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Quantum chemical elucidation of the
luminescence mechanism in a europium(in)
co-doped UiO-66 chemosensor selective to
mercury(n)t
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Lanthanide() ions can be incorporated into metal-organic frameworks (MOFs) to form Ln@MOFs
through post-synthetic procedures. This makes the MOFs efficient luminescent chemical sensors for
detecting trace amounts of heavy metals. In this report, a quantum chemical theoretical protocol has
been carried out to elucidate the detection principle of the turn-off luminescence mechanism in a
Eu@UiO-66(DPA)-type MOF selective to Hg?* ions. UiO-66(DPA) is an iso-reticular MOF of UiO-66 con-
structed from the Zrg-cluster [Zr6(p3-O)4(p3-OH)4]12+ and the ligands 1,4-benzenedicarboxylate (BDC)
and 2,6-pyridinedicarboxylate (DPA) as linkers. The sensitization and energy transfer (ET) in UiO-66(DPA)
doped with Eu®* were analyzed using multireference ab initio CASSCF/NEVPT2 methods and time-
dependent density functional theory (TD-DFT). The cluster model used in the calculations comprises the
Zs-cluster/BDC/DPA fragments with the DPA ligand coordinating to Eu®* or Hg?* ions. The proposed
sensitization pathway involves intersystem crossing from S;(DPA) to T1(DPA), a plausible subsequent
energy transfer from T{(DPA) to the 5D; state of Eu®*, and then vibrational relaxation to the emissive *Dg
state. These results also suggest that the electronic states of the BDC ligand can be strengthened by the
population of the T electronic states of the DPA antenna via ET. Periodic DFT calculations confirm the
electronic state mixture of BDC and DPA linkers in the conduction bands, just above the electronic state
of Eu®* ions, which is in concordance with the proposed Eu®* sensitization pathways. The assessed
optical properties (absorption and emission) of HgZ*@UIO-66(DPA) explain the experimental behavior of
this chemosensor when the ng+ ion replaces the Eu®* ion and the luminescence diminishes.

Introduction

In recent years, the use of chemical methods for detecting
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metal ions has gained considerable importance.’ This shift is
driven by growing concerns over environmental pollution and
the health risks posed by metal ion contamination.>?
Chemical detection methods play a crucial role in monitoring
and controlling the metal ion levels in various settings, includ-
ing water sources, food products, and industrial processes.’
Chemical detection relies on chemical transformation or a
change in the physical property induced by specific inter-
actions between target analytes (such as metal ions, small
molecules, biomarkers, and others) and the chemosensor.*
Optical chemosensors have gained significant attention in the
development of selective and efficient tools for metal ion
detection, due to their ability to provide instantaneous data
regarding a particular analyte. Many ions (like Mg**, Ca**, K%,
F, etc.) are essential in biological systems and play a crucial
role in different biochemical processes.® For example, fluoride
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is one type of valuable trace element of the human body; never-
theless, excessive fluoride in the organism causes serious health
issues such as dental and skeletal fluorosis. Metal ions constitute
biological electrolytes that must be controlled for people on Earth
and also for astronauts in space. At certain concentrations, other
metals such as copper (Cu), chromium and zinc are necessary for
the suitable function of the human body. However, when the
homeostatic concentration of these metal ions is exceeded, they
turn into a poison. In contrast, lead, cadmium and mercury (Hg),
even at trace concentrations, cause irreversible alterations in the
health of living beings. So, for the protection of human health,
not only the knowledge of their effects but also their detection
and monitoring is necessary.>°

Optical sensors can be based on various principles, includ-
ing absorbance, transmittance, polarization of light or refrac-
tive index.” Advances in chemical detection technologies have
allowed for more sensitive and selective detection of metal
ions, even at trace levels.® This has enabled researchers and
environmental agencies to better understand metal ion distri-
bution, sources, and potential health risks. Furthermore,
developing portable chemical detection devices has signifi-
cantly enhanced on-site monitoring and rapid screening of
metal ion contamination.’ In 2020, Yuxiu Xiao et al. reported
an analytical device based on a one-to-two logic gate utilizing a
Eu-MOF. They designed a Eu-MOF-loaded fiber paper micro-
sensor for the rapid detection of water in solid pharmaceuti-
cals using ratiometric sensing and a portable visual device.'”
Building on this advancement, the integration of metal-
organic frameworks (MOFs) with smartphone technology has
further unlocked new possibilities for real-time, on-site chemi-
cal detection.""™ Lanthanide-based MOFs (Ln-MOFs) have
shown exceptional promise for visual detection applications
through smartphone-assisted systems,"*™> leveraging their dis-
tinctive luminescence properties to enhance sensitivity and
enable accurate quantification via straightforward and inter-
pretable colorimetric or luminescence changes.'"**

In this regard, luminescent metal-organic frameworks
(L-MOFs) are promising alternatives in the development of
chemosensors.'® These materials are composed of metal ions
or clusters (nodes) connected by organic ligands (linkers), gen-
erating two-dimensional or three-dimensional structures.'”
The combination of these metallic and organic building com-
ponents (nodes and linkers) in L-MOFs leads to the appear-
ance of unique luminescence properties. The hybrid nature of
their components enables a wide range of photophysical pro-
cesses that govern their luminescence properties.'® Metal-to-
ligand charge transfer (MLCT), ligand-to-metal charge transfer
(LMCT), ligand-to-ligand charge transfer (LLCT), metal loca-
lized emission and ligand-centered emission are some of the
involved mechanisms.'® These materials exhibit luminescence
changes in the presence of specific analytes, allowing the
detection and recognition of target substances.”® Other fea-
tures of MOFs that make them stand out as optical chemo-
sensors are related to their tunable structures, high surface
areas, and easy functionalization post-synthesis.?’*> These
properties make L-MOFs highly useful in fields such as
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environmental monitoring,”® biomedical research,” and
industrial applications.>® Therefore, by understanding and
tuning the luminescence changes in L-MOFs, researchers
would be able to design highly sensitive and selective chemo-
sensors for a wide range of analytes.>®

