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Tunable optical properties of isoreticular UiO-67
MOFs for photocatalysis: a theoretical study+
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A theoretical study of the reported photocatalytic systems based on Zr-based MOF (UiO-67) with biphe-
nyl-4,4'-dicarboxylic acid (bpdc) and 2,2'-bipyridine-5,5'-dicarboxylic acid (bpydc) as linkers was per-
formed. Quantum chemical calculations were carried out to understand the optical properties of the
materials and to facilitate the rational design of new UiO-67 derivatives with potentially improved features
as photocatalysts under ambient conditions. Hence, the effect of the structural modifications on the
optical properties was studied considering different designs based on the nature of the linkers: in 1 only
the bpdc linker was considered, or the mixture 1:1 between bpdc and bpydc linkers (labeled as 1A). Also,
substituents R, —NH,, and —SH, were included in the 1A MOF only over the bpdc linker (labeled as 1A-
bpdc-R) and on both bpdc and bpydc linkers (labeled as 1A-R). Thus a family of six isoreticular UiO-67
derivatives was theoretically characterized using Density Functional Theory (DFT) calculations on the
ground singlet (Sp) and first excited states (singlet and triplet) using Time-Dependent Density Functional
Theory (TD-DFT), multiconfigurational post-Hartree—Fock method via Complete Active Space Self-
Consistent Field (CASSCF). In addition, the use of periodic DFT calculations suggest that the energy transfer
(ET) channel between bpdc and bpydc linkers might generate more luminescence quenching of 1A when
compare to 1. Besides, the results suggest that the 1A-R (R: —SH and NH,) can be used under ambient con-
ditions; however, the ET exhibited by 1A, cannot take place in the same magnitude in these systems. These
ET can favor the photocatalytic reduction of a potential metal ion, that can coordinate with the bpydc
ligand, via LMCT transition. Consequently, the MOF might be photocatalytically active against molecules of
interest (such as H,, N,, CO,, among others) with photo-reduced metal ions. These theoretical results serve
as a useful tool to guide experimental efforts in the design of new photocatalytic MOF-based systems.
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Metal-organic frameworks (MOFs) are a class of materials
formed by metal ions (or metallic clusters) coordinated to
organic ligands (linkers) to form various multi-dimensional
structures. These structures are generated from the extension of
the coordination compounds and their repetition in space in
one, two, or three dimensions."” These materials have struc-
tural diversity and can exhibit exceptional properties such as
high specific surface areas, permanent porosity, readily accessi-
ble cavities, and well-dispersed active sites, among others.*™®
Their intrinsic hybrid organic-inorganic nature and the possi-
bility to incorporate functional groups in the structures provide
attractive photophysical properties that allow their applications
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as luminescence sensors”'® and/or photocatalysts.>®"'*
Despite all these advantages, reported MOFs have been limited
in several photocatalytic processes due to higher charge recom-
bination, low yield under UV-light illumination, and limited
applications under sunlight (visible light)."®

This journal is © The Royal Society of Chemistry 2024
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These photophysical properties depend on several mecha-
nisms which are necessary to be fully understood to achieve
improved properties. These mechanisms are based on energy
transfer (ET)'"'® and charge transfer (CT)"""” which compete
with other radiative and nonradiative deactivation processes
occurring from the excited states.'®>' The ET has been
described by two possible mechanisms (i) the Dexter (DET)
mechanism?? (which describes the electronic exchange due to
orbital overlap, including short-range interactions) and (ii) the
coulombic mechanism, known as Forster resonance energy
transfer (FRET)**** (which considers long-range dipole-dipole
interactions). Also, the CT mechanisms (or Photoinduced
Electron Transfer (PET)) are responsible for the optical pro-
perties in many systems.'®>"*>?® In MOFs, this electron trans-
fer mechanism can occur between the metals and the organic
linkers, known as ligand-to-metal charge transfer (LMCT) or
metal-to-ligand charge transfer (MLCT).''”1927:28 The elec-
tron transfer might also occur between the organic linkers
known as ligand-to-ligand charge transfer (LLCT mechanism).
All the previously described processes can provide activation
or deactivation pathways leading to a higher quantum yield or
photocatalytic activity.""'” For example, recently Santaclara,
J. G. et al. reported™ two titanium-based MOFs with potential
applications in photocatalysis for solar fuel generation. These
MOFs displayed a remarkably long decay lifetime due to an
LMCT transition. Our research group reported a theoretical
study of an Eu-based MOF sensor that displayed luminescence
quenching by aniline due to ET, using quantum chemical com-
putations, to elucidate the detection principle of the turn-off
luminescence mechanism.’

