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1. Computational Methods

1.1. Periodic models modelling of Mn+@UiO- 66(DPA)

UiO-66 native cells were employed to model Eu3+@UiO-66(DPA) and Hg2+@UiO-66(DPA), 

utilizing the crystal structure allocated on Cambridge Crystallographic Data Centre (CCDC), entry 

10180451,2. . The unit cell was reduced by symmetry to a primitive cell, corresponding with a 

rhombohedral shape. The coordination site for Eu³⁺ in UiO-66(DPA) was defined based on 

structural and spectroscopic evidence provide in the experimental reports.3 XRD analysis confirms 

that UiO-66(DPA) retains the isostructural framework of UiO-66, with the DPA linker coordinating 

to Zr⁴⁺ via one carboxylate group while leaving the other carboxylic acid group and pyridine 

nitrogen atom free. XPS further corroborates that Eu³⁺ ions successfully coordinate to these free 

functional groups without disrupting the MOF’s crystalline structure. Furthermore, considering that 

the proposed mechanism is based on the substitution of Eu³⁺ by Hg²⁺ at this site (i.e., DPA linker), 

which induced the change in the Eu3+@UiOUiO-66(DPA) optical properties. 3 This coordination 

environment was used as the basis for simulating the incorporation of Hg²⁺ into UiO-66(DPA), as 

it reflects the experimentally supported binding behavior of DPA towards Hg²⁺ ions.

All calculations were modeled through a linear combination of atomic orbitals (LCAO) periodic 

approximations 4, using R2SCAN meta-generalized gradient approximation functional (MGGA)5 in 

combination with PseudoDojo family of basis set pseudopotentials 6. The Fermi-Dirac smearing 

occupancy method was used 7, 8 and 3x3x3 Monkhorst-Pack k-point scheme9 was used to sample 

the first Brillouin zone considering a density cutoff of 140 hartrees (280 ryd). Moreover, a 5x5x5 

Monkhorst-Pack k-point scheme was employed to obtain accurate band-gap data and Projected 

Density of State (PDOS). QuantumATK 2022.12 8 was used for all ab initio calculations; Finally 

figures have been represented through VESTA software 10 and VMD 1.9.3 11.



4

Figu

re S1 Expanded representation of (a) Eu3+@UiO- 66(DPA) and (b) Hg2+@UiO- 66(DPA)

Finally, to investigate the geometric properties and the underlying system, a supercell was 

constructed based on the previously established rhombohedral models of Eu and Hg. These models 

were combined into a 2x1x1 supercell with dimensions a = 29.50 Å, b = c = 14.75 Å, and angles α 

= β = γ = 60°. Each unit cell within the supercell contains a node and a ligand associated with each 

metal, Eu and Hg, respectively, see Figure S2. The atomic coordinates of the supercell were 

optimized using a 2x3x3 k-point grid, while adhering to the previously specified methodological 

parameters.
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Figure S2. Supercell representation of (a) Hg2+_Eu3+@UiO- 66(DPA) . Interatomic distance Eu-Hg 

is representen in angstrom (Å). 

Quantum mechanical calculations of Ln3+-based systems are quite complex due to the unique 

electronic configurations of the Ln3+ ions [Xe]4fn and their strong electron correlation effects 12,13. 

They have partially filled 4f orbitals, which can accommodate up to 14 electrons [Xe]4fn (n = 0-14). 

This results in a wide array of possible electronic configurations and energy levels with well-defined 

energies due to shielding effect of the 4f electrons by the outer 5s and 5p electrons 14. Nonetheless, it 

is well-known that low absorption coefficients of lanthanide ions 4f−4f transitions due to the Laporte 

forbidden nature of the f-f transitions. Hence, the excitation energy is usually provided by the organic 

ligands, which strongly absorb light 15. The organic ligand absorbs light and transfers energy to the 

lanthanide ions, which emits light at a different wavelength. This process, known as sensitization of 

luminescence or antenna effect, was discovered by Weissman in the year of 1942 16.

1.2. Cluster model (finite fragment of the Eu3+@UiO- 66(DPA) and Hg2+@UiO- 66(DPA)).

This study aims to theoretically explore the electronic structure and luminescent properties of UiO-

66 MOFs doped with Eu³⁺ ions to understand the luminescent sensing process toward Hg²⁺ ions. Due 

to the large size of the MOF, conducting comprehensive theoretical study using quantum mechanical 

methodologies is challenging. However, by employing a truncated cluster models, a small segment 

of the material can be effectively studied using advanced theoretical methods 17, 18. The electronic 

structure and properties of MOFs for different applications such as catalysis, 19 chemical sensing,20 

gas storage and gas separation 21 are being studied using the cluster model approach. This approach 

is based on the fact that these materials have a unique electronic configuration that is characterized 

by highly localized electronic states 17. The process to generate the cluster model involves as first step 

selecting a fragment to truncate from the optimized extended system of Eu3+@UiO- 66(DPA) and 

Hg2+@UiO-66(DPA) and conducting calculations to determine the sensitization, emission channels, 

and the sensing mechanism of Eu3+@UiO- 66(DPA). 