In this sense, linkers can be designed or functionalized by
post-synthetic modifications (PSM) to exhibit specific pro-
perties, such as desirable optical properties, and/or induce
certain chemosensor-analyte interactions.”” A powerful PSM
strategy is to include lanthanide ions (Ln**) into MOF hosts to
activate the emission properties of the material and generate
new emission signals that are lanthanide ion-centered.”® The
sharp line emissions, high color purity, high luminescence
quantum yield, and large Stokes shifts, attributed to the 4f-4f
transitions and relativistic effects of Ln ions, might undergo
improvements in co-doped MOFs.>® Their luminescence arises
from a sensitization process carried out via energy transfer
(ET) from a suitable organic ligand to the Ln*" ions, which is
called the “antenna effect”. Thus, a careful selection and
design of the linkers and nodes might tune the emission
properties of L-MOFs. This makes L-MOFs promising
materials for the development of efficient and sensitive
chemosensors.*°? Due to their structural and optical pro-
perties, L-MOFs functionalized with Ln*" ions have been used
to detect metal ions.**** Mechanisms such as energy transfer
from the ligand to the Ln®" center and metal-ligand charge
transfer are well accepted in a detection process to explain the
change in the optical properties of functionalized L-MOFs.**>*
Several studies indicate that the quenching effect is not com-
pletely clear in all cases. In this context, a recent systematic lit-
erature review by Shuangyan Wu (2024)*° concluded that the
principles underlying the current sensing mechanisms are
unclear and limited to qualitative analysis. However, much
research has been descriptive and based only on experimental
data. Some works have successfully applied DFT-based
methods to elucidate potential photophysical processes that
induce luminescence alteration in Ln*" co-doped L-MOFs.>’"*°
However, in Ln**-based systems, a more sophisticated level of
theory is required to accurately address the multireference
character arising from the various low-lying states associated
with the 4f" configurations.’’ Predicting the correlation
between the L-MOF structure and analyte-induced lumine-
scence changes is challenging due to the large size of MOFs.
However, advancements in computational chemistry have
enabled accurate descriptions of their molecular and elec-
tronic properties.>®*'™*° This report presents a computational
protocol designed to understand the luminescence properties
and sensing mechanisms of Ln*" co-doped L-MOFs
(Ln**@L-MOFs). A comprehensive study was conducted,
focusing on molecular and electronic properties, including the
relative energies of the ground and excited states (S; or Ty),
as well as the electronic band structures of the L-MOFs.
Our theoretical protocol integrates periodic DFT, molecular
DFT, and multireference calculations to provide a detailed
assessment of the luminescence properties and sensing
mechanism.>®3743

This journal is © The Royal Society of Chemistry 2025
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Theoretical studies of Ln**@L-MOF chemosensors, due to
their computational complexity, numerous electrons and elec-
tron correlation effects, need high-performance computation
resources. These studies are crucial in the investigation of
Ln**@L-MOFs, offering in-depth knowledge of the principles
underlying detection events toward a target analyte, thereby
influencing experimental work and aiding in creating new
chemosensors of the Ln**@L-MOF type.

Hence, to enhance the understanding and contribute to the
knowledge, in the work reported herein, a theoretical pro-
cedure is proposed. In this theoretical procedure, multiconfi-
gurational ab initio methods, along with molecular density
functional theory (DFT), and periodic DFT calculations were
combined. This approach aims to accurately determine the
sensitization and emission channels for the previously experi-
mentally reported UiO-66 MOFs*” doped with a Eu®" selective
chemical sensor to detect Hg”" in situ as well as, to the best of
our knowledge, the sensing mechanism for the first time.

This MOF holds the Eu** atom in a free -COOH group
(Eu@UiO-66(DPA)) and it is used to detect very low Hg>" levels
(lower than 10 nM, which is the maximum level of Hg>" in
drinking water according to the U.S. Environmental Protection
Agency*®). 1t is proposed that the detection mechanism is via
the replacement of the Eu** atom by the Hg*" atom due to the
higher affinity of DPA toward Hg”*. This substitution induces
the blocking of the Eu** antenna effect inducing then the che-
lation enhancement quenching (CHEQ) effect (Fig. 1).

Computational methods

Quantum chemistry offers reliable tools for gaining a deep
understanding of the sensing mechanisms in co-doped MOFs.
A careful examination of the detection principles is essential
for designing new luminescent MOF-based chemosensors and
facilitating their transition from experimental research to
developing MOF-based portable devices.*® Consequently, rigor-
ous investigations are still required to achieve a more rational
design of Ln**@L-MOF chemosensors.

One of the most intriguing features of MOFs is their ability
to fine-tune optical properties through slight structural modifi-
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cations. These modifications can include the incorporation of
functional groups® or metal ions® or be induced by the
analyte,® which involved a significant change in the optical
properties of MOFs. The photophysical processes that dictate
the optical behaviors of a luminescent sensor are intrinsically
associated with electronic interactions between the sensor and
the analyte.”® The density of states (DOS) method has been
widely utilized to investigate the electronic structure and
optical properties of MOF-based chemical sensors.”>”>” DOS
plots provide crucial insights into the nature of charge trans-
port, helping to determine whether it occurs through ligand-
to-ligand, metal-to-ligand, ligand-to-metal, or metal-to-metal
processes involving the photophysical properties of
materials.”*® This analysis offers a straightforward approach for
representing complex electronic structures while also providing
valuable insights into the optical properties of materials.>® This
method has been previously employed to gain insights into the
photophysical processes associated with optical properties related
to charge transfer and energy transfer mechanisms,* such as
ligand-ligand charge transfer (LLCT),*" metal-to-ligand charge
transfer (MLCT),”” ligand-to-metal charge transfer (LMCT),** and
photoinduced electron transfer (PET).>” Additionally, it provides a
detailed view of the atomic contributions to the occupied and
unoccupied electronic states.®”®**®* Thus, DOS analysis was
employed to further investigate the changes in the luminescence
properties of the UiO-66(DPA) chemosensor induced by Eu*" and
Hg>" ions, focusing on the structures Eu@UiO-66(DPA) and
Hg@UiO-66(DPA).

