, the present contribution focuses on adsorbing gaseous iodine in UiO-67_NH2 

compounds with three metal compositions: zirconium, hafnium, and a mixture of zirconium and hafnium (1/1 

molar ratio). Apart the classical structural and textural characterizations (XRD, BET, SEM), this study was 

mainly conducted by using different vibrational (IR, Raman) and adsorption (UV-Vis) spectroscopies. In 

particular Raman spectroscopy was able to produce 2D and 3D mapping by means of different wavelength 

excitation sources (515, 633, and 785 nm) in order to probe the encapsulated iodine molecules. In this way, 

resonance effects with both I3
– and I2 species are to be expected and the spatial distribution of such components 

in the different UiO-67_NH2(Zr,Hf) crystals were highlighted. 

 

2. MATERIALS AND METHODS 

 

2.1 SYNTHESES 

 

The synthesis of the 2-amino-[1,1’-biphenyl]-4,4’-dicarboxylic acid (NH2–H2BPDC) is described in detail in 

the Supporting Information part (Figure S1). 

 

UiO-67_NH2(Zr) was typically prepared by a solvothermal treatment. In a 20 mL glass flask, zirconium 

chloride (ZrCl4, Sigma Aldrich 99.9%, 100 mg, 0.429 mmol) was first dissolved in dimethylformamide (DMF, 

Sigma Aldrich, anhydrous 99.8%, 10 mL) under magnetic stirring for approximately 5 minutes. Then, NH2–

H2BPDC linker ((COOH)2C12H7NH2, 220 mg, 0.855 mmol) was added to the solution, which was kept stirring 

for another 10 minutes. Finally, benzoic acid (C6H5COOH, Sigma Aldrich, ≥ 99.5%, 1.5 g, 0.12 mol) was 

added and the solution was maintained under stirring until complete dissolution of the precursors. The flask 

was placed inside an oven at 130 ºC for 48 h. After natural cooling, the crystals attached to the glass were 

gently pushed to the solution with the aid of a spatula. They were washed three times with fresh DMF (15 

mL) and three times with fresh chloroform (CHCl3, 15 mL Sigma Aldrich, ≥ 99.8%). The powder was 

activated under primary vacuum at 100 ºC for 1 h and finally, the solid was collected and kept in a flask under 

argon atmosphere. 
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UiO-67_NH2(Hf) was solvothermally prepared as well. Hafnium chloride (HfCl4, Sigma Aldrich 99.9%, 196 

mg, 0.429 mmol), NH2–H2BPDC ((COOH)2C12H7NH2, 220 mg, 0.855 mmol), benzoic acid (C6H5COOH, 

Sigma Aldrich, ≥ 99.5%, 1.5 g, 0.12 mol) and dimethylformamide (DMF, Sigma Aldrich, anhydrous 99.8%, 

10 mL) were initially added in a 20 mL glass flask following a procedure that is identical to that described 

above for UiO-67_NH2(Zr). The collected solid was kept in a flask under argon atmosphere. 

 

UiO-67_NH2(Zr/Hf) followed the same synthesis procedure while respecting the molar desired Zr/Hf ratio. 

Shortly, the HfCl4 and ZrCl4 salts were pre-mixed in molar proportions of 1:1, based on a total 0.429 mmol 

for HfCl4 + ZrCl4. The molar ratio between the total amount of metal precursors and the other reactants was 

maintained constant. 

 

2.2 STRUCTURAL CHARACTERIZATION 

 

Inductively Coupled Plasma−Optical Emission Spectrometry: ICP−OES experiments were conducted 

using an Agilent 5110 ICP−OES spectrometer in the radial sighting mode. The mineralization of the samples 

was performed using 10 mg of the activated UiO-67_NH2 compounds. First, the powdered samples were 

digested using a solution containing 10 mL of HF and 5 mL of HNO3 and then they were heated to 140 °C for 

48 h, followed by a dry evaporation step. Next, they were etched with aqua regia (HNO3/HCl 3:6 mL), heated 

to 120 °C for 24 h, and dried to a residue of 0.5 mL. Finally, 9.5 mL of water was added, and the solution was 

diluted at 1/100 after filtration before being analysed using the 264.141 and 343.823 nm emission lines of 

hafnium and zirconium, respectively. 

 

Single crystal X-ray diffraction: Single crystal X-ray diffraction experiments were done using a Bruker 

DUO-APEX2 diffractometer equipped with a two-dimensional CCD 4K detector and 2 m-sources generating 

Mo-K ( = 0.71073 Å) and Cu-K ( = 1.54178 Å) radiations. The structure refinement was conducted 

using the JANA software. 
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Surface area measurement: N2 sorption was performed at liquid nitrogen temperature (77K) using a 

Micromeritics ASAP2020 apparatus using samples previously degassed under vacuum at 60 ºC. The specific 

surface area of the examined samples was evaluated by the multipoint BET (Brunauer–Emmett–Teller), in the 

range of pressure 0.015-0.30 P/P0. 

 

Scanning Electron Microscopy: SEM was conducted on a FEG microscope (Hitachi SU 5000) at an 

accelerating voltage of 5 kV, using samples previously sputter-coated with carbon. This microscope is 

equipped with a Si(Li) EDS detector (AZtec from the Oxford Instruments) with a 60 mm2 window. For the 

EDS mapping the acceleration voltage was set to 10 kV. 

 

Infrared spectroscopy: FTIR was performed on a Perkin Elmer Spectrum 2 spectrometer using an attenuated 

total reflectance (ATR) accessory and a diamond crystal as the reflective element. The spectra were recorded 

at a resolution of 4 cm-1 and 128 scans. 

 

Raman spectroscopy: Micro-Raman Analyses were performed with a LabRam HR-Evolution (Horiba 

scientific) microspectrometer using a 50X 0.9 NA Olympus objective. The spectrometer is equipped with a 

600 lines/mm grating. For excitation, 515 nm, 633 nm and 785 nm radiations were used. The Raman mapping 

was carried out using a spatial resolution of 1 µm. To evaluate only the thermodynamic aspect of the iodine 

distribution inside the pores (without any influence of kinetic phenomena) all the samples were kept sealed 

under argon atmosphere for one week after the contact with gaseous I2. Also, to evaluate the kinetic of iodine 

diffusion, the spectra were collected in two different conditions: after 16 and 48 h of contact between the UiO-

67_NH2 solids and the iodine gas. Data processing and mapping analysis were performed using LabSpec6 

software. 

 

Bandgap evaluation: The apparent bandgap energy (Eg) of the materials was evaluated using the data 

obtained by diffuse reflectance UV-vis spectroscopy. Eg was assessed by plotting the so-called Kubelka-Munk 
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function [(F(R)h)n] against the photon energy (h), where h is the Planck constant (4.14×10-15 eV.s),  is the 

photon frequency (Hz), and F(R) is defined as below (Equation (1)). The index n is a function of the electron 

transition observed in the examined material – e.g., indirect allowed transition (n = 1/2), direct allowed 

transition (n = 2), indirect forbidden transition (n = 3), or direct forbidden transition (n = 2/3). F(R) was 

calculated by Equation (1), where R is the reflectance (%) assessed by UV-vis spectroscopy. 

 

F(R) =
(1 − R)

2R
                                                                               (1) 

 

Nuclear magnetic resonance spectroscopy: Liquid 1H NMR spectroscopy were performed in a Bruker 

AVANCE III HD 300 MHz spectrometer via a 60-position Sample Xpress autosampler. The chemical shifts 

were referenced by the external resonance of the tetramethylsilane. The sample digestion was performed using 

10 mg of the UiO-67_NH2 compounds. The material was soaked into 1 mL of a 4M NaOD/D2O solution and 

sonicated for 15 minutes. Then, 0.6 mL of the liquid was recovered by filtration and placed into a 5 mm NMR 

tube before being analysed at 8 scans. 