On the other hand, the structural modifications of MOFs
have been a strategy to modulate the optical and photocatalytic
properties of MOFs, by promoting broader light absorption in
the visible spectra, improving the efficiency charge separation
and the lifetime in the excited state, among others,'"'%1%:29731
For example, Hao Huang et al.® recently reported the improve-
ment of the visible-light-assisted photocatalytic N, fixation on
the MIL-125-Ti*" MOF by ligands functionalization with with-
drawing groups (-NH,, -OH, and -CHj;). This result showed
the potential of combining light-harvesting and catalytic com-
ponents in MOFs for green photocatalytic processes.'” Another
strategy is to employ linkers with broad light absorption in the
visible spectrum and perform substitutions with metals to
improve charge separation efficiency in the excited state.**?
In this sense, Mehdi Rahimi-Nasrabad et al. reported a review
of the progress over the last decade in the chemistry of UiO-67
MOF materials.** The authors noted that the design of func-
tional materials with preferred properties can be achieved by
the inclusion of functional groups, molecules, and nano-
particles into the pores, linkers, and nodes. From this perspec-
tive, it is expected that shortly, UiO-67 as a crucial MOF will be
a very wide field of research. Some works have been exploring
how to improve the photocatalytic properties of UiO-67 by
incorporating linkers as the 2,2-bipyridine-5,5-dicarboxylic
acid (bpydc) for anchor various catalytic active metals or metal
complexes.''**7 Thus, Yang An et al. reported'’ the photo-
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catalytic properties improvement of UiO-67 by incorporating
Ce*" coordinated to bipyridine dicarboxylate ligands. All these
strategies be achieved through rational design due to the high
tunability of MOFs’ composition (linkers and nodes) and their
unique characteristics. For these reasons, future research
should focus on the precise and controlled design to allow
improved photocatalytic processes in  MOFs,'>3%3839
Therefore, a detailed understanding of the charge (or energy)
transfer mechanisms nature in MOFs is crucial to designing
the next generation of MOF-based materials via computational
methodologies.****

Despite the advantages of MOFs, there is a lack of theore-
tical investigations into their photophysical properties.'*">
This is likely due to the complexity of studying photocatalysis
having transition metals with partially filled f- or d-orbitals as
the presence of these orbitals might result in near-degenerate
electron configurations. Thus, these systems require rigorous
computational simulations that can describe the electronic
structure, because the wave function has a multiconfigura-
tional character. In this sense, the Hartree-Fock (HF) and the
Density Functional Theory (DFT) methods provide a good
description of the system in their ground and excited states (to
analyze the deactivation processes). Furthermore, for systems
containing heavy metals, it is also necessary to apply post-
Hartree-Fock methods. This theoretical level can make a
correct description of the correlation in the systems.”?%*>
However, these methods are computationally expensive for
large systems (such as MOFs) and are not available for periodic
models.” In the case of MOFs, an alternative strategy is to
truncate the periodic structure in a representative fragment
(node and linker), as highly localized electron states character-
ize the optical properties. At the same time, diffusion of the
reactants through the pores is not usually the rate-limiting
step.”'®?%*34% performing this consideration, the precise MOF
photophysical and chemical properties modeling is possible in
excellent agreement with the experimental evidence.”*%** This
strategy has allowed more precise modeling of local effects to
explore different levels of theory beyond DFT and is effective at
describing the excited states with multiconfigurational
character.”** For example, our group accomplished a theore-
tical methodology to comprehend the photophysical mecha-
nisms of light emission in different cases, such as the Eu-
MOF® ([Eu,(PmBC),(NOs),(H,0)s]) (PmBC = 4-(pyrimidin-5-yl)
benzoate), the MOF [Zn,(OBA),(byp),] (byp = 4,4"-bipyridine;
H,OBA = 4,4"-oxybis[benzoic acid])** and three isostructural
MIL125-Ti.**

Hence, quantum chemical calculations are a powerful tool
to rationalize experimental observations and to predict the
optical properties and the effect of structural modifications in
a material. Thus, it is possible to modulate a material to
absorb light in the visible range of the spectrum, and to
reduce the charge recombination. In this regard, in this report,
the optical properties of a reported photocatalytic system
based on Zr-based MOF (UiO-67)'! are studied. The UiO-67
commonly is composed of a Zr cluster with biphenyl-4,4-dicar-
boxylic acid (bpdc) as a linker (named 1). Furthermore, in this
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work, some bpdc linkers are replaced with the dianion of 2,2'-
bipyridine-5,5"-dicarboxylic acid (bpydc) (named as 1A). After
obtaining 1A, this MOF has been used to form bpydc-metal
complexes, thus generating complexes of Re, Ce, Eu, Ru, Rh,
Pt, or Pd, among others.""*">! These alterations produce a
modified UiO-67 MOF which demonstrated a higher photo-
catalytic hydrogen rate, CO, reduction, water oxidation, or
other catalytic activities.'''™>* Yang An et al. proposed that
due to the presence of organic linkers with different function-
alities a new energy transfer might be active, giving access to
new or improved properties."’ This possible ET from excited
bpdc to bpydc might inhibit the recombination of the charge
carriers and therefore improve the efficiency of the photo-
catalyst. These conclusions are based on emission lifetime and
transient absorption measurements.'’ However, these photo-
physical mechanisms have not been deeply studied so far. On
the other hand, the UiO-67 systems show an intense absorp-
tion band at 365 nm, thus achieving a red shift in the absorp-
tion band to promote broader light absorption in the visible
spectra without affecting the ET between bpdc and bpydec is a
challenge. This red shift might be promoted via substitutions
in the linker which could allow them to be used under sun-
light (visible light) irradiation, possibly affecting their photo-
catalytic activity.'®> Thus, further theoretical studies are needed
to guide experimental efforts in the design of new MOF-based
systems with better optical properties to be used in photo-
catalytic processes.