On the other hand, to study the efficiency of Ln sensitization
and emission in a MOF, the main processes involved must be
considered. This process starts from the excitation of the linker
with the final population of its first excited singlet state (S;) after
no radiative processes followed by an intersystem crossing (ISC)
between S; and the first excited triplet state (T;) of the linker
[linker (S; — T,)]. Finally, there occurs an energy transfer
process that populates the emissive state of the lanthanide ion
[linker (Ty) = Ln*"] from which emission occurs.*®

Thus, to elucidate the origin of the sensitization and emis-
sion pathways and the sensing mechanism in Ln**@L-MOF
chemosensors, a detailed understanding of the electronic
structure of the system and the effect of the presence of the

Ty hv
Turn-off

Fig. 1 A simplified scheme showing the detection mechanism via the replacement of Eu®>* by Hg?*, inducing the blocking of the antenna effect of

Eu®* and then producing the CHEQ effect.

This journal is © The Royal Society of Chemistry 2025
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analyte of interest must be obtained. This implies predicting
the correct localization of the electronic state of the lanthanide
ions and antenna both in the ground state and excited
states.’® Advanced computational methods have been devel-
oped that enable a more in-depth examination of the elec-
tronic structure and excited states related to photophysical pro-
cesses that govern luminescence properties.

Due to the intrinsic properties of heavy elements, such as
lanthanides, their theoretical treatment requires meticulous
evaluation.”*®® Three primary factors must be considered: (i) rela-
tivistic effects, including scalar relativistic contributions and
spin-orbit coupling, (ii) electronic correlation, and (iii) the influ-
ence of the ligand field.®® In the case of lanthanides, spin-orbit
interactions and electron correlation effects play a dominant role
and must be explicitly accounted for in theoretical calculations.
Notably, the quasi-degenerate nature of electronic configurations
arising from the 4f" shell introduces significant static correlation,
which is essential for accurately determining the energetic posi-
tions of both ground and excited states.**”

One of the most important methods is the multi-configur-
ation self-consistent field (MCSCF), which is employed to
study the electronic structure of lanthanide ions.®® Therefore,
our attention has been directed towards accomplishing a
theoretical protocol to clarify the emission channels and
understand the sensing mechanism in luminescent UiO-66
(DPA) sensors using a cluster model. In the ESI,} we present a
detailed description of structural models used for modeling
these systems, both as extended solids and cluster models.
Moreover, the computational methods are described in detail,
such as software packages, theory levels, and theoretical
approaches used for each of the calculations.

Results and discussion
Periodic modelling of Eu**@Ui0-66(DPA) and Hg” @UiO-66(DPA)

Cell parameters were optimized, compared with the experi-
mental crystal data,” and modified in agreement with the
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herein studied models, ie. to obtain periodic models of
Eu**@Ui0-66(DPA) and Hg**@UiO-66(DPA) shown in Fig. S1.}
The obtained structures were finally reoptimized.

For UiO-66(Zr) MOFs, it has been documented that their
optical properties are governed by electronic transitions invol-
ving both non-functionalized BDC linkers and substituted
BDC linkers. Matsuoka et al.*® demonstrated that the organic
linker in NH,-UiO-66(Zr) absorbs light, as shown by in situ
electron paramagnetic resonance (EPR) measurements con-
ducted before and after exposure to visible light. The EPR
measurements revealed no characteristic signals attributable
to Zr** species after visible-light exposure, indicating that
LMCT does not occur in this system. Jorge Gascon et al.
reached a similar conclusion while investigating the electronic
properties of NH,-UiO-66(Zr) and NH,-UiO-66(Hf) MOFs using
DFT and EPR techniques. They emphasized that there is no
evidence for the formation of M*" species, such as Zr*" or Hf**
in the excited state.”” On the other hand, previous theoretical
studies reported the electronic structure of the UiO-66(Zr),
UiO-66(Hf) and UiO-(Th) MOFs via density of states (DOS) and
projected DOS (PDOS) plots. In these previous studies, the con-
tributions of ligand states near the conduction band
minimum (CBM) and valence band maximum (VBM) were also
shown.®*”" Accordingly, to gain deeper insights into the emis-
sion pathway of the sensing mechanism, the PDOSs of both
the Eu**@Ui0O-66(DPA) and Hg* @Ui0O-66(DPA) systems were
analyzed.