The proposed structural model for the Eu3+@UiO-66(DPA) systems is composed by the fragment 

[Zr6O4(OH)4(BDC)3(DPA-Eu3+)(HCOO)8], extracted from the optimized structure of the material via 

periodic-DFT . This report presents a cluster model that includes a single node [Zr6O4(OH)4]12-, three 

complete BDC linkers, one DPA linker, eight truncated linkers using a formate (HCOO-) group. The 

suggested structural model for the Hg2+@UiO-66(DPA) systems includes the fragment 

[Hg2+@Zr6O4(OH)4(BDC)3(DPA)(HCOO)8]. A visual representation of this can be found in Figure 

S3 (a) and (b).
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Figure S3. Cluster model (finite fragment truncated of the extended systems). (a) cluster model of 
the Eu3+@UiO- 66(DPA) and (b) cluster model of the Hg2+@UiO- 66(DPA).

1.3 Density Functional Theory (DFT) method 

The finite fragment structures (cluster model) cut from the optimized extended structure were used 

as data input for single point calculations with their frequency calculation. The calculations were done 

using Density Functional Theory (DFT) method and the ORCA 5.0 package 22 23.

The basis set, triple-ζ valence with two sets of polarization functions, def2-TZVPP, 24 was used for 

the C, H, N and O atoms, with the generalized gradient approximation (GGA) Perdew-Burke-

Ernzerhoff (PBE) exchange correlation functional25. Also, the RIJCOSX approximation was used to 

accelerate the SCF calculation by the combination of the RIJ method for the Coulomb term with the 

“chain of spheres” COSX approximation and their respective auxiliary basis set for computation of 

two-electron integrals, 26, 27.

All optical properties were calculated using time-dependent DFT (TD-DFT) techniques with a revised 

version of ωB97M-V, including the D3BJ correction by Najibi 28, 29. The inclusion of scalar relativistic 

effects was achieved using of the Douglas-Kroll-Hess Hamiltonian 30. The relativistically re-

contracted SARC2-DKH-QZV basis set was utilized to treat the europium atoms 31. Meanwhile, the 

Stuttgart–Dresden effective core potential (ECP) was used for the zirconium and mercury atoms 32. 

The SD(28, MWB) and SD(60, MWB) ECPs were considered for the zirconium and mercury, 

respectively. The ECP replaced 28 and 60 core electrons for zirconium and mercury atoms, 

respectively, while the def2-TZVPP basis set was used to treat the remaining electrons 24, 32.

For a more detailed analysis of the probable activation or deactivation pathway of the luminescence 

in Hg²⁺@UiO-66(DPA) system the kinetic parameters associated this process were performed 33. 
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Specifically, the radiative rate (krad) and radiative lifetime (τrad) of the emission were determined using 

the emission energy (ΔEi,j) and the transition dipole moment (μi,j) (Equation (1))34,35.⁠

𝑘𝑟𝑑(𝑖→𝑓) =
1

𝜏𝑟𝑑
=

4𝑒2

3𝑐3ℏ4(Δ𝐸𝑖,𝑗)3(𝜇𝑖,𝑗)2  

To deepen our understanding of the sensitization pathways in Eu³⁺@UiO-66(DPA), we investigated 

the excited-state dynamics of the antenna linker. This analysis was conducted using the fragmentation 

scheme proposed by M.J. Beltrán-Leiva et al. for lanthanide-based organometallic complexes.36 The 

methodology involved geometry optimizations and frequency calculations for the ground state and 

the first excited states (singlet and triplet) of the systems.36 37 Utilizing the ORCA ESD module from 

the ORCA 5.0.3 software package, 23 we determined the rates for intersystem crossing (kISC), 

phosphorescence (kP), and fluorescence (kF)38. The energy transfer rates were determined using time-

dependent density functional theory (TD-DFT) calculations in conjunction with the LUMPAC 

software package,39 (https://lumpac.pro.br/).

1.4 Multiconfigurational ab initio methods 

To explore the most probable sensitization and energy-transfer pathways in lanthanide-based systems, 

it is essential to accurately describe the electronic states involved in these processes, including both 

the antenna ligand and the lanthanide ion40 41. However, semiempirical or DFT-based methods often 

leads to erroneous predictions of electronic states, particularly the triplet states of the antenna.13 

Furthermore, the theoretical treatment of lanthanide ions such as Eu³⁺ requires the use of 

multiconfigurational ab initio methods due to the complex electronic configuration of the 4f shell, 

which features a large number of closely spaced-in-energy 4f states shielded by the outer 5s and 5p 

shells42. In this work, the sensitization and emission channels of Eu³⁺@UiO-66(DPA) systems were 

investigated using the Complete Active Space Self-Consistent Field (CASSCF) method43 
44,employing the fragmentation scheme proposed by María J. Beltrán-Leiva et al40. 