In this framework, reported herein, a theoretical protocol is
accomplished for exploring electronic and photophysical pro-
perties, and the effect of the linker functionalization (using
auxochrome groups such as -NH, and SH) in based MOFs
materials such as UiO-67 using quantum chemical calculation
methods at a rigorous theoretical level, such as DFT and
CASSCF/NEVPT2, as well as periodic DFT. These two substitu-
ent groups were selected as they have been shown to improve
the absorption under sunlight and the photocatalytic pro-
perties in previous MOF-based systems.'>**>*>> It was found
that the proposed methodology allows us to understand the
optical properties of the studied UiO-67 MOFs, suggesting that
the ET between bpdec and bpyde linkers is possible. These
results suggest that the modifications proposed in the linkers
promote a broader light absorption in the visible range of the
spectrum. These theoretical results will be a useful tool to
guide experimental efforts in the design of new MOF-based
systems.

Methodology and computational
details

The exploration of MOFs often involves the utilization of finite
structural models, an approach that has been widely documen-
ted in scientific literature.>'®*%34%3¢ pegpite the extended
network structures characteristic of these systems, it has been
observed that they frequently exhibit highly localized elec-
tronic states. This feature has made it feasible to apply finite

M312 | Dalton Trans., 2024, 53, 1310-11325

View Article Online

Dalton Transactions

structural models in the investigation of the electronic and
photophysical properties of MOFs, with results that align well
with experimental evidence.'' In the first step, the method-
ology implemented in this research revolves around the trun-
cation of an extended structure of UiO-67 to a representative
fragment called a cluster model or finite fragment. This
approach is advantageous in the study of MOFs because it
allows the treatment of a fragment representative of the
entirety of the extended solid with methods and high-level
theory as implemented in molecular modeling suites. The
extended structure of UiO-67 is formed by connecting
Zrs04(OH), inorganic cluster metal with 4,4’-biphenyl-dicar-
boxylate (bpdc) as linker resulting in a cubic framework
(labeled as 1). In this sense, the chosen finite fragment
[Zr604(OH),(CO0),o(bpdc)(bpydc)] is composed of a cluster
[Zrs04(OH)4(CO0);,], and bpde and bpydc linkers, (labeled as
1A). The remaining ten linkers were truncated to formiate-
capped (HCOO™), (see Fig. 1). The representative fragment was
selected from crystallographic data reported for a UiO-67.°7>®
Furthermore, to see and analyze the effect of the bpydc linker
on the optical properties of UiO-67, the model considering
only bpdc linkers was studied (labeled as 1). The proposed iso-
reticular structures (with -NH, and -SH substituent) were
studied considering two substituent schemes to 1A, (i) the sub-
stitutions were performed only at bpde linker (labeled as 1A-
bpdc-R) (see Fig. 2a) and (ii) the substitutions were performed
at the bpydc and the bpdc linkers (labeled as 1A-R) (see
Fig. 2b).

According to Kasha’s rule,
lowest vibrational level and the lowest electronic excitation
state, and from there, can decay via radiative or non-radiative
pathways to the S, state. In this sense, the optical properties
depend on the electronic structure in the ground (S,) but also
on the first-excited states (singlet (S;) or triplet (Ty)).*' Our
group has explored similar behaviors in different MOF lumine-
scence sensors.**®” Those works evidenced that the optical
properties cannot be appropriately described considering only
the relative energies and electronic structure of the S, state.
Whereas, also the S; state together with the kinetic parameters
of the electron transfer and emission deactivation process.***
For these reasons, in the herein report, all studied systems
were optimized in the Sy, S;, and T, states via DFT methods to
describe the molecular structure, the absorption spectra (from
the S, state), the deactivation pathway (from S; and T, states),
and the proposed photophysical mechanisms. The optimi-
zations were performed using the valence triple-zeta with two
sets of polarization functions (def2-TZVPP) basis set® for all
atoms and the Becke 3-parameter, Lee-Yang-Parr (B3LYP)
hybrid functional.** All local minima were studied through
vibrational frequency analysis to ensure no negative eigen-
values in the Hessian matrix. On the other hand, the verti-
cal excitations of UV-Vis absorption spectra (from optimized
So state electronic structure) and deactivation process (from
optimized S; and T; state electronic structures) were com-
puted via the Time-Dependent Density Functional Theory
(TD-DFT) method at the same theory level (def2-TZVPP/

59,60 3 molecule relaxes to the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic representation of the extended structure reported to UiO-67-bpdc-bpydc (1A) (left panel) and finite structure (node/linkers) used
to study the optical properties (right panel). Atoms are denoted with dark gray (carbon), light gray (hydrogen), red (oxygen), darker blue (nitrogen),

and blue (zirconium) spheres.

R »

Fig. 2 Schematic representation of the finite structure (Zr-node/
linkers) with the substituents R (-H, —NH,, and —SH) in (a) the bpdc (1A-
bpdc-R) and (b) both linkers (1A-R). Atoms are denoted with dark gray
(carbon), light gray (hydrogen), red (oxygen), darker blue (nitrogen), and
blue (zirconium).