 

2.3 IODINE EVOLUTION TESTS 

 

The gaseous iodine adsorption was conducted using a home-made filtration bench, previously described by 

Leloire et al. 6. This setup allows for the collection of kinetic curves of iodine adsorption through a MOF 

powdered sample of approximately 30 mg during two days under room temperature.  

 

The kinetics of adsorption for the different UiO-67_NH2 materials were evaluated using the Linear Driving 

Force (LDF) model 19, which was already successfully applied in very similar systems containing UiO 

compounds and I2 6,8. The LDF model is represented by Equation (2), where F(t) is the fractional uptake (mt.mt 

= 48h) – mt is the uptake mass at a given time and mt = 48h is the uptake mass at t = 48 h, kLDF is the effective 
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mass transfer coefficient (h−1) at a given temperature and pressure (in this case, room temperature and ambient 

pressure), and t is the time in hours. 

F(t) = 1 − 𝑒                                                                      (2) 

 

3. RESULTS AND DISCUSSION 

 

3.1 STRUCTURAL CHARACTERIZATION 

 

In order to facilitate the comprehension of this manuscript, the textural and physical chemical properties of 

the UiO-67_NH2(Zr,Hf) compounds are summarized in Table 1. In addition, a comparison between the 

structures of UiO-66_NH2 and UiO-67_NH2 is presented in Figure S2 to facilitate the comprehension and 

discussion of this manuscript. 

 

Due to the relatively large and well-shaped octahedral crystal size (24 – 140 m) obtained for the UiO-

67_NH2(Zr,Hf) compounds, single crystal XRD analysis was carried out for the three samples, for which 

diffraction intensities were collected after the activation procedure (Supporting Information). The positions 

and relative intensities of the diffraction Bragg peaks obtained from the single crystal XRD refinement for the 

UiO-67_NH2(Zr,Hf) compounds are in good agreement with data from literature, with the observation of a 

typical cubic cell (space group Fm-3m, n°225), and a cell parameter of about 26.7 Å 20–22. All three samples 

exhibited an important disorder related to the organic linker rotational movement along its axis, as verified by 

the shape of the elongated ellipsoids related to the aromatic carbons (Figure 1a). Moreover, the amino group 

also exhibited a great disorder associated due to the diffraction technique itself, which usually reveals the 

average positions of electronic densities in case of disordering configuration. In fact, the nitrogen atoms may 

have four equivalent positions because of the symmetry of the linker (2-amino, 3-amino, 2’-amino and 3’-

amino) and therefore, they were refined considering an arbitrarily occupancy rate of 25% for each of these 

four possible sites (Figure 1b). On the other hand, it is not possible to distinguish the bridging –OH and 3–

O positions (oxo and hydroxyl groups from the inorganic cluster that are connected to three M4+ cations, where 
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M = Zr or Hf) within the metallic hexameric [M6O4(OH)4] cluster because of their high cubic symmetry (Fm-

3m), which creates an elongation on the ellipsoids (correlated to the hybrid OH and O group). Again, the 

refined sites for the 3–OH/O species are related to the average positions, considering that M–O bond distance 

will be shorter that the M–OH bond distances. Furthermore, the Zr/Hf ratio in the bimetallic UiO-

67_NH2(Zr/Hf) crystal (46%at of Zr and 54%at of Hf) was obtained through the refinement of the occupancy 

rate considering that both cations were located at a unique special position in the hexanuclear core. 

 

The distances and the angles corresponding to the metal-oxygen bonds within the atomic arrangement of the 

structure are an important feature to be evaluated in these systems, as they were already ascribed to influence 

the iodine interaction with UiO-66(Zr,Hf) compounds 8. The lattice parameter a was found to depend on the 

hafnium content, as the Zr4+ substitution by Hf4+ is sufficient to reduce it from 26.786(2) Å in UiO-

67_NH2(Zr), to 26.7376(6) Å and 26.723(2) Å in UiO-67_NH2(Zr/Hf) and UiO-67_NH2(Hf), respectively 

(Table S2). This decrease is in agreement with the behavior observed for a series of Zr/Hf-based UiO-66 

compounds 8 and was ascribed to the shrinkage of the M–(OC) bond when passing from the UiO-66(Zr) (Zr–

(OC) = 2.107(2) Å) 23 to the UiO-66(Hf) (Hf–(OC) = 2.086(8) Å) 24. In fact, since Zr4+ and Hf4+exhibit quite 

similar ionic radius (0.84 Å and 0.83 Å for Hf4+ and Zr4+, respectively) concomitantly to a higher 

electronegativity of hafnium compared to that of zirconium (0.96 against 0.90), the Hf4+ is considered to 

present a higher Lewis acidity than the Zr4+ 25–30. For such reason, the Hf4+ presence in UiO-66 samples 

induces a stiffening of the interatomic bond between the hexanuclear [M6O4(OH)4] core and the oxygen from 

carboxyl groups 24. In the case of the UiO-67_NH2(Zr,Hf) compounds, the occurrence of hafnium also reduces 

the M–(OC) bond length from 2.221(5) Å in UiO-67_NH2(Zr), to 2.204(5) Å in UiO-67_NH2(Zr/Hf), and to 

2.206(9) Å in UiO-67_NH2(Hf), as calculated from the single-crystal XRD refinement. This feature is 

coherent with the higher acid character of Hf4+, as mentioned before 25–30.  

 

In order to complement the textural properties of the UiO-67_NH2(Zr,Hf) compounds, N2 sorption 

experiments were conducted after the activation procedure (Figure 2). All the three samples exhibited a type-

I isotherm according to the IUPAC classification, which is indicative of microporous materials 31. Also, the 
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SSA values obtained for the compounds by applying the BET method are similar to other reports found in the 

literature 6, with 1329 ± 36, 1234 ± 34, and 914 ± 25 m2.g-1 for UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf) and 

UiO-67_NH2(Hf), respectively. The related porous volumes are 0.68(4), 0.65(7) and 0.48(4) cm3.g-1, 

respectively. Moreover, the substitution of the zirconium by hafnium reduced the SSA values, which has 

already been reported in another work related to the UiO-66(Zr,Hf) series 8. This decreasing behavior is 

consistent with the atomic weight of both considered elements (Zr = 91.224 g.mol-1; Hf = 178.49 g.mol-1), as 

the SSA is normalized by the mass of the material. 

 

The crystal morphology of the UiO-67_NH2 compounds was evaluated from SEM technique and is 

represented in Figure 3 alongside the EDS elemental mapping of the UiO-67_NH2 samples. All the samples 

exhibit crystals with typical octahedral shape, which is expected for the UiO family 6,32. It was observed that 

the crystal growth was favored in the bimetallic UiO-67_NH2(Zr/Hf) sample, which exhibits the biggest 

crystal sizes ( ≈ 140 μm) compared to both the UiO-67_NH2(Hf) and UiO-67_NH2(Zr) –  ≈ 44 μm and  

≈ 51 μm, respectively. Moreover, the triangular surfaces of the octahedra are smoother for the bimetallic UiO-

67_NH2(Zr/Hf), when compared to the other two samples. These features suggest that the amino group and 

the metal sites have a co-influence on the growth of UiO-67_NH2 crystal. According to the work of Firth et 

al. 33 over the crystal growth of hafnium-based UiO-66, the organic linkers do not play an important role in 

the initial cluster formation; instead, they are involved latter in the reaction through post-cluster formation 

linker exchange. The framework growth with double cluster and even inter-cluster formation was ascribed to 

a transition from the fcu to a hcp unit 33. Nevertheless, this was not the case in this work, as proven by SC-

XRD. That being said, the improved growth of the crystals in the bimetallic UiO-67_NH2(Zr/Hf) can be 

ascribed to a cooperative effect between the two metals and the rearrangement of the framework. In fact, Firth 

et al. 33 demonstrated that the crystalline framework grows alongside the linking of clusters together, 

suggesting that once they are linked, the dicarboxylate linkers are less labile and dissociation is kinetically 

and entropically less favorable. In other words, the co-presence of zirconium and hafnium must influence the 

dissociation of the NH2–H2BPDC linkers and their competition with the benzoic acid, slowing the reaction 

and consequentially, favoring the crystal growth. Furthermore, the distribution of zirconium, hafnium and 
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nitrogen in the crystals of the prepared compounds was evaluated through SEM technique and EDS elemental 

mapping (Figure 3). It is worth mentioning that shadow spots present in the bottom part of the images are due 

to the size of the crystals and to their relative position to the EDS detector, which reduces the intensity of the 

signal captured from these areas. Also, zirconium and hafnium elements are well distributed in the bimetallic 

UiO-67_NH2, revealing that the UiO-67_NH2(Zr/Hf) structure exhibits a homogeneous distribution of metals 

rather than two distinct families of crystal phases with an aggregation process (this would result in one phase 

with high hafnium content, and a second one with high zirconium content). 

