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Replacement of a phenyl moiety by a carborane in 1,3-di(4-carboxyphenyl) derivatives has a pronounced
effect on the photophysical properties of the compounds themselves and their corresponding Eu®* and
Tb®" metal organic frameworks. Herein, we demonstrate that while the luminescence of the carborane-
derivative 1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane (mCB-L) is negligible in the solid state
(0.3%), the corresponding phenyl-derivative [1,1":3’,1"-terphenyl]-4,4”-dicarboxylic] (TDCA) is highly
luminescent (quantum yield of 47.8%). However, the latter one is a much worse antenna for sensitizing Eu®*
and Tb®" cations than the former one. Based on our previous studies where mCB-L behaves as a good
antenna for these two lanthanides, we have now comparatively studied the optical properties of mCB-L and
TDCA and their efficiency as sensitizers for Eu and Tb cations, in the solid state at room temperature.
STEOM-DLPNO-CCSD calculations revealed a larger energy difference between the singlet S; and the
lowest conical intersection (Cl) points for TDCA (33.0 kcal mol™) than that for mCB-L (18.4 kcal mol™),
explaining the observed different luminescence properties of these two compounds. Contrary to the
carborane derivative, TDCA exhibits a more distorted structure at the Cl point. TDCA-Eu and TDCA-Tb
MOFs have been synthesized and characterized by infrared spectroscopy (IR) and powder X-ray diffraction
(PXRD). The optical properties of TDCA-Eu and TDCA-Tb MOFs were investigated, and both MOFs displayed
luminescence in the visible region with characteristic emission bands attributed to Eu®* and Tb®* transitions,
respectively. However, the quantum yields for TDCA-Ln (Eu, 11.1%; Tb, 4.8%) were found to be much lower
than those of carborane-based MOFs (Eu, 20.5%; Tb, 49.8%), indicating that the TDCA ligand is a less
efficient light-absorbing sensitizer for Eu®* and Tb** ions compared to the carborane-based ligand and may
favor undesired back-energy transfer, as suggested by their faster decay times in comparison with the
carborane counterparts. STEOM-DLPNO-CCSD calculations are used to analyze the changes in electron
densities on photo-excitation from Sg to S; and de-excitation from T; to Sp, as well as the differences in the

Received 3rd November 2023, excited state energies for mCB-L, TDCA, and the hypothetical longer derivatives (mCB-L2 and QDCA). Our
Accepted 4th January 2024 research, which combines experimental and computational methods, offers valuable data for optimizing the
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as the building scaffold for 1,3-di(4-carboxyphenyl) compounds. This demonstrates that using phenyl or
rsc.li/materials-c m-carborane as the building scaffold leads to distinct luminescence properties.
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Introduction

Luminescent materials have attracted significant attention due
to their wide-ranging applications in fields such as optoelec-
tronics, photonics, and bioimaging.'™ The ability to control
and manipulate the luminescent properties of materials is of
utmost importance for designing advanced functional materials
with tailored properties. In this context, the choice of molecular
scaffolds as ligands plays a crucial role in determining the lumi-
nescent behavior of a material. To date, a predominant approach
for designing organic fluorophores has been through conjugated
systems, wherein diverse emitting units are interconnected by
means of double bonds, triple bonds, and aromatic rings.®