B3LYP) and also using the Coulomb Attenuating Method-
Becke, 3-parameter, Lee-Yang-Parr (CAM-B3LYP) functional.
The CAM-B3LYP functional was used to analyze the possible
charge transfer transitions as this functional corrects the
underestimation that the B3LYP functional has shown

This journal is © The Royal Society of Chemistry 2024

before.®>%>"%” The kinetic parameters associated with the
radiative deactivations (radiative rate (k.q) and radiative life-
time (z,4) of the emission) were computed using the emis-
sion energy (E;;) and the transition dipole moment (u;;)
(eqn (1)).°"®® Furthermore, the reorganization energy (I) and
the free-energy change (AG) due to the excitation process
were also calculated via Marcus’s theory®® to evaluate the
changes in the excited states.

ali—f) = = =2 (a8,)* (u)’ 1)

Trd T 3c3nt

On the other hand, the wave functions that describe the S,
the Sq, and the T, states of the systems were also modeled via
CASSCF methods®® in an active space of 8 electrons in 8
orbitals to obtain the first 20 singlets and 20 triplets.
Additionally, the effect of electronic dynamic correlation was
incorporated via the n-electron valence state perturbation
theory (NEVPT2) strategy, to correct energy computations from
the CASSCF. An active space that comprises ten electrons
within ten orbitals was utilized to deduce the energy values of
the Sy, S;, and T; electronic states. These calculations were
accomplished to confirm the appropriate electronic configur-
ation for the ET mechanism. All calculations were performed
using ORCA 5 program package.”®

The interactions between the linker (bpdc and bpydc) with
the metal centers (node) were studied via the Morokuma-
Ziegler decomposition scheme from optimized geometries in
the S, state using ADF 2020 package,”’ to accomplish a quanti-
tative description of the chemical interaction. The interaction
energy (AEp:) can be determined and decomposed in the
Pauli repulsion (AEp,.;), electrostatic interaction (AEg.), dis-
persion energy (AEp;s), and the orbital terms (AEqy,)">”* using
eqn (2). This last term, AEq,p,, quantifies the orbital interaction
and polarization effects due to the fragment interaction and

Dalton Trans., 2024, 53, N1310-11325 | 11313
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can be deeply studied via the natural orbital of chemical
valence (NOCV) methodology proposed by Mitoraj.”*

AElnt - AEPauli + AEElec + AEOrb + AEdis~ (2)

Furthermore, periodic DFT calculations were performed
on 1 and 1A systems. Thus, UiO-67 and UiO-67-bpydc cells
were used to model 1 and 1A structures taking the crystal
structure allocated in the Crystallography Open Database
(COD) (ID codes on Table S9f) and modifying it agreeing
with the herein studied model. Each unit cell was reduced
by symmetry to a primitive cell, corresponding with a rhom-
bohedral shape. Cell parameters were optimized for UiO67
(1), UiO67-bpydc, and 1A and the models of each unit cell
model were optimized and compared with the experimental
crystal data. All structures show good agreement with the
experimental parameters (Table S91). All calculations were
modeled through a linear combination of atomic orbitals
(LCAO) periodic approximations, employing density func-
tional methods. The structural optimizations were modeled
using a gradient generalized Perdew-Burke-Ernzerhof (PBE)
functional” sampling the first Brillouin zone with a 3 x 3 x
3 Monkhorst-Pack k-point scheme.”> Moreover, a 5 X 5 X 5
k-point grid scheme was employed to Projected Density of
States calculations with a hybrid HSE06 functional.
PseudoDojo family set of pseudopotentials and Grimme-D3
dispersion correction (DFT-D3)”*”” were included in all cal-
culations. QuantumATK 2022.127% was used for all ab initio
calculations and Figures have been represented through
VESTA software.”’

Results and discussion

This section displays the theoretical results and subsequent
discussion achieved to rationalize the experimental obser-
vations (optical properties and the photophysical mechanisms)
in terms of electronic and molecular structures of the UiO-67
MOFs isoreticular photocatalysts. 1A MOF shows experi-
mentally an absorption band at 365 nm and a radiative decay
~400 nm (excited at 300 nm). This system displayed the lowest
emission intensity compared to 1 due to the inclusion of the
bpydc linker. It has been indicated that a new ET is pro-
duced." Hence, in this report, on other isoreticular structures
(including -NH, and -SH in the linkers as substituents) con-
sidering two substituent schemes (1A-bpdc-R and 1A-R, where
R: H, -NH, and -SH) were studied (see Fig. 2). Those substi-
tutions aim to provoke a red shift in the absorption bands
(365 nm) which could increase their capacity to work under
sunlight (visible light) irradiation. The herein-shown theore-
tical results, agree with the previously reported experimental
evidence and suggest that based on optical terms, the 1A-SH
and 1A-NH, could display a red shift in the absorption bands
(visible light). However, in those two possible structures, the
ET would not be possible, due to the spectral overlap between
emission (from bpdc-R) and absorption (of bpydc-R) (which
favor the ET mechanism) is not observed.