 

The vibrational modes of the synthesized UiO-67_NH2(Zr,Hf) series were investigated by using FTIR and 

Raman spectroscopies (Figure 4) and are in agreement with other reports found in the literature 34,35. Although 

no hydroxyl groups were revealed from the single-crystal XRD refinement (Supporting Information), the first 

FTIR absorption band, at 440 cm-1, was ascribed to the asymmetric stretching of the μ3–OH groups (which is 

basically the out-of-phase movement of the hydroxyl group connected to three metal cations) 20,34. The absence 

of this contribution in the crystallographic structure is due to a limitation of the XRD technique, which is not 

able to thoroughly locate the position of hydrogen atoms from hydroxyl groups, present in the hexameric 

[(Zr,Hf)6O4(OH)4] core, related to the UiO topology. Nevertheless, the occurrence of hydroxyl groups in the 

inorganic cluster was also confirmed by the FTIR absorption band around 710 cm-1 (Figure 4), which was 

ascribed to the μ3–OH bending 20. The other FTIR bands between 400 and 800 cm-1 were assigned to the 

inorganic vibrational modes (i.e., νas(M–(OC)) at 635 cm-1, and ν(M–O) at 665 cm-1) within the inorganic oxo-

hydroxy hexanuclear cluster 20,34. The bands related to the organic linker are visible starting from 700 cm-1, 

worth mentioning the aromatic ring torsion mode at 770 cm-1, the C–H bending at 1008 cm-1, the C–O 

symmetric stretching at 1402 cm-1, the C–O asymmetric stretching at 1595 cm-1, and the C=C symmetric 

stretching at 1664 cm-1 20,34. Finally, the functionalization with the amino group was confirmed by the presence 

of the C–N stretching mode at 1275 cm-1. 

 

The Raman spectra were collected in order to obtain additional information about the vibrational modes of the 

UiO-67_NH2(Zr,Hf) compounds. Up to 400 cm-1, the Raman bands were attributed to hexameric polyoxo-
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hydroxo core and/or lattice vibrations 20,24. Then, between 400 and 700 cm-1, bands related to the mixture of 

cluster and linker vibrations are observed 20,24. The purely organic linker vibrations were found from 700 cm-

1, worth mentioning the bands at 846 cm-1 (C–C breathing mode) 24,35,36, at 1152 cm-1 (aromatic ring breathing 

mode) 24,35,36, at 1452 cm-1 (O–C–O symmetric stretching) 20,35, and at 1613 cm-1 (O–C–O asymmetric 

stretching) 20,35.  

 

The UV-vis spectra were collected to evaluate the metal (Zr,Hf) influence over the electronic transitions and 

over the band gap energies of UiO-67_NH2 materials (Figure 5). All the compounds exhibit broad absorption 

bands between 200 and 450 nm, with a tail that continues up to 600 nm. Based on EPR data and computational 

studies, Nasalevich et al. 37 demonstrated that its UiO-66_NH2(Zr,Hf) parent presents a Linker-Based 

Transition (LBT), which is independent on its metal content (zirconium or hafnium). This feature was ascribed 

to the low binding energy of the empty d0 orbitals of Zr4+ and Hf4+, which inhibits the overlap with the π* 

orbital of the NH2–BDC linker, despite their geometric suitability 37. Note that the main difference between 

UiO-66_NH2 and UiO-67_NH2 is the size of the linker, as the former has only one aromatic ring (NH2–BDC) 

against two from the latter (NH2–BPDC), and therefore, it is possible to infer that UiO-67_NH2 also exhibits 

a LBT process. Furthermore, according to a computational study conducted by Yang et al. 38 over the UiO 

family, the partial density of states (PDOS) calculated for UiO-67(Zr) and UiO-67(Hf) reveals that both the 

Valence Band Maximum (VBM) and the Conduction Band Minimum (CBM) of UiO-67 are located on the 

organic linker (mostly p-orbitals of carbon and oxygen atoms) 38. Finally, as already discussed by Yasin et al. 

39, the presence of –NH2 functions does not shift the positions of the VBM and CBM to the inorganic cluster. 

Instead, it adds mid-gap states that reduce the band gap energies without influencing their positions. Therefore, 

all these features converge to the same point, where it is assumed that both the VBM and the CBM of UiO-

67_NH2 are located on the NH2–BPDC linker, regardless the metallic content of the MOF (zirconium and/or 

hafnium), similarly to what was observed for its UiO-66_NH2 parent 39. 

 

The band gap energies for UiO-67_NH2(Zr,Hf) compounds were accessed through the Tauc plot of the 

Kubelka-Munk function 40–42. According to the Tauc model, a material has a direct allowed transition (i.e., it 
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conserves the wave vector �⃗�) if the plot of (F(R)hν)n against the photon energy (hν) exhibits a linear region 

when n = 2. Similarly, it exhibits an indirect band gap (i.e., it does not conserve the wave vector �⃗�) if this 

region is present for n = ½. However, in this case, both the considerations (n = 2 or ½) result in a linear 

behavior around 3.0 eV, as shown in Figure 5. Moreover, Coulter and Birnie 43 demonstrated that some 

materials can present, simultaneously, direct and indirect band gaps, which would justify the acquisition of 

both Eg values. The Eg(dir) was acquired by extrapolating the linear region of the (F(R)hν)2 curve to the intercept 

with the abscissa axis, resulting in a Eg(dir) value of 2.9 eV for UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf), and 

UiO-67_NH2 (Hf). However, when evaluating the indirect Tauc plot, one can observe that the curve has an 

initial inclination between 1.50 and 2.75 eV (Figure 5). Therefore, a baseline correction must be done in the 

(F(R)hν)1/2 curve, as proposed by Makuła, Pacia, and Macyk 44. In this case, the Eg(ind) was obtained by 

extrapolating the linear region of the (F(R)hν)1/2 curve until it intercepts the baseline of the data, resulting in 

a Eg(ind) value of 2.8 eV for UiO-67_NH2(Zr), UiO-67_NH2 (Zr/Hf), and UiO-67_NH2 (Hf). When considering 

the Kubelka-Munk UV-Vis spectra, all the samples exhibits a linear region around 425 nm. In fact, it is only 

plausible to assume that the first electronic transition starting from lower to higher energies (higher to lower 

wavelengths) in the UV-vis spectra corresponds to the HOCO – LUCO transition in crystalline materials 37. 

For this reason, it is possible to extrapolate the tangent line to the absorption band edge until it intercepts the 

abscissa axis and by transforming the wavelength to eV energies, find the Eg values for the materials. This 

interception occurs at 436, 429, and 426 nm – which corresponds to 2.84, 2.89, and 2.91 eV – for UiO-

67_NH2(Zr), UiO-67_NH2(Zr/Hf), and UiO-67_NH2(Hf), respectively. Here, it is worth noticing that these 

results are in between the indirect and the direct band gaps and, although Eg(ind) < Eg(dir), both of them are quite 

similar when comparing the same UiO-67_NH2 material (i.e., Eg(dir)_UiO-67_NH2(Zr) = 2.9 eV and Eg(ind)_UiO-

67_NH2(Zr) = 2.8 eV), which justifies the acquisition of both values.  