In recent years, icosahedral closo-carboranes 1,n-C,B;0H;,
(n =2, 7 or 12), which are molecular carbon-boron polyhedral
clusters, have emerged as promising building blocks for a wide
variety of applications.”® Carboranes, as boron-rich clusters
with three-dimensional aromatic structures,"*™® exhibit excep-
tional stability and possess advantageous material properties such
as robust thermal and chemical stability, as well as notable
hydrophobicity.”**'""">" We and others have demonstrated that
carboranes are excellent scaffolds in luminescent materials both in
solution®**"*> and, more recently, in the solid state.***® Regarding
the latter, in recent years significant progress has been made in the
development of carborane-based active luminophores,® which
exhibit properties that align with solid-state luminescence and
stimuli-responsiveness. This indicates that the luminescent
features, including the color, can be adjusted by manipulating
the molecular morphology in the solid and aggregate states. By
utilizing these adjustable luminescent properties, it is possible to
create unique stimuli-responsive luminescent materials using
carborane based molecules. Our group has recently contributed
to this area of research through the development of highly
emissive water dispersible nanoparticles,* fluorescent metal com-
plexes with unique structures’" and luminescent lanthanide
metal-organic frameworks (Ln-MOFs) that are printable from
water inks for potential applications in anticounterfeiting and
bar-coding.*> However, the vast majority of luminescent materials
in aggregate or solid state based on carboranes are associated with
the ortho-closo-carborane (1,2-C,B;0H;,) isomer or its nido-car-
borane derivatives (C,BoHy, ),>>** while only a limited number
of examples have been reported for the meta-carborane
(1,7-C,B1oH;,; Chart 1) isomer, mostly from our group.*'*>*48
Carboranes are often viewed as three-dimensional analogues to
benzene (Chart 1, top).*"*® The former are significantly larger
(~40%) than the benzene ring rotation envelope'® and behave as
strong electron-withdrawing groups (similar to a fluorinated aryl)
on a substituent at one of the cluster carbons.'®**>! The replace-
ment of a phenyl moiety by a carborane in a molecule can have a
significant impact on the vertical excitation processes, including
the electronic structure, optical properties, and excited-state
behavior of the molecule. Given the distinctive features of carbor-
anes and phenyl rings as molecular scaffolds, a comparative study
of their luminescence and vertical excitation properties would
provide valuable insights into their potential as ligands for design-
ing luminescent materials.
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Chart1 A representation of m-carborane and benzene (top) and dicar-
boxylic acids studied in this work (bottom).

Here, we present a comparative study of luminescence and
vertical excitation properties of carborane-based and phenyl-
based ligands themselves, and their corresponding Eu®*" and Tb**
metal organic frameworks. In this study, two 1,3-di(4-carboxy-
phenyl) derivatives were experimentally examined (1,7-di(4-car-
boxyphenyl)-1,7-dicarba-closo-dodecaborane (CB-L) and [1,1": 3/,
1"-terphenyl]-4,4”-dicarboxylic (TDCA); Chart 1). These two
compounds differ in their central moiety, with one having a 2D
aromatic phenyl ring (TDCA), and the other having a 3D aromatic
carboranyl moiety (mCB-L). These materials exhibit differences in
their photoluminescence quantum yields and their ability to act
as antennas for Eu®" and Tb** cations in the solid state. To prove
this, we have synthesized and characterized the corresponding
TDCA-Eu and TDCA-Tb MOFs. We have combined experimental
approaches and a recently developed similarity transformed
equation-of-motion domain-based local pair natural orbital
coupled-cluster singles and doubles (STEOM-DLPNO-CCSD)
theoretical method (see Computational details section), and
determined that the molecular structures play a crucial role in
the corresponding energy levels of the excited states and therefore
in the photophysical properties of these carboxyphenyl and

This journal is © The Royal Society of Chemistry 2024
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carboxycarboranyl derivatives and their corresponding lanthanide
metal organic frameworks. extended mCB-L2 and QDCA com-
pounds have also been studied by computational methods.

Results and discussion

We have investigated the optical properties of TDCA by UV-vis
absorption and emission spectroscopies in the solid-state at
room temperature. The free TDCA compound exhibits a broad
absorption band centered around 300 nm (Fig. S1, ESIT), which
is attributed to the m — =n* transitions. The luminescence
spectrum for TDCA upon continuous-wave irradiation (lex =
290 nm) shows a strong emission at A, = 390 nm and an
overall quantum yield (®) of 47.8% (Fig. S2, ESIT). As summar-
ized in Table 1, the observed @ for TDCA is much larger than
that for the carborane derivative mCB-L (0.3%).*> In order to
understand the photophysical properties of these two related
derivatives, we have calculated their ground state electronic
structures and vertical excitation energies. We have performed
the calculations by using the recently developed coupled cluster
method STEOM-DLPNO-CCSD. This is a wave function-based
quantum chemistry approach based on coupled -cluster
calculation, which gives accurate results for the prediction
of excited energy values.>® The calculated values of singlet (S)
and triplet (T) levels for mCB-L and TDCA are summarized in
Table 1. Similar results regarding the energy differences Sy-S;
and T;-S, for TDCA and mCB-L1 ligands were obtained at both
B3LYP-TDDFT** and STEOM-DLPNO-CCSD level of theory
(Table S1, ESIt). We have computed the vertical and adiabatic
excitation energies.>® For mCB-L, the vertical S; excitation
energy of 272 nm is in agreement with the experimental value
determined for this compound in the solid state with a ii?:x
289 nm. The lowest energy of the S; vertical excitation than the
adiabatic value is due to differences between the potential
surfaces between DFT and the coupled cluster method. For
TDCA, the S; excitation energy values are 280 and 294 nm
(vertical and adiabatic values, respectively, see Table S2, ESIT),
also very close to the experimental broad absorption band
centered around 300 nm.