M314 | Dalton Trans., 2024, 53, 1310-11325
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Structural analyses

A structural analysis of the finite fragments was performed
exploring the changes in some selected dihedral angles and
bond distances in the S, and the first excited states (S; and T
states). The structural optimizations were performed to get a
minimum in the potential energy surface to reproduce the
UV-Vis absorption spectra (from the optimized structure in the
So state) and the emission (from the optimized structure in the
So, S1, and T; state) via TD-DFT methods (Fig. 3 and S1 in ESI{
show the optimized structures (node/linkers) in S, and first
excited states (S; and T,), respectively). According to the
selected dihedral angle values and bond distances (see
Table S1 in the ESI{), the optimized structures do not show a
large difference between them nor between the proposed isore-
ticular systems. Only the dihedral angles y(C*-C*-C®-C”) in the
bpdec linker and y(N'-C*-C°-N?) in the bpydec linker display an
increase of planarity (between the linkers rings) in the excited
states which agree with the experimental emission of 1.
However, reported 1A system displays a decrease in emission
intensity after the bpydc incorporations. In this sense, the
reproduction and deep analysis of the absorption and emis-
sion spectra are important factors in the understanding of the
photophysical mechanisms.

Absorption and excited state deactivation mechanisms via
TDDFT

In this section, the computed vertical excitations of UV-Vis
absorption (from S, state) and emission (from S; and Ty
states) spectra are analyzed via the TD-DFT method to under-
stand the optical properties of the selected fragments.
Experimentally, system 1 shows an absorption band at 365 nm
and a radiative decay at ~400 nm when is excited at 300 nm.
The intensity of this radiative decay decreases with the
inclusion of a bpydc linker in the structure (1A), which was
associated with a new energy transfer channel between bpdec
and bpydec linkers."* With this, we performed the theoretical
study of the optical properties of these systems, and evaluated
the functionalization effect of the linkers (with auxochrome
groups such as -NH,, and SH) over the optical properties of
these systems was also studied.

Systems 1 and 1A

In 1, the most intense singlet — singlet absorption transitions
correspond to & — n* transition localized on bpdec linkers (see
MOs isosurface Fig. 4 and Table S2 in ESIt). In the case of
reported 1A, these transitions are also localized over the
linkers. The computed transitions (~295 nm and 290 nm for 1
and 1A, respectively) agree with the previously reported experi-
mental absorption band (365 nm). These transitions are con-
sistent with HOMO (H) — LUMO (L) for 1 and H —» L+1 1A
(localized over the bpdec linker). These results suggest that the
proposed finite structural model reproduces the optical pro-
perties of these systems. In terms of energy, the B3LYP func-
tional underestimates by around 60 nm of the experimental
value, while the CAM-B3LYP displays an underestimation of

This journal is © The Royal Society of Chemistry 2024
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o

Fig. 3 Optimized structures of the studied systems (1, 1A, 1A-bpdc-NH,, 1A-bpdc-SH, 1A-NH; and 1A-SH) in the S, state via DFT/B3LYP/Def2-TZPP
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around 100 nm (see Tables S2 and S3 in ESIf). In the case of
reported 1A, another transition (higher in energy) was com-
puted which showed a contribution from the bpyde linker (H-1
to L). This result suggests that the PET process, from the lone
pair of the nitrogen atoms, to partially occupied H-1, is
thermodynamically possible over the bpyde linker. This
mechanism is responsible for the optical properties in many
systems causing the luminescence quenching.'®*"?**>?¢ The
experimental results suggest that the emission quenching of
1A, due to the inclusion of the bpydc linker in the structure,
occurs by a new energy transfer (ET) between bpdc and bpyde
linkers following the PET process.'* In this sense, the analysis
of the emission spectra is crucial to understand the optical
properties of these systems. The emission spectra were com-
puted from the optimized structure on S; and T, states (see
Tables S2-S4 in ESI}) via TDDFT methods to analyze the
energy, the intensity of the radiative decay (based on oscillator
strength), and the necessary overlap between absorption and
emission spectra of the linkers. The overlap helps to probe
that the ET between bpdc and bpyde can occur. For 1, the
radiative decays (from S;) were computed at 339 nm (with
B3LYP functional) and 313 nm (with CAM-B3LYP functional)
displaying a 7* — = character (see Fig. 4) with an underestima-
tion of around 60 nm and 87 nm, respectively, according to

This journal is © The Royal Society of Chemistry 2024

the measured experimental emission wavelengths ~398 nm.""
In the case of 1A, two emission bands were computed which
are localized over bpydc and bpde, at 605 nm and 318 nm with
B3LYP (480 nm and 297 nm with CAM-B3LYP, see Table S3 in
ESI}) in the S; state, respectively. The emission localized over
bpydc displayed 7* — n character, while the band localized
over bpdc linker, showed a n* — = (see MOs isosurface in
Fig. 5). The B3LYP functional causes a larger energy underesti-
mation than CAM-B3LYP for the n* — n transition. This
capacity of CAM-B3LYP functional has been reported in several
previous studies.®>*>*” On the other hand, based on the oscil-
lator stranger (f), the emission centered over bpyde (f= 0.4 x
107°) is less intense than the localized over bpde linkers in 1A
(f=1.171) as in 1 (f=1.278). This result agrees with the experi-
mental evidence and suggests that the n* — n decay which
involves bpydc can affect the emission intensity. Furthermore,
the spectral overlap (between bpde and bpydc linker) is verified
by analyzing the emission (bpdc) and the absorption (bpydc)
spectra (see Fig. 5 and S37). This evidence suggests that the
emission generated by bpdc can be absorbed by the bpydc
linker, generating an energy transfer (ET) that produces a
luminescence quenching of 1A (based on f value). On the
other hand, the computed radiative deactivation processes
display lifetime (z.,q) within the value range of fluorescence,
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deactivation (blue), respectively; f is the oscillator strength; 7,4 is the
radiative transition lifetime. Isosurface contour values are set as 0.03
with TDDFT/Def2-TZPP/B3LYP theory level.