 

Finally, the presence of defects related to the missing of a NH2–BPDC linker was evaluated using liquid 1H 

NMR spectroscopy (Figures S3, S4, S5, and S6). Actually, the benzoate (coming from the deprotonation of 

benzoic acid used as modulator in the syntheses process) is able to partially substitute the NH2–BPDC linker 

by generating defects of organic ditopic linkers. In fact, when an organic dicarboxylate linker is removed from 
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the UiO-67_NH2 structure, it leaves the coordinating site with metallic centers (Zr or Hf) available for two 

monotopic benzoate molecules instead. Considering these two types of coordination modes (monotopic versus 

ditopic), if the molecular formula for the pristine UiO-67_NH2 compound is represented by [M6O4(OH)4L6] 

(L = NH2–BPDC), the absence of x ditopic linkers creates 2x carboxylate defects. Therefore, considering the 

presence of benzoate (B), the experimental molecular formula must be written as [M6O4(OH)4(L)6-x(B)2x]. 

With that in mind, the integration of the NMR signal related to the benzoic acid was compared to that of the 

NH2–BPDC linker for the three compounds, according to Equation (3). 

 

2𝑥

6 − 𝑥
=

∫(𝐵)

∫(𝐿)
                                                                                (3) 

 

In light of this, the following chemical formulas were obtained considering the defects for each sample: UiO-

67_NH2(Zr) = [Zr6O4(OH)4](L)5.38(B)1.24]; UiO-67_NH2(Zr/Hf) = [Zr2.76Hf3.24O4(OH)4](L)5.67(B)0.66]; UiO-

67_NH2(Hf) = [Hf6O4(OH)4](L)5.52(B)0.96]. Therefore, the UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf), and UiO-

67_NH2(Zr) compounds were found to exhibit 10.3, 5.5, and 8.0% of missing NH2–BPDC linkers, 

respectively (Supporting Information). These results show that the number of defects in the samples are not 

directly connected to the hafnium content.  

 

3.2 IODINE ADSORPTION WITHIN UiO-67_NH2(Zr,Hf) FRAMEWORK 

 

The iodine adsorption has been investigated in many MOF materials, for which the conversion of I2 into I3
– 

has been often reported. Indeed, such a transformation was evaluated in few studies so far for UiO materials 

6,8,45. Also, other zirconium-based MOFs were found to present the same behavior when reducing the gaseous 

iodine molecules (MOF-808, NU-1000, MOF-867, UiO-66, and UiO-67) 45. In some cases considering other 

metal sites, such as the nickel-based BOF-1, the electron transfer towards the I2 molecules was ascribed to an 

oxidation of the metal sites, from Ni2+ into Ni3+ 15. A similar feature was found for vanadium-based MOFs, 

where the oxidation of the V3+ centers were responsible for the production of I3
– 16.  However, this was proven 
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not to be the case in zirconium-based UiO-66 6. In fact, the mechanism for the I2 reduction in UiO materials 

was only later proposed 8. In this case, the I2 reduction into I3
– was attributed to an electron donor-acceptor 

(EDA) complex between the iodine molecule and the aromatic ring of the UiO linker 8. This charge transfer 

complex between the linker and the iodine molecule was reported before in a MIL-53_NH2 material, where 

the presence of high electron donor groups such as –NH2 favored the I2 adsorption by the MOF in a diluted 

cyclohexane solution 46. One of the mainly used techniques to evaluate the presence of iodine is the Raman 

spectroscopy, as several species can be identified by characteristic bands in the 50 – 250 cm-1 region 47–56. 

Recently, three different contributions of iodine species were extracted using chemometric analysis of the 

Raman data in I2@UiO-66(Zr,Hf) systems 8. In this case, the band at 206 cm-1 was assigned to  “free” I2, which 

corresponds to gaseous iodine trapped within UiO pores presenting very weak interaction with its walls 54. 

The bands at 173 and 156 cm-1, attributed to “perturbed” I2, include contributions of different iodine species 

whose spectral signature results from polyiodide In
– anions (n = 5, 7, 9, ...) 55,56. These entities are progressively 

formed after adsorption from the reaction between the confined I2 molecules and the MOFs walls. Finally, the 

two contributions at 115 and 141 cm-1 were ascribed to the symmetric and asymmetric I3
– stretching modes, 

respectively 47,49,50,52,53,57,58. The influence of the nature of the metal sites on the structure of UiO was 

demonstrated when zirconium was substituted by hafnium, resulting in a significant increase on the amount 

of iodine species trapped by the UiO framework 8,59. Furthermore, it was demonstrated in a previous study 

that the I2 to I3
– conversion is improved by the smaller band gap of the UiO-66(Hf) material (4.0 against 4.1 

eV for its zirconium parent), at the same time that the I3
– stabilization was found to be favored by the presence 

of a higher acid metal site on the UiO structure (i.e., hafnium over zirconium) 8.  

 

For better understanding of this behavior, the UiO-67_NH2(Zr,Hf) samples were loaded with gaseous iodine 

following the same conditions as in previous studies – in contact with I2 gas stream in a concentration of 0.08 

mg.L-1 in argon, with a 10 L.h-1 flow rate, at room temperature 6,8. A summary of the features observed after 

the iodine loading is presented in Table 2. 

 



17 
 

The adsorption kinetics evaluated by UV-vis for the different compounds is presented in Figure 6. The 

hafnium content has a clear influence over the amount of iodine captured by the material, where UiO-

67_NH2(Hf) exhibits the greatest capacity to retain I2 (3428 g.mol-1 after 48 h of I2 loading), followed by the 

mixed UiO-67_NH2(Zr/Hf) (2835 g.mol-1 after 48 h of I2 loading), and lastly by the UiO-67_NH2(Zr) sample 

(1658 g.mol-1 after 48 h of I2 loading). This tendency is in agreement with results obtained previously for 

I2@UiO-66 compounds 8. Indeed, the higher acidity of Hf4+ reduces the length of the M–(OC) bond from 

2.221(5) Å in UiO-67_NH2(Zr), to 2.206(9) Å in UiO-67_NH2(Hf). As a result, the electron cloud of the NH2–

BPDC aromatic ring is delocalized towards the metal center, similar to what was observed in I2@UiO-

66(Hf,Zr) systems 8. This effect enhances both I2 uptake and I3
– formation as it improves the charge separation 

and reduces the electron-hole recombination. It is worth mentioning that the kLDF and R2 values for the 

bimetallic UiO-67_NH2(Zr/Hf) are the smallest among all three samples, which should be related to the fact 

that this compound is the furthermost from reaching an adsorption plateau after 48 h of iodine adsorption 

(Figures 6 and S7). Here, it is worth reinforcing that the defects do not follow the same trend as observed for 

the I2 adsorption capacity (i.e.: the zirconium-based compound exhibits more defects but less iodine uptake), 

implying that they did not have a considerable influence over the I2 capture. Nevertheless, it seems that both 

the zirconium and hafnium-based UiO-67_NH2 seemed to start arriving at a plateau after 48 h of adsorption, 

inferring that, contrary to the bimetallic sample, these compounds start to reach their maximum adsorption 

capacity. This effect might be related to a diffusion process of iodine through the UiO-67_NH2 crystallites, 

which could be faster in the monometallic UiO-67_NH2 samples. In fact, since the UiO-67_NH2(Zr/Hf) 

crystals size are up to three times bigger than the monometallic samples, it is plausible that the diffusion 

process takes more time in this compound. Additionally, there is no direct correlation between the porous 

volumes of the UiO-67_NH2(Zr,Hf) and the amounts of iodine trapped within the pores of the UiO-67 

frameworks.  