PDOS analysis by fragments is shown in Fig. 2. BDC frag-
ments are predominantly present in the occupied range, par-
ticularly in the valence zone with higher contribution states
between —7 and -1.8 eV (purple), while DPA (blue) and
Zrs04(OH), (red) are also present but with a small number of
states. However, the Eu state emerged with a lone but highly
populated band closer to the Fermi level at —0.1 eV. The lowest
energy conduction band is populated almost entirely by Eu
states (green curve) at 1.1 eV, and only with small contri-
butions by the DPA linker at this energy level. Thus, doping
Ui0-66(DPA) with Eu®* introduces 4f states that are sufficiently

E&F Fermi level
— Eu*
80 —— DPA
— BDC
—— Zr04(OH)4
60 -
T
>
2
H H & a0+
o
204
0 T T T ¥ f T T
-6 -4 -2 0 2 4 6
Energy (eV)
(a) (b)

Fig. 2 (a) Structure of Eu**@UiO-66(DPA) identifying fragments: ZrgO4(OH), (red), BDC (violet), DPA (blue), and Eu (green). (b) PDOS by fragments.
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low in energy to fall below the electronic states of the BDC and
DPA linkers. The rest of the fragments contribute above ~1.1
eV, mainly DPA (between 1.1 and 2.2 eV) and BDC (mostly
between 1.5 and 2 eV). The overlap between the electronic
states of the DPA and BDC linkers next to Eu** (1.5 to 2.2 €V)
suggests that both ligands are involved in the sensitization
and emission pathways of the Eu**@UiO-66(DPA) MOF.

PDOS results obtained by elemental and orbital analyses
presented in Fig. 3 are in agreement with the by-fragment
results. It is observed that the valence band located closer to
the Fermi level is populated mainly by Eu(f), followed by O(p)
and C(p) between —2 and -7 eV, assigned previously to the
BDC and ZrO4(OH), fragments. However, O(p) mostly contrib-
utes at lower energy levels under —2 eV, attributed to the O
atoms present on the ZrqO4(OH), and BDC/DPA terminal
groups. The conduction band is also populated by Eu(f) at 1

&F Fermi level

— Eu

—— CH,N,0
Zr

80

60 -

DOS (ev~?)
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eV, followed by C(p) from BDC and DPA, particularly between
1 and 2.2 eV. Over this range, ZrsO,(OH), shows an increase in
the number of unoccupied states, through Zr(d), with Eu(d)
and the rest of the elements showing values over 4 eV.

Eu**@Ui0-66(DPA) exhibits alterations in the luminescence
intensity after the introduction of various ions, with a particu-
larly pronounced effect observed in the presence of Hg”* ions.
Experimental data suggest that the quenching mechanism
may involve the substitution of Eu®* by Hg?* within the
Eu’*@Ui0-66(DPA) structure. This substitution leads to a
reduction in the material luminescence.”” To get a deeper
understanding of the sensing mechanism, PDOS analysis of
Hg>" @Ui0-66(DPA) was also performed.

PDOS by-fragment results (Fig. 4) show that at the Fermi
level, the BDC fragments would have a relevant role with their
occupied states in the valence zone around —2.0 eV (purple).

EF Fermi level
H(s)
— C(p)
— N(p)
— 0(p)
Zr(d)
— Eu(f)

80

| LA p A i

Energy (eV)

(@

0 2 4 6
Energy (eV)

(b)

Fig. 3 PDOS by elements (with organic elements C, H, N, and O as a single group) (a) and shells (b) considering those most relevant to
Eu®*@UiO-66(DPA). Color labels for (a): Eu (green), organic group (red) and Zr (orange). For (b): H(s) (cyan), C(p) (grey), N(p) (blue), O(p) (red), Zr(d)

(orange), and Eu(f) (dark green).

EF Fermi level
— HgZ«
804 — DPA
—— BDC
—— Zrg04(OH)4
__ 60
T
>
)
8
8 404
20
0 T T Y T T T
-6 -4 =2 0 2 4 6
Energy (eV)
(a) (b)

Fig. 4 (a) Structure of Hg?*@UiO-66(DPA) identifying fragments: ZrgO4(OH), (red), BDC (violet), DPA (blue), and Hg (brown). (b) PDOS by

fragments.

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54, 6623-6636 | 6627


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt03285c

Open Access Article. Published on 19 March 2025. Downloaded on 11/14/2025 4:36:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Also, DPA (blue) is the fragment that maintains direct inter-
actions with the Hg atom and this atom does not show a rele-
vant contribution in this region. The BDC fragment also shows
some contributions at around —1.8 and —2.5 eV, sharing the
same energy range with the ZrsO,(OH), and DPA fragments.
However, the ZrsO4(OH), and DPA fragments show much
smaller contributions than BDC. On the other hand, at low
energy levels, the conduction band is composed of a Hg atom
(1.5 eV) and followed by the DPA fragment. Around this range,
the DPA and BDC fragments maintain a relevant contribution
up to 2.5 eV, especially the BDC fragment shows an important
contribution between 1.8 and 2.5 eV. Over 3 eV, the ZrsO,(OH),
and BDC fragments share their contributions to the PDOS, fol-
lowed by the contribution of the DPA fragment with an overlap
at larger energy values.

The PDOS obtained by elemental and shell analyses
matches these results (Fig. 5), where the valence band is com-
posed mainly of C(p) followed by O(p) at —2 eV. The O(p) con-
tribution increases at lower energy levels assigned to the
Zrs04(OH), and BDC/DPA fragments. On the other hand, the
conduction band is composed of C(p) and Hg(s) orbitals at
~1.8 eV. Moreover, C(p) and O(p) unoccupied state contri-
butions are present between the 1.8 and 2.5 eV energy range.
Finally, over the 3 eV energy range, Zr(d) and H(s) contribute
to those states.

The electronic states introduced by the Hg atoms and the
DPA linkers generate unoccupied states at the conduction
band edge, leading to the formation of a non-emissive excited
state. According to our analysis, the Hg** and DPA compo-
sition of the conduction band edge in the Hg**@UiO-66(DPA)
system contributes to generate a ‘dark’ excited state after exci-
tation and subsequent non-radiative deactivation. This ‘dark’
excited state leads to a turn-off in the luminescence process.
This result is consistent with the experimental turn-off lumine-
scence sensing mechanism of Eu**@UiO-66(DPA) in the pres-
ence of Hg”" ions.