lower than 107° s (see Tables S2-S47) for all systems. These
results and the experimental evidence suggest that radiative
deactivation occurs from the S; state.’°7%2

These theoretical results agree with the experimental
reports'’ in terms of energy, intensity, and the ET between
bpdc and bpydec linkers. The difference in energy, between the
computed and experimental values, is within the error range
commonly reported for TD-DFT.'®**®* These results suggest
that the theoretical tools used to understand the optical pro-
perties in these MOFs-based systems are reasonable. Fig. 4
and 5 display the photophysical mechanism proposed for 1
and 1A.

Isoreticular systems

The computed vertical transitions for the S, state show that
the most intense singlet — singlet absorption transitions (see
Table S2 in ESIt) correspond to an n — n* transition localized
on the bpdc-R (R: -SH and -NH,) linkers (see MOs isosurface
Fig. 6 and S4 in ESIt). The computed transitions (358 nm,
357 nm, 362 nm, and 378 nm for 1A-bpdc-NH,, 1A-bpdc-SH,
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1A-NH,, and 1A-SH, respectively) are localized over the bpde-R
linker with a large contribution of the auxochrome groups.
These wavelengths have a larger value than the observed for 1A
and show an increase as the donor character of the R group
gets bigger (the -SH shows the larger value). These changes in
the absorption band energies are given by the stabilization of
the molecular orbitals localized on the bpdc linker and the
substituent groups (-NH, and -SH) (see Table S21 and Fig. 6
and 7). This behavior suggests that these groups can cause a
broadening in the light-harvesting capability of the studied
MOF (~70 and 130 nm for 1A-NH,, and 1A-SH, respectively).
Although these results are promising for visible light
irradiation applications, the photocatalytic properties of the
MOFs also depend on the deactivation processes. In this
sense, the analysis of the emission spectra is also essential to
understanding the optical properties of these systems.

The emission spectra were computed from the optimized
structure on the S; and T; states (see Tables S2-S4 in ESIY) via
TDDFT methods. In the case of the isoreticular 1A-bpdc-R and
1A-R (R: -SH and -NH,) systems, the radiative decays (from S;)
were computed at ~380 nm and ~400 nm (with B3LYP func-
tional). The orbitals involved in the deactivation process for
these MOFs are localized over bpdc-R and bpydc-R, respect-
ively, with a n* — n character for both cases (see Fig. 6 and 7).
The deactivation process that involves orbitals from bpdc-R is
less intense than those for 1 and 1A (see Table S2t), which can
be associated with an increase in the ©* — n character of these
transitions. Contrary, the deactivation processes involving the
bpydc-R linker’s orbitals result in a higher “emission” inten-
sity relative to 1 and 1A. These results suggest the ET between
the linkers displayed by 1A cannot take place in the same mag-
nitude. The computed spectra confirm this theory, as the spec-
tral overlap (between bpde and bpydec linker) is not observed
for 1A-bpdc-R and 1A-R (see Fig. 6 and 7), whereas this overlap
was observed for 1A. These results suggest that the emission
generated by bpdc-R cannot be absorbed by the bpydc-R, inhi-
biting the ET and therefore, producing a deactivation with
higher emission intensity from the bpydc-R linker. For these
systems, the computed radiative deactivation processes also
show a 7,4 within the value range of fluorescence, lower than
107° s (see Tables S2-S4t). These results and the experimental
evidence suggest that from the S; states a radiative de-
activation process dominates.?*%

Excited states deactivation mechanisms via CASSCF/
NEVPT2 methods

The theoretical and experimental results suggest that the ET
followed by the PET process can cause a low emission intensity
for 1A. However, the thermodynamic possibility of the ET and
PET processes is not sufficient to conclude that this emission
takes place.®**®> In this sense, the Multireference Complete
Active Space Self-Consistent Field (CASSCF)®*®” combined with
second-order perturbation theory (NEVPT2)* is a powerful
computational method used to determine the existence of a
state with the electronic configuration and energy position
that validates the ET process. Despite that the fragmentation

This journal is © The Royal Society of Chemistry 2024
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model used for TD-DFT calculation allows to reproduce the
optical properties in good agreement with the experimental
results, this model is still too big to perform multiconfigura-
tional calculations. Considering that the most intense absorp-
tion transitions and excited state deactivation of 1A are cen-
tered in the linker, the fragmentation scheme proposed by
Beltran-Leiva M. J. et al. reported for lanthanide complexes®®
and by our group, in a luminescent MOF-based systems® was
applied. In the experimental report, the authors studied the
free linkers to validate that the emission process is centered
on the bpyde."" Hence, we used TD-DFT to reproduce this
study for bpde and bpydec linkers and to validate the fragmen-
tation scheme proposed to compute the multiconfigurational
calculations. The structural analysis displays the same change
for the selected dihedral angles and bond distances in the S,
S;, and T; states were then observed for 1A (see Table S5 and
Fig. S5 in ESIf). These optimized structures do not display a
large difference between S, and S; states. Similar to 1A, the di-
hedral angles y(C4-C5-C6-C7) in the bpdc linker and y(N1-
C4-C5-N2) in the bpydc linker show an increase of planarity
(between the aromatic rings) in the excited states (see Table S5
and Fig. S1 in ESIt). On the other hand, Tables S5 and S7 in