To better comprehend the contrasting luminescent behavior
in the solid state exhibited by TDCA and mCB-L, we conducted
a comprehensive investigation into the deexcitation process via
conical intersections (CI), which denotes points where the

~

Table 1 Comparison of solid-state fluorescence parameters, ground and
excited electronic energies for TDCA and mCB-L compounds at STEOM-
DLPNO-CCSD level of theory using DFT optimized structures. The results
are vertical (in italic) and adiabatic (in bold) excitations

Experimental Calculated
So-S1 nm Ti1-Sp nm
Compounds /ey (nM)  Zem (nm) @ (%)  (ecm™) (em™)
TDCA 290 390 47.8 280 (35727) 624 (16033)
294 (34065) 476 (20989)
mMCB-L 280 312 0.3 272 (36806) 526 (19006)

241 (41437) 424 (23593)
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potential energy surfaces of two electronic states intersect
(Fig. 1).>>7°® The kinetics of non-radiative decay crucially relies
on the presence of CI. Hence, the accessibility of CI directly
impacts the rates of non-radiative decay and, consequently,
the fluorescence quantum yield. Fig. 1 portrays schematic
representations of two distinct potential energy profiles: one
indicating the dominance of non-radiative decay (Fig. 1a), and
the other highlighting the predominance of radiative decay
with fluorescence (Fig. 1b). In Fig. 1a, a minimum energy CI is
observed in a lower energy region relative to the Franck-Condon
(FC) point, thereby facilitating rapid, non-radiative decay
through the corresponding CI region. Conversely, in Fig. 1b,
the lowest energy CI is situated significantly higher in energy
compared to the FC point, resulting in infrequent access of the
molecule to the CI region and consequently slower non-radiative
decay. By comparing the energy differences between the singlet
S; states and the optimized CI structures of the investigated
molecules, one can elucidate the relative significance of radiative
versus non-radiative decay. We have therefore explored the
minimum energy CI structures of TDCA and mCB-L. The geo-
metries corresponding to the conical intersections were also
optimized at the TDDFT-B3LYP level (Fig. 1c, d and Experimental
section). The energy differences between the singlet S; and the
optimized conical intersection structures were then calculated at
DLPNO-CCSD level. A much larger difference was found for
TDCA (33.0 kecal mol ') than for mCB-L (18.4 kcal mol ).
Consequently, the energy barrier between the singlet S; and
the lowest CI point decreases when replacing a phenyl ring by a
carborane moiety as the central core of 1,3-di(4-carboxyphenyl)
derivatives. Analysis of the structures at the conical intersection
points reveals notable differences in geometries between the two
systems, as shown in Fig. 1c and d. The TDCA ligand exhibits a
quite distorted structure that deviates from planarity, whereas
the mCB-L compound does not show any distortion. These
findings confirm that the m-carborane-based system, with a
smaller energy difference at the CI point, may facilitate a more
accessible non-radiative process compared to the phenyl-based
system.

We also wondered how the replacement of carborane by a
phenyl moiety might affect the vertical excitation processes
in these 1,3-di(4-carboxyphenyl) derivatives. Fig. 2 shows a
representation of the change of electron densities on photo-
excitation from S, to S; and Fig. S3 (ESIt) represents the
de-excitation from T, to S, obtained from the STEOM-DLPNO-
CCSD calculations. Lobes in Fig. 2 and Fig. S3 should not be
confused with the common HOMO-LUMO orbitals. Lobes in
these figures represent electron density differences between the
initial and the final state, and the color relates to loss (purple)
or a gain (pale brown) of electron density through the excitation
or de-excitation processes. Thus, during the vertical SO — S1
photo-excitation of mCB-L, there is a net electron density
transfer from the phenyl rings toward the carboxylic acids
(Fig. 2). The absence of a lobe in the carborane moiety means
that its electron density change on excitation is zero, although
the carborane orbitals do participate.*” In the case of the TDCA,
there is an involvement of the three aromatic rings, indicating