EF Fermi level
— Hg

80 — CHNO

Zr

60 -

DOS (ev™?)

201
A

Energy (eV)

(@)
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Finally, for Eu’>*@Ui0O-66(DPA) and Hg>*@UiO-66(DPA), the
highest occupied levels are constituted by Eu** and DPA/BDC
linkers, respectively. In particular, for Hg>* @UiO-66(DPA), the
C(p) orbitals have an important contribution, i.e. the phenyl
groups. On the other hand, both metals contribute primarily
at low energy unoccupied levels of the conduction band.
Specifically, the most notable orbital contribution of Eu has an
energy of 1.1 eV, while for Hg> @UiO-66(DPA), the same
region of the conduction band is composed of Hg and DPA
states (Fig. 4b). This difference in composition would lead to
expected energy transfer channels from the BDC fragments to
the metals (Eu*" or Hg") and the DPA fragment. This charge
transfer is particularly more favorable in the case of
Eu”*@Ui0-66(DPA) than in the case of Hg>*@UiO-66(DPA),
which could be explained by the lower band gap in the elec-
tronic structure of the material with the lanthanide.

Periodic modelling of Eu*"Hg** @Ui0-66(DPA)

In a supercell model containing both Hg>* and Eu®* ions, the
DPA linker was considered to possess vacant coordination
sites, with the free -COOH groups and pyridine nitrogen
atoms acting as coordination sites for metal ions. This theore-
tical investigation aligns with the experimentally proposed
mechanism, which attributes the luminescence quenching to
the substitution of Eu®* ions by Hg>* ions. According to
Fig. S2,7 and for this specific model where both ligands
occupy the same site on each node, the metal-metal (Eu-Hg)
distance is 14.68 A. This value is close to the distance between
replicas of two equivalent BDC linkers, which is 14.65 A. This
large separation between the metal centers suggests that any
form of energy transfer (ET) between them is negligible, as
there is no intervening electronic spacer to facilitate such a
process. It is important to note that the energy transfer (ET)
rates depend significantly on the donor-acceptor (D-A) separ-
ation distance (R) and the mechanism involved. For Forster
resonance energy transfer (FRET), the ET rate decreases with

& Fermi level
H(s)

C(p)

N(p)

O(p)

Zr(d)

—— Hg(s)

80

60
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-25 0.0 2.5 5.0 7.5
Energy (eV)

(b)

Fig. 5 PDOS by elements (with organic elements C, H, N, and O as a single group) (a) and shells (b) considering those most relevant to
Hg?*@UiO-66(DPA). Color labels for (a): Hg (brown), organic group (red) and Zr (orange). For (b): H(s) (cyan), C(p) (grey), N(p) (blue), O(p) (red), Zr(d)

(orange), and Hg(s) (brown).
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increasing R, following an inverse sixth power relationship (1/
R®). In contrast, the Dexter energy transfer mechanism exhibits
an ET rate that decays exponentially with increasing D-A dis-
tance due to its dependence on wavefunction overlap. We
concur with the mechanism proposed in the experimental
work,”” which suggests that the substitution of Eu** ions by
Hg”" ions within the structure reduces the number of emission
centers, thereby diminishing the material’s luminescence as
the Hg>" ion concentration increases. Given that the mecha-
nism is well supported by experimental evidence, our study
focuses on characterizing and quantifying the luminescence
response rather than investigating the substitution process in
detail with a model involving both ions. This approach allows
us to align our efforts with the primary goal of elucidating the
emission mechanisms of Eu**@UiO(DPA) and non-emissive
states induced by the inclusion of Hg>*. Inspired by these
results, the sensitization and emission of the Eu*‘-doped
UiO-66(DPA) MOF and the role of Hg>" in the turn-off lumine-
scence mechanism were investigated. To achieve this, accurate
multiconfigurational ab initio methods were used along with
DFT calculations using cluster models; see Fig. S3(a) and (b).}
The next section provides a more insightful understanding of
the luminescence properties of Eu**@UiO-66(DPA) and its
selective quenching response to Hg>" ions.

Optical properties of Eu** @UiO-66(DPA)

The simulated UV-Vis absorption spectrum of Eu**@UiO-66
(DPA) displays two main vertical transitions based on the
strength of the oscillator (f), which are very close in energy.
The first one (labelled as A) appears centered at around
272 nm (f = 0.970), which corresponds to = — n* electronic
transition. Table S1f shows that the electron density of the
molecular orbitals involved in this electronic transition is
located on the BDC linker. The second absorption band
located at 278 nm (f = 0.175) is also assigned to linker-cen-
tered © — n* electronic transition and involves the active mole-
cular orbitals of the DPA linkers. This result shows a difference
of about 50 nm compared to the experimental value
(305 nm),** which falls within the usual error margin accepted
for TD-DFT calculations. Based on this result, it is possible to
apply the fragmentation scheme developed by Beltran-Leiva
et al.”® to evaluate the most likely sensitization and emission
pathways in lanthanide complexes. In this approach, the
ligand and the lanthanide fragments are calculated separately
(at the same level of theory), using multiconfigurational
methods. The author points out that it is crucial to consider
that absorption is ligand-localized. This guarantees that exci-
tation bands involved in the sensitization channel are not
affected by the fragmentation procedure. Based on this
approach, a definitive understanding of the possible sensitiz-
ation and emission pathways of Eu**@UiO-66(DPA) systems is
provided in the next section.