 

Seeking to understand the spatial distribution of the different iodine species, Raman mappings were conducted 

for the three UiO-67_NH2(Zr,Hf) compounds using three distinct excitation wavelengths (λ1 = 515 nm, λ2 = 

633 nm, and λ3 = 785 nm) to take advantage of possible Raman resonance effect 54,60,61. The laser wavelengths 
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have been chosen to correspond or not to the UV-vis absorption bands of the iodine species (Figure 7), aiming 

to enhance specific vibrations of these compounds. The adsorption of I2 by the UiO-67_NH2 samples gave 

rise to two bands maximizing at 290, and 350 nm, that were attributed to the formation of the anionic I3
– 

species 62. Other iodine forms may also be present in the spectra between 400 and 550 nm, resulting in a long 

adsorption tail towards the near-infrared region 8. In fact, since the πg
*→ σu

* transitions related to the “isolated” 

iodine form in the gas phase (gaseous iodine without any interaction with the material) is expected to be found 

at about 520 nm 63,64, a signature assigned to the formation of a charge transfer complex between the I2 and 

the NH2–BPDC linker – which is a strong electron donor – is expected to be present at lower wavelengths 

(400 – 500 nm) 65,66.  

 

It is worth mentioning that the charge transfer complex between the I2 and the aromatic ring of the BDC linker 

was found to be favored by the smaller band gap of the hafnium-based samples in UiO-66 materials 8. 

However, in the present work, the Eg values are not influenced by the metal site (Eg
ind = 2.8 eV, and Eg

dir = 

2.9 eV), probably because of the presence of the amino group in the UiO-67_NH2 linker. In fact, in the absence 

of the –NH2 groups, the partial densities of states (PDOS) related to oxygen atoms in the valence band are 

influenced by the metal content of the sample and therefore, it can increase in energy in the presence of 

hafnium 38,39. In contrast, when the –NH2 group is considered, it creates a mid-gap state which virtually 

becomes the new valence band maximum, with no regard to the metal content 39. For this reason, the Eg value 

is not a parameter to be considered here. Nevertheless, although UiO-67_NH2(Hf) presents the same bandgap 

value as the other two samples, it demonstrated clearly higher iodine trapping capacity (3428 g.mol-1) than 

UiO-67_NH2(Zr/Hf) (2835 g.mol-1) and, especially, than UiO-67_NH2(Zr) (1658 g.mol-1), as shown in Figure 

6 and Table 1. This behavior suggests that other parameters than the bandgap values influence the I2 adsorption 

and evolution processes.  

 

At first, to obtain Raman spectra representative of the sample’s composition, the excitation wavelength had to 

be chosen to avoid coupling with an electronic absorption of the iodine containing material. Therefore, 

considering the UV-vis spectra of the iodine loaded UiO-67_NH2(Zr,Hf) materials presented in Figure 7, the 
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785 nm laser line that falls out of the absorption band was used to avoid Raman resonance effects and specific 

band intensity enhancement. Moreover, it is worth noting that Juang, Finzi and Bustamante 67 demonstrated 

that the penetration depth of the Raman laser increases with the wavelength source, which is the reason why 

the 785 nm laser is expected to penetrate deeper in the samples. The Raman mappings obtained in this non-

resonance condition, after 16 h of I2 contact, are displayed in Figure 8. Here, the zirconium-based UiO-67_NH2 

compound exhibited more I2 and I3
– species in the edges of the crystal than in its center. A similar feature was 

observed for the bimetallic UiO-67_NH2(Zr/Hf) MOF, in which the iodine species are more concentrated in 

the edges of the crystal (red and brown regions). In contrast, after exposure of hafnium-based UiO-67_NH2 to 

gaseous iodine, both I2 and I3
– species were homogeneously dispersed throughout the crystal. Here, it is worth 

mentioning that, after 16 h of exposure to iodine, the I2 adsorption curves show that the maximum loading 

capacity is not reached whatever the metal content (Figure 6). However, the amount of iodine trapped by the 

hafnium sample is higher than that adsorbed by the bimetallic UiO-67_NH2(Zr/Hf) and by the zirconium-

based UiO-67_NH2, regardless the duration of I2 exposure. This validates the statement that replacing 

zirconium by hafnium in UiO compounds improves the kinetic of iodine adsorption 8,59. It is important to 

mention that the differences in the Raman maps when comparing two different compounds (i.e.: the I2 

distribution in UiO-67_NH2(Zr) and in UiO-67_NH2(Hf) materials) are not related to the total amount of I2 

trapped by the MOF. In fact, the colors only evaluate the relative concentration of the species in the same 

crystal (i.e.: the colors cannot be compared between two different crystals). The presence of hafnium in UiO-

67_NH2 clearly improved the iodine access to the center of the crystal, as demonstrated by the higher 

homogeneity of both I2 and I3
– signals. On the other hand, a higher zirconium content is detrimental to the 

adsorption process, as zones of I2 and I3
–

 species are observed inhomogeneously in the crystals (Figure 8).  

 

In order to verify if the same features are mantained for higher iodine loadings, Raman mappings were also 

conducted after 48 h of I2 contact (Figure 9). In this case, the monometallic samples exhibited a more 

homogeneous distribution of both iodine species, whereas the bimetallic UiO-67_NH2(Zr/Hf) still exhibits an 

heterogeneous distribution with the presence of multiple zones more or less concentrated in I2 and I3
–. When 

comparing the maps recorded at 16 and 48h, it is clear that the increase of the iodine loading is accompanied 
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by the I2 and I3
– migration to the center of the crystals, (Figures 8 and 9). However, this effect is not as marked 

in the bimetallic compound. This last point is probably related to the fact that UiO-67_NH2(Zr/Hf) does not 

seem to reach its maximum adsorption capacity after 48 h, contrary to the monometallic compounds for which 

the maximum I2 uptake seems close to being reached (Figure 6). This behavior highlights a combined effect 

between zirconium and hafnium in UiO-67_NH2 when adsorbing iodine, as the bimetallic compound is the 

one that has the highest potential to improve its I2 uptake in longer contact times. 

 

Contrary to what has been found in previous studies for I2@UiO-66 8, the spectra obtained for all the I2@UiO-

67_NH2(Zr,Hf) samples show only two contributions related to iodine: the first at around 170 cm-1 – related 

to “perturbed” I2 –; and the second at 107 cm-1 – related to the symmetric stretching of I3
– (Figure 8) 47–52. It 

is worth mentioning that studies have reported the formation of polynuclear iodine species of In
– type (n = 5, 

7, 9, …) after the charge transfer complex with organic donor molecules 55,56. In fact, vibrations of I5
– and I7

– 

species were already observed around 170 cm-1 and contribute to the signal here named “perturbed” I2 52,58,68. 

Note that, contrary to what was observed for UiO-66 compounds, the UiO-67_NH2 materials seem to stabilize 

both “perturbed” I2 and I3
– species after the I2 into I3

– transformation reaches an equilibrium state (which 

happens a few weeks after the contact with the I2 gas) 8. This effect infers that UiO materials have a limited 

capacity to transform I2 into I3
–. Therefore, after reaching the maximum capacity of I3

– transformation for 

greater iodine uptakes (which is the case for UiO-67_NH2 compared to UiO-66), the new adsorbed I2 do not 

transform into I3
–. Instead, the molecules interact with the already formed I3

– to produce the polyiodide In
– (n 

= 5, 7, 9, …) anions, which are then stabilized within the pores of the MOF. In addition, the fact that the band 

related to “free” I2 (expected at about 210 cm-1) is not present in UiO-67_NH2(Zr,Hf) systems implies that the 

I2 sorption and subsequent evolution into “perturbed” I2 is already in an equilibrium state, as demonstrated 

elsewhere for UiO-66 compounds 8. In UiO-66(Hf), the Raman band related to “free” I2 vanishes 2 hours after 

leaving the iodine adsorption bench, whereas in UiO-66(Zr) this band is no longer observed after 

approximately 12 hours 8. Finally, another interesting feature is the redshift observed in the “perturbed” I2 and 

I3
– vibrational modes: from 173 cm-1 in UiO-66(Zr,Hf) to 170 cm-1 in UiO-67_NH2(Zr,Hf) for “perturbed” I2; 

and from 115 to 107 cm-1 for I3
–, respectively. This behavior highlights the influence of replacing the BDC by 
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the NH2–BPDC linker in the interaction between the iodine molecule and the UiO-6X_Y (X = 6 or 7; Y = H 

or NH2) compounds. 