This journal is © The Royal Society of Chemistry 2024

ESIt show the most intense singlet — singlet absorption tran-
sitions and emission data, respectively, for the free bpdc and
bpydc linkers (see Fig. S61). These models display the same
absorption transition and emission deactivation in terms the
energy and intensity (based on the fvalue) as observed for 1A.
Furthermore, the same thermodynamical possibility of PET for
bpydc linker and the spectral overlap between emission (from
bpdc) and absorption (bpydc) (which favor the ET mechanism)
are reproduced in the free linkers (see Fig. S6 and Table S97).
These results also show, as a previous experimental report,'*
that the optical properties of 1A agree with the free linkers in
terms of the energy and intensity of transitions and, therefore,
the most intense absorption transitions and excited state de-
activation are localized over the linkers.

The bpdc-R and bpydec-R were also studied to validate the
proposed fragmentation schema to compute the multiconfi-
gurational calculations. The optimized structures do not
display a large difference between S, and S, states showing the
same change to the selected dihedral angles and bond dis-
tances as observed for the MOFs model (see Table S5 and
Fig. S71). In the case of the computed transitions, the free
linkers display the equivalent absorption transition and emis-
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sion deactivation in terms of energy and intensity (based on f
value) than observed for 1A-bpdc-R and 1A-R. In addition, the
same thermodynamic possibility of PET to bpydec linker and
the fact of the ET mechanism between the bpde-R and bpydec-
R are observed (see Fig. S8 and S9 in ESIf). Based on the
experimental and theoretical evidence, we separated the
models into two fragments. Those two fragments consist of
the two linkers with unmodified structures obtained from the
MOF models. This reduced model study was performed to
accomplish the multiconfigurational calculations to determine
the existence of a state with the electronic configuration and
energy position that validate the ET between these linkers.

The CASSCF/NEVPT2 method is employed to elucidating
the electronic states involved in the photophysical processes of
1A and 1A-SH. These systems present ligand-centered emis-
sion, which is characteristic of the MOFs based on closed-shell
metal ions. Considering that the origin of the optical pro-
perties (absorption and emission) involves the photophysical
process localized on the linker, the following procedure was
carried out. The linker bpdc, bpyde, bpdc-R, and bpydc-R was
cut from the system, i.e. 1A and 1A-SH (optimized ground elec-
tronic state), and this unmodified geometry was used as start-
ing geometries for the CASSCF/NEVPT2 calculations (see
Table S9 in ESIf). The CAS(8,8)SCF/NEVPT2 calculations
predict the S; electronic state of the bpdc linker at
31085 cm™', whereas the T, electronic state appears at
28242 cm™'. Therefore, the T, electronic state is localized at
2843 cm™" (0.35 €V) lower than the S, electronic state. For the
bpydec linker, the S; electronic state appears at 27 205 cm™
which is close to the position of the T; electronic state
(26 867 cm ™). Based on the linker’s singlet and triplet energy
states in 1A, it is considered that an ET from bpdc (donor) to
bpydc (acceptor) is possible (See Fig. 8). The energy of the S,
electronic state in the bpde linker is located at 3880 cm ™" (0.48
eV) above the S; electronic state in the bpydc linker. The
energy gap between a T; state of bpdc and the T, state of
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Fig. 8 Energy diagrams for the most probable energy transfer pathways
in 1A. ISC, intersystem crossing.
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bpydc is 1375 cm™" (0.17 eV). Thus, the bpdec linkers can favor
the population of the bpyde linker’s S, states, via its high
energy excited electronic states (S; and T,). It should be
emphasized that besides the energy gap, the spin-orbit coup-
ling (SOC) provokes a combination of states with different mul-
tiplicities.®® Thus, a non-radiative mechanism might be fol-
lowed to fill the luminescent state of the 1A system. To sum
up, these findings corroborate the suppression of 1A emission
experimentally observed, resulting from an ET from the bpdec
linker to the bpydc linker, also agreeing with our results
derived from the DFT approach. On the other hand, the S; and
T, states of bpde-SH appear at 6671 and 6974 cm™" lower than
the corresponding first excited states (S; and T,) of the bpydc-
SH linker. Hence, the ET path from bpde-SH to bpyde-SH is
not allowed due to the -SH functional group inclusion, result-
ing in the turn-off of the emission. This result agrees with the
TD-DFT calculations that predict a dark excited state (low emis-
sion intensity) for the 1A-SH, according to the predicted oscil-
lator strength.