Sensitization and emission pathways of Eu** @UiO-66(DPA)

The sensitization pathway and emission mechanisms of the
Eu**@Ui0-66(DPA) system were studied through a multirefer-

This journal is © The Royal Society of Chemistry 2025
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ence CASSCF/NEVPT2 approach. The ground states and excited
electronic states of the Eu®*" fragment were explored via CAS
(6,7)SCF/NEVPT?2 calculations. At the theoretical level the cal-
culations show that the emitting level (°D,) state and °D; of
Eu’" are located at 17 600 cm™" and 20 174 cm™ ", respectively.
Our results align with previous reports, which showed °D, and
D, values of 17830 and 19450 cm™" respectively, based on
CASSCF/XMCQDPT2/SO-CASSCF calculations.”” This is also
consistent with the previously reported experimental values of
17300 and 19 000 cm ™! for °D, and °D; of the Eu*'ion.”® The
electronic structures of the BDC and DPA linkers, including
the ground state (S,) and excited states (S,, and T,), were inves-
tigated using the CAS(10,10)SCF/NEVPT2 method with an
active space of ten electrons in ten molecular orbitals

According to the CAS(10,10)SCF/NEVPT2 calculations for
the DPA linker, the S; electronic state is located at
31194 cm™, whereas the T; electronic state appears at
23 828 cm™ . Therefore, the energy gap (S;-T;) is 7366 cm™*
which is not within the optimal range according to the
Reinhoudt rule. Following this empirical rule (Reinhoudt
rule), the energy gap between the S; and T, electronic states
must be 5000 cm™" to ensure an efficient inter-system crossing
(ISC) S; — T;.”* The CAS(10,10)SCF/NEVPT2 calculations
showed that the S; and T, electronic states of the BDC linker
are located at 27 794 and 26 558 cm™", respectively. Thus, the
energy gap (S;-T,) is 1236 cm ™.

In this regard, for both ligands (BDC and DPA), the S;-T;
energy difference calculated at the CAS(10,10)SCF/NEVPT2
level of theory shows that the ISC process is totally efficient,
according to the empirical rule. However, for UiO-66(DPA), it has
been reported that after the PSM with Eu®" (generating
Eu**@UiO-66(DPA)), a characteristic emission peak assigned to
the Eu®* ions appears. This suggests that the population of the T,
electronic state of the antenna and its subsequent energy transfer
pathway may take another route from the commonly observed
mechanism. We support this hypothesis with two arguments.
First, the periodic DFT calculations indicate that the conduction
band (CB) consists of a mixture of electronic states from BDC and
DPA linkers just above the electronic state associated with Eu®*
ions. Second, the strong spin-orbit coupling (SOC) effect of Eu**
ions in this material induces a mixture of electronic states with
different multiplicities.

According to the Latva rule, an energy gap between 2500
and 4000 cm™" can facilitate efficient energy transfer from the
T, electronic state of the antenna to a resonance excited level
of Ln*" ions. This energy gap is adequate for an efficient ET
channel when AE (T — Ln*), according to the Latva rule. A pos-
terior analysis of CASSCF/NEVPT2 calculations showed that
the T; electronic state of the DPA antenna is located
6224 cm™' higher in energy than the Eu®" ion °D, state
(17600 cm™"). The T,(DPA) electronic state is located
3554 cm™" higher than the °D, electronic state (20174 em™)
of the Eu*" ion. The T, electronic state of the BDC linker is
located at 8988 and 6384 cm™" higher than the Dy and °D;,
electronic states of the Eu®' ion. Based on these results, it can
be considered that an energy transfer from the T, electronic
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state of the BDC or DPA linker to the emissive electronic state
of °D, Eu ions has a low probability of occurring. Thus, the
most important argument is that the most probable sensitiz-
ation pathway involves the ISC process of DPA (S; — T,), fol-
lowed by an energy transfer channel that is activated from the
T, electronic state of the DPA linker to the ®D, electronic state
of Eu*" ions, T, (DPA) — °D, (Eu®"). Then, a vibrational relax-
ation (VR) from °D; can result in the emissive Dy state, °D; —
D, (Eu®"). Additionally, the excited electronic states of the
BDC antenna could enhance the population of the DPA
antenna T, electronic states through the ET process, as shown
in Fig. 6. Finally, the radiative deactivation from D, electronic
states to the Eu** ’F, electronic states is produced (see Fig. 6).

A more detailed analysis of the excited electronic states was
carried out. Table S27 lists the active orbitals, occupation
numbers and low-lying excited electronic state configurations
computed for the BDC antenna. As it is possible to appreciate,
the S; electronic state has 50% contribution of a configuration
with '(r — =n*) character and 38% contribution of a configur-
ation with '(n — n*), whereas the T; electronic state of this
antenna has 78% contribution of a configuration with 3(n —
n*) character. Thus, multireference characteristics of these
excited electronic states, which show a large change in the
orbital type, could favor the ISC process (S;(BDC) — T,(BDC)),
according to the El-Sayed rule.”>’® However, in the case of the
DPA antenna, as shown in Table S3, the electronic configur-
ations of the S; and T; electronic states do not indicate any
change in the orbital type within the active space. The S, elec-
tronic state has 50% contribution of a configuration with *(x
— 7*) character and 20% contribution of a configuration with
'(r — n*), whereas the T, electronic state of the DPA antenna
has 78% contribution of a configuration also with (r — n*)
character. Thus, according to El-Sayed’s rule, the electronic
configurations of S; and T; are more likely to result in a slow
intersystem crossing (ISC) due to the absence of a change in
the orbital type.