 

The Raman mappings were also recorded using the λex = 633 nm excitation laser line seeking to assess possible 

specific band intensity enhancement by exciting in the tail of the absorption band of the iodine species (Figure 

7). The mappings obtained after 16 h and 48 h of I2 contact with the UiO-67_NH2 materials are presented in 

Figures S8 and S9. The 2D spatial distributions are very similar to those obtained using the 785 nm excitation 

wavelength. After a 16-hour exposure to iodine, a homogeneous spatial distribution of the iodine species was 

observed for the hafnium-based UiO-67_NH2, while the iodine species are concentrated in the edges of the 

crystal in the bimetallic UiO-67_NH2(Zr/Hf), and in the monometallic UiO-67_NH2(Zr), (Figure S8). On the 

other hand, for higher times of I2 contact (48 h), both monometallic samples exhibited a homogeneous spatial 

distribution of I2 and I3
– species, contrary to UiO-67_NH2(Zr/Hf) which again presented a higher concentration 

of both signals in the edges of the crystal (Figure S8). This behavior agrees with that observed using the 785 

nm excitation source, reinforcing the idea of a combined effect between Zr and Hf in UiO-67_NH2, which 

shifts the adsorption maximum I2 plateau to higher contact times (Figures 6, S8, and S9).  

 

Finally, the Raman mappings were carried out using an excitation wavelength of 515 nm (Figure 10). This 

excitation source corresponds to the spectral region in which electronic transitions related to both I2 and I3
– 

species are present, as observed in Figure 7 62–66. The coincidence between the wavelength of the excitation 

and that of the absorption bands is expected to enhance selectively the Raman bands intensities of the species 

involved in the electronic transition through Raman resonance effect. As observed using the 785 and 633 nm 

excitation laser lines, the difference in iodine concentration between the edges and the center of the crystal 

after 16h iodine loading was more marked when zirconium is present, but less pronounced in the bimetallic 

UiO-67_NH2(Zr/Hf), and almost imperceptible in the UiO-67_NH2(Hf) (Figure 10). However, after 48 h of 

iodine loading, in addition to the inhomogeneity of the two UiO-67_NH2(Zr) and UiO-67_NH2(Zr/Hf) 

samples, the hafnium-based compound also exhibited zones with different I2 and I3
– concentrations, contrary 

to that observed for lower contact times (Figure 11).  
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It is worth mentioning that the change in the laser excitation source did not modify the positions of the I2 and 

I3
– bands, which were centered in the same wavenumbers for all three compounds: at 170 and 107 cm-1, 

respectively. Nevertheless, the use of the 515 nm excitation wavelength was found to affect the relative 

intensities of the Raman bands characteristic of the iodine species (Figures 8, 9, 10, 11, S8, and S9). Indeed, 

while both the 785 and 633 nm spectra induce similar behavior with only weak differences when considering 

the relative areas of the bands at 107 cm-1 and 170 cm-1 ([I170/I107]633,785nm > 1), this ratio is inversed for the 

Raman spectra collected at 515 nm ([I170/I107]515nm ≈ 1), for which the intensity of the 107 cm-1 line is 

significantly increased. This feature demonstrates the specific excitation of electronic transitions of the I3
– 

species in resonance conditions (Figure 7) 60. Indeed, the λ1 = 515 nm excitation wavelength, which falls 

within the lower energy foot of the absorption band of the iodine species including I3
– and adsorbed I2 

contributions (Figure 7), is assumed to induce more marked resonance effect for I3
– 60. This is equivalent to 

say that the I3
– band will have a higher intensity in such conditions when compared to non-resonance 

circumstances 61. This effect was less pronounced when using the λ2 = 633 nm excitation wavelength, and 

negligible for the λ3 = 785 nm laser (Figures 8, 9, 10, 11, S8, and S9), as those excitation sources fall out of 

the main absorption bands related to the iodine species (Figure 7).  

 

When the excitation is performed using the 515 nm laser, the higher intensity enhancement of the I3
– band 

compared to non-resonance conditions suggest higher I3
– concentration. However, it is worth noting that the 

Raman resonance effect does not allow determination of the relative spectral concentration of the species 

(Figures 7, 10, and 11) 61. Moreover, all the cartographies showed that the I2 and the I3
– species are 

concentrated nearby, which indicates that there is no considerable iodine diffusion after its transformation into 

I3
– (Figures 8, 9, 10, 11, S8, and S9). The absence of I3

– diffusion infers that the I3
– has a stronger interaction 

with the UiO compounds than the I2, which is in agreement with the results obtained for UiO-66 8. Indeed, in 

UiO-66(Zr,Hf) systems, it was proposed that the EDA complex between the BDC linker and the I2 molecule 

generates a BDC●+ radical when reducing the I2 into I3
– 8. The formation of this radical was ascribed to the 

absence of a redox phenomenon associated to the inorganic sites of UiO materials, as demonstrated in other 
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works 6,8,37. The main reason for the absence of this metal reduction in zirconium and hafnium-based MOFs 

is the low binding energy (close to the vacuum level) of the d-orbitals from both ZrIV and HfIV 37. As a 

consequence, in I2@UiO(Zr,Hf) systems, the I2 reduction into I3
– is purely related to the organic linker 8. In 

fact, the EDA complex makes an electron to jump from the π* orbital of the organic linker towards the σ*5p 

orbital of the I2 molecule, leaving a hole (h+) behind 8. This entity was found to be stabilized through an 

electrostatic interaction between the recently formed I3
– and the electron donor benzenedicarboxylate cation 

radical (BDC●+) 8. However, in amino-functionalized NH2–BDC materials – such as MIL-125_NH2(Ti) – the 

hole created upon excitation was found to be stabilized by the –NH2 group and by the carboxylate function of 

the linker, creating the corresponding NH2
●+–BDC radical 69. Moreover, since organic linkers found in MIL-

125_NH2 and UiO-67_NH2, have a similar benzene-derived structure (apart from having an extra aromatic 

ring), the –NH2 groups should act as a hole stabilized in both cases 70. Therefore, it is assumed that the 

corresponding NH2
●+–BPDC can also be formed in UiO-67_NH2 systems. This feature supports the 

hypothesis that I3
– has specific sites for adsorption, which are the places that stabilized the h+ entity (aromatic 

ring, –NH2, or –COO-) 8,69–71. Therefore, in this case, the main reason why the I3
– has a lower diffusion capacity 

than I2 is the electrostatic interaction that it creates with the generated holes in the UiO-67_NH2 structure.  