J. Mater. Chem. C, 2024, 12, 2101-2109 | 2103
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Fig. 1 Schematic representation of the potential energy surfaces for two types of photo-excitations and geometries of the studied molecules optimized
at the conical intersection points. (a) The case in which an ultrafast non-radiate decay via the conical intersection (Cl) region (see dotted blue arrow) is
dominant. (b) The case in which the decay via a fluorescence process (solid blue arrow) is dominant. Views of mCB-L (c) and TDCA (d) optimized
molecular structures at their Cl points. Fig. 1a and b is adapted from ref. 46 with permission from the Royal Society of Chemistry. Color codes for atoms in

the structures: C, gray; H, white; O, red; B, pink.

RAN

mCB-L

Fig. 2 Schematic diagrams for the energy absorption on photoexcitation
from singlet states (So to S;). Purple (negative values) and pale brown
(positive values) lobes represent the electron density differences between
the initial and final state calculated at STEOM-DLPNO-CCSD level.

that on excitation, the transfer occurs from the external aro-
matic rings to the central one, being the electron density
concentrated in the central phenyl group. The different electron
density transfer between these two closely related molecules is
probably due to their different symmetry, being mCB-L the less

2104 | J Mater. Chem. C, 2024, 12, 2101-2109

symmetrical. The analysis of the net electron density transfer on
vertical S, — S, excitation of the longer molecules (mCB-L2 and
QDCA; Chart 1) revealed clear differences between them and
with their shorter counterparts. mCB-L2 shows a net electron
density transfer from the two consecutive phenyl rings from one
side of the molecule toward the rings in the other side. As in
mCB-L, the carborane moiety shows an imperceptible electron
density change. The QDCA shows an electron density transfer
between the three central phenyl rings towards the phenyl-
carboxylic moieties at the extremes of the molecule.

Although mCB-L shows negligible fluorescence in the solid
state, it was shown to behave as a good antenna ligand for Eu®*
and Tb*".*> Such lanthanide cations are highly adaptable for
use in lighting and sensing applications, but their effectiveness
depends on the presence of an efficient antenna due to their
low absorption capability.>>*® We previously reported a strong
luminescence of mCB-Eu and mCB-Tb MOFs,*? which indicates
that in the presence of any of these two lanthanide cations,
excitation of mCB-L is followed by intersystem crossing (ICS)
from its singlet state (S;) to the triplet excited state (T;) and
subsequent energy transfer (ET) from T, of mCB-L to the
emissive levels of the metals, thus originating the observed
metal-centered emissions.”> Even though this is the more

This journal is © The Royal Society of Chemistry 2024
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accepted intramolecular ET process (also known as antenna
effect) for lanthanide complexes and MOFs, a number of reports
have shown that the ET can also be originated from the singlet
state S; (or charge transfer (CT) state) to the emissive levels of
the metals.®*®® Nevertheless, the lowest STEOM-DLPNO-CCSD
calculated excited states energies for TDCA and mCB-L (Table
S2, ESIf) show, in agreement with our previous prediction
based on time-dependent density functional theory (TDDFT)
methods (Table S1, ESIT), that the energies of the S; and T,
states for TDCA are lower than those for mCB-L. The latter
indicates that energy transfer is expected to be much less
efficient in the case of the TDCA ligand, as the energy of its
triplet state is slightly lower than that of Eu®*" and much lower
than that of Tb** (vide infra). In order to verify this prediction,
we have synthesized a series of lanthanide MOFs based on the
TDCA ligand and studied their photophysical properties.