Morokuma-Ziegler energy decomposition analysis

The Energy decomposition analysis (EDA) was used to accom-
plish a description of the linkers and Zirconium (node) inter-
actions. According to AEj,, the metal-linker interaction is
equivalent for bpdc-R and bpydc-R linkers (R: H and NH,).
However, the AE;,, values decrease with the donor character
increase of the -SH group (see Table S10 in ESIT). The AEgject
represents ~70% of the total stabilization energy (see
Table S10t) which suggests that the electrostatic interaction
(between -COO™ group and Zr) plays the most important role,
compared to the orbital interaction (~30%). On the other
hand, according to the contours of the NOCV deformation
density (p), the charge flow in the interaction is established
between the carboxylate group and the Zirconium atoms
(node) (indicated by red to blue in Fig. 9). The charge flow
from the bpydc-R is larger than in bpdc-R linkers, increasing
the rings’ contribution (see p in Fig. 9). These results suggest
that the donor character of the R group might increase the
charge flow from bpydc linkers. This suggests an improvement
in the photocatalytic reduction of a potential metal ion that
can coordinate with this ligand (Re, Ce, Eu, Ru, Rh, Pt, or
Pd'"*7*°) (via LMCT). Consequently, the MOF might be photo-
catalytically active towards gases of interest (such as H,, N,,
among others) with these potential photo-reduced metal ions.

Periodic modelling

Periodic calculations of 1 and 1A were performed including
electronic band gap and projected densities of states (PDOS),
which revealed information about the composition of the elec-
tron states. According to Table S11,} the band gap values of 1A
show the minor value of band gap (3.31 eV), followed by the 1
(3.42 eV) and UiO-67-bpydc (3.54 eV). All structures showed a
good band gap agreement with the experimental parameters
(see Table S11 in ESIf). The PDOS by fragments (Fig. S107t)
shows that linkers have a main role around the Fermi level,
with states between —1.5 to —2 eV, and 1.5 to 2 eV for the con-

This journal is © The Royal Society of Chemistry 2024
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duction and valence states, respectively. The Zr6 node appears
with an increased states population on ranges of —5 to —3 and
3 to 5, far of the Fermi level. Also, it can be noted a general
improvement when the bpydc is incorporated into UiO-67, i.e.
a slight band gap reduction, in agreement with optical pro-
perties and transition results described previously on TD-DFT
analysis section, particularly increasing the number of states
on the valence/conduction region when is compared against
UiO-67 (particularly between —1.5 and 3 eV, for UiO-67-
BPYDC). For 1A that have a mix of bpydc and bpde, shows a
slightly reduction on the band gap, with bpydc on the valence
band and bpydc on the conduction band, showing that the
mix is good enough to reduce the gap. However, these values
would be affected by the substituent(s) groups and position,
homogeneous distribution of bpydc and bpdc of linkers,
among other factors. The PDOS by elements (Fig. S12t) show
that carbon atoms with a larger number of occupied and unoc-
cupied states are placed near to Fermi level, followed by nitro-
gen. Both atom types at same energy levels for 1A and UiO-67-
bpdc. While the effect of zirconium and hydrogen atoms are
not relevant regarding the levels around the Fermi level, the
largest population given by carbon atoms, relates that the aro-
matic states plays a main role on adsorption and emission pro-
cesses. So, it can be expected that incorporating substituents
in the bpde and bpydc linkers positions has a relevant effect
on the optic properties of the materials.

This journal is © The Royal Society of Chemistry 2024

Conclusions

The computational protocol used in this work allowed us to
appreciate the optical properties and substituent effects (R:
-NH, and -SH) of four isoreticular Zr-based MOF (UiO-67)
with the bpde and bpydc as the linkers (1A). This protocol was
able to reproduce the optical properties of the reported 1A.
These results suggest that the emission quenching of 1A
occurs by a new ET between bpde and bpydc linkers following
the PET process (from lone pair of the nitrogen atoms (loca-
lized in HOMO) to partially occupied H-1). This electronic
rearrangement generates a luminescence quenching in 1A. On
the other hand, the substitutions in the linkers (with R: -NH,
and -SH) can generate a broadened light-harvesting of the 1A
which increases as the donor character of the R group
increases. These changes in the absorption band energies are
given by the stabilization of the molecular orbital localized on
the bpde linker with the substituents -NH, and -SH. The deac-
tivations from bpdc-R linkers are less intense than 1 and 1A
due to an increase in the 7* — n character while the bpydc-R
linker displays an increase in the intensity relative to 1 and 1A.
These results suggest that the new isoreticular systems could
have application under ambient conditions. However, the ET
exhibited by 1A, cannot take place in the same magnitude in
the proposed systems (1A-bpdc-R and 1A-R) which was con-
firmed via CASSCF calculation. According to EDA and the

Dalton Trans., 2024, 53, 1310-11325 | 11321


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01017e

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

Open Access Article. Published on 13 June 2024. Downloaded on 1/19/2026 11:54:13 PM.

(cc)

Paper

NOCV deformation density, the metal-linker interaction is
comparable for all studied systems suggesting that the electro-
static interaction plays the most important role, compared to
the other terms of the interaction energy. The charge flow in
the interaction is established from the carboxylate group to Zr
atoms (node) increasing with the donor character of the R
group which might improve photocatalytic reduction if cata-
lytic-metal ions coordinate at the bpyde ligands (via LMCT).
Consequently, the photocatalytic activation of the interest in
these potential photo-reduced metal ions. These theoretical
results serve as a useful guide in the experimental design of
new photocatalytic systems based on MOFs.
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