 

Aiming to deeper evaluate the iodine distribution in the biggest crystal with a considerable resolution, a Raman 

cartography was also conducted in three dimensions for the UiO-67_NH2(Zr/Hf) compound for an adsorption 

time of 16h (Figure 12). In order to avoid the resonance effects with the iodine species and UiO-

67_NH2(Zr/Hf), the 785 nm laser was used as the excitation source. Here, the spatial distribution of the species 

characterized by the two regions related to “perturbed” I2 (green) and I3
– (blue) were evaluated up to 105 μm 

depth. As already demonstrated in the 2D Raman mappings using the 785 nm excitation source, the iodine 

species were mainly found at the edges of the bimetallic UiO-67_NH2(Zr/Hf) compound. However, although 

the intensity of their contribution decreases with the depth (probably due to a loss of signal related to the laser 

probe in deeper distances and multi scattered phenomena) 72, the spatial distribution of “perturbed” I2 and I3
– 

is maintained, regardless the depth of the cartography.  
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With that in mind, one can conclude that several I2 molecules did not reach the sites in the inner part of the 

crystals and therefore, they were not transformed into I3
–, regardless its iodine exposure time (Figures 8, 9, 

10, 11, 12, S8 and S9). This effect could be related to the faster kinetic of the I2 into I3
– transformation when 

compared to the diffusion rate of the species, probably because of the crystal size (which is three times bigger 

for the bimetallic compound). Indeed, if the kinetic of I2 adsorption and evolution into I3
– is faster than the 

species diffusion throughout the crystal, it is expected that both iodine species are concentrated in the edges 

rather than in the center as observed. Actually, it seems that the I2 molecules are quickly attached to the NH2–

BPDC linkers, while the I3
– anions are rapidly trapped by the respective NH2

●+–BPDC radicals right before 

their formation, which makes difficult their diffusion towards the center of the crystal. This behavior highlights 

the importance of tailoring not only the electronic structure and the functional groups of the MOFs when 

transforming iodine, but also their crystal size. In fact, in larger crystals, the diffusion process takes longer to 

reach the center of the structure, which can be detrimental if some of the transformed I3
– molecules are trapped 

in their specific adsorption sites (aromatic ring, –NH2, and –COOH-) before reaching the center. This effect 

may not only reduce the mobility of this species, but also the number of available sites for new molecules to 

attach. Such behavior would also diminish the availability of locations for the EDA complex to take place. 

For instance, when considering the iodine trapped inside the UiO-67_NH2(Zr,Hf) compounds, the 

transformation into I3
– and its sub-sequential adsorption in specific sites can, at some point, obstruct some of 

the entrances to deeper pores inside the crystal structure, disturbing the iodine diffusion.  

 

In this work, the iodine-loaded samples were stored during one to two weeks to guarantee a complete 

transformation of I2 into I3
– before the acquisition of the Raman maps. For such reason, they provide only 

direct information on the equilibrium state (when considering the I2 evolution into I3
–). Moreover, as already 

discussed above, there is no redox phenomena related to the Zr4+ and Hf4+ centers in UiO materials. Therefore, 

it is assumed that, similarly to what was found for the UiO-66 system 8, the electron transferred to the I2 

species comes from the EDA complex with the NH2–BPDC linker. Then, the hole formed during the charge 

transfer must remain in the corresponding NH2
●+–BPDC radical, as mentioned before. At this point, due to 

electrostatic interactions, the I3
– species should be chemically adsorbed on the NH2

●+–BPDC radical in UiO-
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67_NH2(Zr,Hf), which would also stabilize the h+ entities in the framework 8. Considering these features, it 

can be proposed that, after the NH2–BPDC linker reduces one I2 molecule, it loses its ability to transform other 

I2 molecules into I3
– because of the electrostatic repulsion created by the presence of two holes in the same 

linker 73–75. This behavior is coherent with the results obtained for the UiO-67_NH2 compounds in this work 

as, even though there are still I2 molecules available to be transformed in the pores, the transformation of I2 

into I3
– in UiO-67_NH2 systems reaches an equilibrium after a few days, regardless of the iodine loading. 

Indeed, since the UiO-67_NH2 materials adsorbed up to 6 times more iodine than their UiO-66 parents after 

16 h of I2 contact (2419 against 285 g.mol-1 for UiO-67_NH2(Hf) and UiO-66(Hf), respectively), lots of 

untransformed I2 molecules were trapped inside the pores – even after one week. This feature was ascribed to 

the bigger pores of UiO-67_NH2(Zr,Hf) materials (21.5 Å against 6.4 Å in UiO-66_NH2) 76,77, which can 

accommodate more I2 molecules (even though, at this point, the NH2–BPDC linkers have reduced ability to 

transform them into I3
–). Moreover, the effect related to the presence of the amino group is also to be 

considered because –NH2 is known to favor the I3
– formation, as highlighted in other works 6,13,46. Actually, 

functions with high electron donor character can induce the polarization of the electronic cloud of the iodine 

molecule 46, improving the EDA complex between the linker and the I2 molecule, which produces a faster I2 

into I3
– transformation 6,8. This behavior results in a “perturbed” I2 signal much more intense than that of I3

– 

in non-resonance conditions for all the UiO-67_NH2(Zr,Hf) samples (Figures 8, 10, and S8). Finally, in order 

to better understand the influence of the metal sites and of the resonance phenomenon on the stabilization and 

semi-quantification of the iodine species, the ratio between the areas of the I2 and I3
– signals were plotted 

according to the laser wavelength (Figure S10). This figure demonstrates that the [A170/A107] ratio increases 

gradually with the laser wavelength and that the resonance effect is more pronounced for the I3
– vibrational 

mode, as the λex = 515 nm laser generates the lower [A170/A107] signal (due to an increase in the A107 signal). 

 

4. CONCLUSIONS 

 

Three UiO-67_NH2 samples with different metal contents (Zr, Zr/Hf and Hf) were successfully synthesized 

and loaded with gaseous iodine. The hafnium-based UiO-67_NH2 achieved the best retaining capacity after 
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48 h of I2 contact, capturing 3428 g.mol-1 of iodine, followed by the mixed UiO-67_NH2(Zr/Hf) with 2835 

g.mol-1 and then by the zirconium-based UiO-67_NH2, with 1658 g.mol-1. Nevertheless, the bimetallic 

compound did not seem to reach a plateau regarding the I2 adsorption, which infers that it may surpass the 

hafnium-based compound in contact times higher than 48 h. This feature was related to the size of its crystals, 

which are about three times bigger than the monometallic compounds and can attenuate the diffusion of the I2 

species. Moreover, a I2 into I3
– conversion was verified in the pores of the crystals after the contact with the 

gaseous flow as highlighted by Raman spectroscopy through the presence of bands related to “perturbed” I2 

(at about 170 cm-1) and I3
– (at about 107 cm-1). Three laser excitation sources were used for evaluating the 

spatial distribution of the species: 515, 633, and 785 nm. A Raman resonance effect with the I3
– species was 

observed with the 515 nm excitation wavelength, but it was less noticeable for the 633 nm laser and absent 

with the 785 nm source. Also, the Raman mapping for low contact times (16 h) demonstrated that the UiO-

67_NH2(Hf) displayed the most homogeneous distribution of both the I2 and I3
– species among the three 

compounds, whereas the zirconium-based and the bimetallic UiO-67_NH2 exhibited zones with different 

concentrations of such iodine species. However, for higher contact times (48 h), only the UiO-67_NH2(Zr/Hf) 

material exhibited an inhomogeneous spatial distribution of the iodine species, which was related to the fact 

that the I2 capture did not reach its maximum adsorption plateau in this case. Additionally, the spatial 

distribution of the iodine species revealed that I3
– does not diffuse after its formation, reason why the regions 

with more I2 are also fulfilled with I3
–. This effect was associated to the presence of specific adsorption sites 

for the I3
– anions, as proposed before in other study using UiO-66(Zr,Hf) 8. In fact, in UiO-67_NH2(Zr,Hf) 

systems, the cation radical NH2
●+–BPDC (analogous to the BDC●+ for UiO-66 materials) was ascribed to be 

the center for the specific adsorption of I3
– anions. This feature indicates that there is a maximum amount of 

I3
– that can be trapped in UiO materials before it gets saturated, which is intrinsically related to the hole-hole 

Coulomb repulsions in the organic linker radical 73–75. This study increases the comprehension of the iodine 

evolution mechanism as it reinforces the stronger interaction between the anionic I3
– species and the MOFs 

lattice when compared to that of the I2 molecules. Further studies must be conducted in order to evaluate the 

stability of I3
– species in different conditions such as temperature and humidity.  
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5. SUPPORTING INFORMATION 

 

NH2–BPDC syntheses protocols, crystallographic data, 1H NMR spectra, LDF model regression, and Raman 

mapping data. 
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FIGURE CAPTIONS 

 

Figure 1: Structural disorder (a) of the carbon atoms of the aromatic rings of the linker and (b) of the –NH2 

function. Structural representation (c) of an hexameric M6O4(OH)4(NH2–BPDC)12 node, and (d) of the UiO-

67_NH2 network (in this last case hydrogen and nitrogen atoms have been omitted for clarity). 