This method has demonstrated effective results for lanthanide (Ln) complexes and Ln-based MOFs 
13, 42, 41. In this approach the antenna is separated as a fragment preserving its geometry within the 

complex. Both fragments i.e., the antenna fragment and lanthanide fragment are treated at the same 

level of theory, via the complete active space (CASSCF) approach 44. For the proper application of 

this method, it's crucial to check that the absorption localized on the antenna ligand and the emission 

is originated from the lanthanide and ensures that the electronic transitions contributing to the 

sensitization process remain intact despite fragmentation 40. In the first step the wave functions 

representing the ground and excited states of all fragments were obtained using the CASSCF method 

https://lumpac.pro.br/
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40, 41. These fragments include the Eu-fragment and ligands fragments, (i.e., BDC fragments and DPA 

fragments). In the second step, dynamic correlation effects were accounted for by applying the 

second-order N-electron Valence State Perturbation Theory (NEVPT2) to refine the energies obtained 

from the CASSCF calculations. 45 Taking into account that the configuration 4f shell of Eu3+ is 4f6 

the chosen active space consisted of 6 electron in the 7 f-type orbitals, CAS(6,7)SCF. This active 

space CAS(6,7)SCF comprised of 7 septuplets, 60 quintuplets, 21 triples, and 21 singlets 46.

The energy values of the S0, S1 and T1 electronic states for the BDC fragment and DPA fragment 

were computed, considering 30 singlets and 30 triplets, using the same level of theory employed for 

de Eu3+ fragment. Thus, the active space for the linkers, (i.e., BTTA, DPYT and BPDC), consists of 

10 electrons in 10 molecular orbitals CAS(10,10)SCF, 2 of them with non-bonding nature and the 6 

of π-type orbitals. The choice of active space was determined through an extensive evaluation of 

simulated electronic transitions implicated in the absorption spectra of this system.

2. Simulated absorption spectrum of Eu3+@UiO-66(DPA)

Table S1. Nature and oscillator strengths (f) of the vertical electronic transitions calculated for 

Eu3+@UiO-66(DPA) 

System band λExp λTheo f Assignment

B 305 278 0.175

π(DPA)→ π*(DPA)

A 272 0.970

E
u3 ⁺@

U
iO

-6
6(

D
PA

)

π(BDC)→ π*(BDC)

Note: λTheo is a computed wavelength value in nm, λExp is an experimental value reported3 and f is the 

oscillator strength. 
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3. Active orbitals and occupation numbers obtained for antenna fragment at 
CASSCF(10,10)/NEVPT2  level of theory

3.1 Active orbitals and occupation numbers obtained for antenna [BDC]1-

Table S2. Active orbitals and occupation numbers obtained for antenna fragment [BDC]1- at CAS 
(10,10) SCF/NEVPT2 level of theory

π1(1.80) π2(1.64) n1(1.65) π3(1.63) π4(1.61)

π5(0.85) π6(0.46) π7(0.22) π8(0.07) π 2(0.02)

S0 80% | |𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋2
4 

S1 50% | |   (π→π*)    38% | |  (n→π*)𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

5 𝜋2
1𝜋2

2 𝑛1
1 𝜋2

3𝜋2
4 𝜋1

5 

S2 43% | | (n→π*)     30% | | (π→π*)    𝜋2
1𝜋2

2 𝑛2
1 𝜋1

3𝜋2
4 𝜋1

5 𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

6 

T1 78% | |  (π→π*)    𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

5 
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3.2 Active orbitals and occupation numbers obtained for antenna [DPA]2- 

Table S3. Active orbitals and occupation numbers obtained for antenna fragment [DPA]2- at CAS 
(10,10) SCF/NEVPT2 level of theory

π1(1.80) π2(1.77) n1(1.75) π3(1.65) π4(1.46)

π5(0.79) π6(0.55) π7(0.14) π8(0.08) n2(0.02)

S0 80% | |𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋2
4 

S1 50% | | (π→π*)     20% | | (π→π*)    𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

5 𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

7 

S2 43% | | (π→π*)     20% | | (π→π*)    𝜋2
1𝜋2

2 𝑛2
1 𝜋1

3𝜋2
4𝜋1

5 𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

6 

T1 78% | |  (π→π*)    𝜋2
1𝜋2

2 𝑛2
1 𝜋2

3𝜋1
4𝜋1

5 
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