View Article Online
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Finally, the radiative and non-radiative processes involved
in sensitization and ET channels were analyzed based on their
rate constants. In the case of the BDC linker, the ISC rate kis¢
(S; — Ty1) = 6.00 x 10° s™" is larger than the fluorescence rate
(three orders of magnitude) of ks (S; — So) = 4.28 x 10° s7". As
can be seen in Fig. 6, the ISC pathway from the DPA linker has
an ISC rate of kisc (S; — Ty) = 3.75 x 10° s7', which is also
three orders of magnitude greater than the fluorescence rate kg
(S; = So) = 1.17 x 10° s7. Thus, based on the rate constant of
these photophysical processes for both linkers, it is likely that
the population of the T; electronic state occurs through an
intersystem crossing (ISC) process before radiative decay. On
the other hand, these calculations also reveal a slow phosphor-
escence (kp) rate for both linkers. As shown in Fig. 6, the DPA
linker has a kp (T; — So) value of 2.07 x 10° s™*, while the BDC
linker has a kp (Ty — So) value of 4.43 x 10 s™". Both linkers
exhibit long-lived populations in their T; electronic states,
with nonradiative pathways such as ET to sensitize the Eu**
ion. The LUMPAC software’” was used to compute the energy
transfer rates (kgr) and the back energy transfer rates (kggr). As
illustrated in Fig. 6, ET rates kgr that are within the order of
10*-10° s7! lead to a probable ET channel, both from the S;
and T, electronic states. Although the T, electronic state of the
DPA antenna falls outside the energy range stipulated by
Latva’s rule, it still exhibits adequate energy transfer rates for
T, (DPA) — °D/Eu’*"). The kgr(S;-°Dy) = 3.47 x 10° s~ and
ker(S1="Dg) = 3.24 x 10* s7" values are lower than the corres-
ponding values for probable ET from the T; electronic state,
with kgp(T;—"Dy) = 1.27 x 10° s7' and kg(T;-°Do) = 5.61 x 10°
s~'. Furthermore, the analysis of kg values indicates that the
BET mechanism is not competitive in this system. The
observed results support the proposed sensitization and emis-
sion mechanism between the DPA linker and the Eu*" ion. The
ET pathway from the ligand to the lanthanide dominates, as
evidenced by the significantly lower and non-competitive BET
rates: kppr(°D;-T;) = 2.86 x 1072 s7' and kgpr(°Do-T;) = 3.09 X

A
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Fig. 6 The most likely sensitization and emission channels are depicted in

this energy level diagram. Intersystem crossing, phosphorescence, fluor-

escence, energy transfer and back energy transfer rates are represented by the letters kisc, kp, ki, ket and kger, respectively.
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1077 s, both of which are too low to represent a predominant
process. Likewise, the BET rates kppr(°D;-S;) = 7.27 x 1072 s7*
and kgpr(*Dy=S;) = 1.08 x 107>* 57" confirm the negligible role
of back transfer in this system.

Luminescence quenching pathway in Hg>* @UiO-66(DPA)

The proposed sensing mechanism of Eu**@UiO-66(DPA)** is
based on the high binding affinity of the DPA ligand for Hg>"
ions, which facilitates the replacement of Eu** by Hg>", result-
ing in luminescence quenching. The Eu**@UiO-66(DPA)
chemosensor exhibits a decrease in luminescence intensity
(turn-off response) in the presence of Hg>" ions, achieving a
detection limit of 8.26 nM. According to the authors, in the
presence of Hg>, the Eu®' ions in Eu’’@UiO-66(DPA) are
replaced by Hg?" ions, leading to luminescence quenching as
the concentration of Hg>" increases. This proposed sensing
mechanism aligns with previous reports. For instance,
Hongliang Tan et al.”® developed a lanthanide-based lumines-
cent probe for Hg?* detection using Eu-DPA chelates immobi-
lized on SiO, nanoparticles. This system demonstrated excel-
lent selectivity towards Hg>*, with a detection limit as low as
7.07 nM. In their study, the authors also suggested that the
luminescence quenching is due to the replacement of Eu** by
Hg”*, primarily attributed to the significantly higher binding
constant of Hg>" (K = 10***) compared to Eu** (K = 10*>%).78
Similar strategies leveraging the selectivity of these ligand (i.e.,
DPA) interactions have been reported in other Hg>* sensing
systems. For instance, a gold nanoparticle-based sensor func-
tionalized with DPA demonstrated exceptional selectivity for
Hg”" ions over other metal ions in aqueous solutions. In this
system, the high affinity of DPA for Hg>* supports stable
complex formation, leading to reliable detection. Such find-
ings highlight the critical role of ligand design and binding
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affinity in achieving selectivity and sensitivity for Hg>", reinfor-
cing the probability of the proposed mechanism in
Eu’*@UiO-66(DPA).

To investigate the luminescence quenching pathway in the
Hg>*@Ui0-66(DPA) system, the S, and S; electronic states were
studied in terms of energy and structure. According to the
Franck-Condon principle and selection rules, we support the
hypothesis that, upon photoexcitation, the electron relaxes
until reaching the first excited electronic state, presumably
involved with the Hg2+ ions. Thus, in the first step, the vertical
excitation of the Hg>* @Ui0-66(DPA) (based on cluster models)
was computed. This absorption spectrum displays three main
transitions regarding the f values, one at 250 nm, a more
intense one at 258 nm, and the last one at 306 nm.

The bands centered at 306 nm (f= 0.02) correspond to & —
m* electronic transitions from the HOMO to the LUMO+1,
which are labeled as H and L+1 in Fig. 7. The MOs involved in
this absorption band are localized at the bridging oxygen
atoms of the [Zrs(OH),0,] node and DPA linker; see the left
panel in Fig. 7. The more intense bands are located at 258 nm
(f = 1.02) and are composed of n — n* electronic transitions
(HOMO-3 — LUMO+2). These electronic transitions exhibit an
inter-ligand charge-transfer (ILCT) character. The MOs
involved in this absorption band are mainly localized on the
BDC linker. The band at 250 nm is associated with a = — n*
electronic transition (HOMO-3 — LUMO+1), which also pre-
sents an ILCT character; see Fig. 7.