Figure 2: N2 sorption isotherms at 77K, for UiO-67_NH2(Zr) (black), UiO-67_NH2(Zr/Hf) (red) and UiO-

67_NH2(Hf) (blue) degassed at 60 ºC. The SSA values obtained using the BET method are also displayed. 

Figure 3: On the left: SEM images of UiO-67_NH2(Zr) (on top), UiO-67_NH2(Zr/Hf) (in the middle), and 

UiO-67_NH2(Hf) (on bottom). On the right: SEM-EDS layered images, elemental mapping, and EDS spectra. 

In green: ZrLα1. In red: HfMα1.  

Figure 4: Raman spectra collected with a wavelength excitation of 785 nm (top) and FTIR spectra (bottom) 

for UiO-67_NH2(Zr) (black), UiO-67_NH2(Zr/Hf) (red), and UiO-67_NH2(Hf) (blue) compounds.  

Figure 5: UV-vis spectra of UiO-67_NH2(Zr) (black), UiO-67_NH2(Zr/Hf) (red), and UiO-67_NH2(Hf) 

(blue) materials. Inset: Tauc plot considering that a given UiO-67_NH2(Zr,Hf) sample is defined either by 

direct (straight lines) or an indirect (dotted lines) transition.  

Figure 6: Adsorption kinetics of iodine after 48 h of contact for the UiO-67_NH2(Zr) (black), UiO-

67_NH2(Zr/Hf) (red), and UiO-67_NH2(Hf) (blue) samples. 

Figure 7: UV-vis spectra obtained for UiO-67_NH2(Zr,Hf) materials after 48 h of iodine exposure. In black: 

I2@UiO-67_NH2(Zr), in red: I2@UiO-67_NH2(Zr/Hf), and in blue: I2@UiO-67_NH2(Hf). The samples were 

mixed with BaSO4 in a concentration of 3% before the analysis. The position of the lasers’ wavelength used 

for the Raman mapping are also highlighted in the figure. 

Figure 8: Non-resonance Raman mappings (λex = 785 nm) over UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf), and 

UiO-67_NH2(Hf) crystals obtained after 16 h of iodine loading. The average spectra obtained by all the 

collected single spectrum at different XY points for the same crystal are displayed in the top of the figure. (a) 
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spatial distribution of the “perturbed” I2 – green region in the average spectra (centered at 170 cm-1) –; (b) 

spatial distribution of the I3
– – blue region in the average spectra (centered at 107 cm-1). The colors in the maps 

are representative of the intensity of the signal, going from blue (less intense) up to red-brown (most intense). 

Figure 9: Non-resonance Raman mappings (λex = 785 nm) over UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf), and 

UiO-67_NH2(Hf) crystals obtained after 48 h of iodine loading. The average spectra obtained by all the 

collected single spectrum at different XY points for the same crystal are displayed in the top of the figure. (a) 

spatial distribution of the “perturbed” I2 – green region in the average spectra (centered at 170 cm-1) –; (b) 

spatial distribution of the I3
– – blue region in the average spectra (centered at 107 cm-1). The colors in the maps 

are representative of the intensity of the signal, going from blue (less intense) up to red-brown (most intense). 

Figure 10: Resonance Raman mappings (λex = 515 nm) over UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf), and 

UiO-67_NH2(Hf) crystals obtained after 16 h of iodine loading. The average spectra obtained by all the 

collected single spectrum at different XY points for the same crystal are displayed in the top of the figure. (a) 

spatial distribution of the “perturbed” I2 – green region in the average spectra (centered at 170 cm-1) –; (b) 

spatial distribution of the I3
– – blue region in the average spectra (centered at 107 cm-1). The colors in the maps 

are representative of the intensity of the signal, going from blue (less intense) up to red-brown (most intense). 

Figure 11: Resonance Raman mappings (λex = 515 nm) over UiO-67_NH2(Zr), UiO-67_NH2(Zr/Hf), and 

UiO-67_NH2(Hf) crystals obtained after 48 h of iodine loading. The average spectra obtained by all the 

collected single spectrum at different XY points for the same crystal are displayed in the top of the figure. (a) 

spatial distribution of the “perturbed” I2 – green region in the average spectra (centered at 170 cm-1) –; (b) 

spatial distribution of the I3
– – blue region in the average spectra (centered at 107 cm-1). The colors in the maps 

are representative of the intensity of the signal, going from blue (less intense) up to red-brown (most intense) 

Figure 12: Non resonance Raman cartography over a UiO-67_NH2(Zr/Hf) crystal performed in three 

dimensions (0 ≤ x ≤ 205.5 μm; 0 ≤ y ≤ 202.3 μm; 0 ≤ z ≤ 105 μm)  at λex = 785 nm. On top: The average 

spectra obtained by all the collected single spectrum at different XYZ points. In the middle: spatial distribution 

of the “perturbed” I2 (green region in the average spectra). On bottom: spatial distribution of the I3
– (blue 
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region in the average spectra). The 2D cartographies display the XY plan in different depths. The 3D intensity 

map is highlighted in the left side alongside one slice of the XZ (middle) and YZ (right) plans. 
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TABLE CAPTIONS 

 

Table 1: Resume of the physical chemical properties for the UiO-67_NH2(Zr,Hf) compounds. 

Table 2: Summary of the physical chemical properties for the iodine loaded UiO-67_NH2(Zr,Hf) compounds. 
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FIGURE 1 
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FIGURE 3 
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FIGURE 6 
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FIGURE 8 
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FIGURE 9 

 

  



47 
 

FIGURE 10 
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FIGURE 11 
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FIGURE 12 
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TABLE 1 

MOF Metal content Crystal size SSA(BET) 
Microporous 

volume 

Missing  
NH2–BPDC 

linker defects 

Metal ICP-OES SC-XRD EDS (μm) (m2.g-1) (cm3.g-1) (%) 

Zr 100%at Zr 100%at Zr 100%at Zr 32 – 51 1329 ± 36 0.68(4) 10.3 

Zr/Hf 
40.0%at Zr 
60.0%at Hf 

46.3%at Zr 
53.7%at Hf 

46.0%at Zr 
54.0%at Hf 

105 – 140 1234 ± 34 0.65(7) 5.5 

Hf 100%at Hf 100%at Hf 100%at Hf 24 – 44 914 ± 25 0.48(4) 8.0 

 

 

TABLE 2 

UiO-67_NH2(M) I2 uptake capacity after 16 h I2 uptake capacity after 48 h kLDF R2 

(M) (mg.g-1) (g.mol-1) (mg.g-1) (g.mol-1) (h-1)  

Zr 376[a] 832[a] 749[a] 1658[a] 0.0487(2) 0.977 

Zr/Hf 533 1263 1196 2835 0.0427(2) 0.968 

Hf 885[a] 2419[a] 1254[a] 3428[a] 0.0778(3) 0.988 
[a] not saturated kinetic curve at t = 48h; kLDF = mass transfer coefficient from the linear drive force (LDF) model [F(t) 
= 1 – exp[–kLDFt]); R2 = correlation coefficient. 
 