In the second step, the probable emissive S; state of
Hg”*@Ui0-66(DPA) was explored. This step begins with the
optimization of the S; electronic state, which was subsequently
used as input data to calculate the electronic transitions
associated with the emission spectrum by means of TD-DFT
methods. All electronic transitions that correspond to the
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Fig. 7 Molecular orbital diagram based on the Sy (absorption) and S; (emission) states of the Hg?*@UiO-66(DPA) system, where 4 is the theoretical
wavelength of absorption (left panel) and of emission (right panel), respectively; k,.q is the emission radiative rate; 7,,4 is the emission times; and f is

the oscillator strength.
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absorption process involve the molecular orbital just above the
LUMO (orbital located on the Hg atom). Thus, considering the
Franck-Condon principle and selection rules, it is more likely
that, after excitation, the electron relaxes until reaching the S,
electronic state located on the Hg atom. Therefore, radiative
deactivation could arise from the S; electronic state, following
Kasha’s rule. The radiative rate (k..q) and radiative lifetime
(7raq) computed for this electronic transition are in the range
of fluorescence. As displayed in the right panel in Fig. 7, 7yaq
and k;,q present values which are in fluorescence for all calcu-
lations (less than 107° seconds and 10° seconds™, respect-
ively).”” However, if the intensity of these electronic transitions
based on the f magnitude (f= 0.002) is analyzed, the presence
of Hg ions induces a “dark” excited state.

In summary, the most probable fluorescence quenching
pathway of the Hg**@UiO-66(DPA) system is supported by the
hypothesis that after direct photoexcitation from the S, elec-
tronic state, the electron relaxes to reach the first excited elec-
tronic state S; located in the Hg2+ ion. For this reason, it is
possible to state that the S; electronic state decays to the S,
electronic state through a non-radiative mechanism.

Conclusions

In summary, this report outlines a theoretical protocol that
successfully provided an accurate explanation for the selective
detection of Hg>" ions using a Eu**-post functionalized UiO-66
(DPA) chemosensor. The elucidation of the sensing mecha-
nism was addressed considering two points: the host-guest
interaction (in this case, Hg is the host) and the photophysical
properties of the material. First, the study of the Eu*>*@UiO-66
(DPA) system using rigorous CASSCF/NEVPT?2 calculations was
carried out to analyze the most probable sensitization and
energy transfer pathway. This involves multireference ab initio
methods using a truncated structural model (cluster model).
In the Eu’’@UiO-66(DPA) system, CASSCF/NEVPT2 calcu-
lations predict that the most probable sensitization pathway is
the DPA linker (S; — T;) and DPA (T;) — Eu(°D,). Next,
vibrational relaxation (VR) from the °D; state can lead to the
population of the emissive °D, state, which subsequently
emits from “F). Furthermore, our investigation of the excited-
state dynamics of the antenna supports the proposed sensitiz-
ation and emission pathways. The intersystem crossing (ISC)
process is significantly faster than the deactivation of the S;
electronic state via fluorescence (ki is three orders of magni-
tude greater than kg). This result confirms the feasibility of
populating the T; electronic state through ISC. The calculated
rate constants for the phosphorescence process (kp) indicate
that the DPA antenna exhibits a prolonged population in its T,
electronic state, which favors the energy transfer (ET) process
to the Eu®" ion. Lastly, the evaluation of radiative and non-
radiative processes using the LUMPAC software demonstrates
that ET is the predominant mechanism over back energy trans-
fer (BET), further reinforcing our conclusions regarding the
proposed emission mechanism for the Eu**@Ui0-66(DPA)
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system. From these results, an important finding is that the T,
electronic states of the BDC linker can reinforce the population
of the T, electronic states of the DPA antenna. The electronic
density of states (DOS) analysis of Eu**@UiO-66(DPA),
obtained via periodic DFT calculations, evidences the mixture
of states of the linkers (BDC and DPA) and Eu®* ions. This
agrees with the sensitization and energy transfer mechanism
proposed by the CASSCF/NEVPT2 results. Second, both the
electronic and photophysical properties were assessed to deter-
mine the correlation between the chemosensor structure and
the luminescence change prompted by the analyte. For the
Hg>*@Ui0-66(DPA) system, employing the optimized geometry
of the Sy and S, electronic states, the absorption and emission
spectra were modelled based on the vertical transitions of the
Franck-Condon and Kasha rules. The results indicate that fol-
lowing direct photoexcitation from the S, state, the electron
relaxes to the S; state within the Hg>" ion, subsequently decaying
non-radiatively to the S, state. For this system, the calculated
emission time (7 = 2.51 x 1077) and radiative rate (k.q = 3.99 X
10°) are evidence of a probable deactivation of the S; electronic
state via the fluorescence process. However, the strength of the
oscillator supports the hypothesis of a dark emissive state due to
a low emission intensity (f magnitude of 0.002) and deactivation
from the Hg molecular orbital. The proposed mechanism is also
in good agreement with the electronic DOS analysis of
Hg>* @Ui0-66(DPA) obtained via periodic DFT. DOS analysis evi-
dences an overlap of states of both linkers (BDC and DPA) and
Hg”" ions at the edge of the conduction band, which agrees with
the turn-off induced by Hg>" ions. These findings are particularly
relevant for advancing the design of MOF-based sensors, enhan-
cing their efficacy in selective Hg>" detection. Finally, we accom-
plished a computational procedure combining a multireference
ab initio method with periodic DFT calculations which are not fre-
quently taken into account by previous reports. Thus, this meth-
odology is accurate to be applied to different lanthanide-doped
MOF chemosensor systems to study the electronic properties that
govern the sensing mechanisms, or to design new sensors based
on MOFs.
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