Needle-like {[Ln,(TDCA);(DMF)],-Solv} (TDCA-Ln, where
Ln = Eu, Tb) crystals were prepared by a solvothermal reaction
between the TDCA ligand and the corresponding lanthanide
nitrate in a mixture of DMF/HNO; at 175 °C for 3 days (Fig. S5,
ESIYt). Infrared spectra (IR) and powder X-ray diffraction (PXRD)
for TDCA-Eu and TDCA-Tb match well with the reported for
TDCA-Ce®* and proved to be isostructural (Fig. S5 and S6, ESIT,
respectively). Although the 3D structures of the latter differ to
those for the carborane based MOF family, they all consist
of 1D rod-shaped LnOx polyhedral, with carboxylate linkers
coordinating in a bridging mode.®* The optical properties of
TDCA-Ln (Ln = Eu, Tb) were investigated by measuring their UV-
vis absorption (Fig. S1, ESIt) and emission spectra (Fig. 3 and
Table 2) in the solid state at room temperature. Both MOFs
display similar broad absorption bands to that of the free ligand,
with the peak maximum slightly blue shifted to 290 nm (Fig. S1,
ESIt). The luminescence spectra for TDCA-Eu (dex = 290 nm)
displays red luminescence with well-resolved emission bands in
the visible region at 591, 614, 650 and 699 nm (Fig. 1a), attrib-
uted to the characteristic Eu*" transitions (°D, — "Fj; J = 1-4).
These emission bands were similar to those of carborane-based
analogue mCB-Eu.*> No emission bands were observed in the UV
region, indicating a good quenching of the luminescence of the
ligand. Contrary to the TDCA-Eu MOF, the related TDCA-Tb
compound exhibits the simultaneous luminescence of the TDCA
ligand and the Tb*" ions upon excitation at 290 nm (Fig. 3b). The
emission spectrum of TDCA-Tb shows a weak blue emission
band centered at 377 nm, ascribed to the ©1 — m* transitions of
the ligand, and sharp bands at 489, 541, 582, and 621 nm, typical
of the Tb*" transitions (°D, — ’F, (J = 6-3). The lifetimes (z) and
@ for TDCA-Eu, TDCA-Tb are summarized in Table 2. As can be
seen in Table 2, @ for TDCA-Eu and TDCA-Tb are 11.1% and
4.8%, respectively. Slight variations of the excitation wavelength
(280-310 nm) show rather consistent @ values and emission
spectra (Fig. S7, ESIt). Mono-exponential fitting of the slower
part of the decay curves was carried out to obtain the longest
luminescence lifetimes, while avoiding possible background
interferences. The obtained lifetimes for the TDCA MOFs
resulted quite shorter than those of the corresponding mCB-Ln
MOFs, as shown in the Table 2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Solid-state emission spectra of TDCA-Eu (a) and TDCA-Tb (b)
under continuous-wave irradiation (lex = 290 nm) at room temperature.
Insets: Optical microscopy images of the corresponding crystals under
white and the corresponding luminescence images).

Table 2 Comparison of solid state fluorescence parameters for TDCA-
Eu, TDCA-Tb, mCB-Eu and mCB-Tb

MOF Jem (NM) @ (%) 7 (us)
TDCA-Eu® 591, 614, 650, 699 11.1 387.7
mCB-Eu” 591, 614, 650, 699 20.5 739.0
TDCA-Th® 377, 489, 541, 582, 621 4.8 61.5
mCB-Th” 489, 541, 582, 621 49.8 849.7

@ This work; Aex = 290 nm. ? Ref. 42 Jo = 280 nm.

The shorter lifetimes of the TDCA-Ln MOFs suggest the
presence of quenching effects of the sensitized Ln lumines-
cence (Fig. S8, ESIt). Since both types of MOFs (TDCA-Ln MOFs
and mCB-Ln MOFs) are measured in the same conditions and
in the solid state, external causes for quenching (e.g. solvent)
should be excluded. Thus, a plausible explanation could be
related to the back-energy transfer from the Ln to the ligand,
mainly occurring in the TDCA-based MOFs. This is also sup-
ported by the lower quantum yield values of these MOFs,
compared to the mCB-based MOFs. If part of the energy of
the Ln is quenched by the back-energy transfer, the amount of

J. Mater. Chem. C, 2024, 12, 2101-2109 | 2105
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energy released through radiative decay is reduced, decreasing
the value of the luminescence quantum yield. Nevertheless, the
lower @ values for the phenyl based TDCA-Ln than the related
carborane based mCB-Ln MOFs could be also ascribed to
less efficient direct energy transfer from the TDCA ligand to
the Ln (for sensitizing both Ln*" cations), compared to the
mCB-L ligand. The observed broad blue emission for TDCA-Tb
indicates that for this particular ion, the energy absorbed by the
TDCA ligand is not completely transferred to the Tb*" cations in the
solid state. The absence of such blue emission for TDCA ligand in
TDCA-Eu indicates a better energy transfer to the metal ion.

The above experimental data clearly corroborates our com-
putational predictions. That is, the TDCA ligand is much worse
antennae than the carborane based ligand mCB-L. Fig. 4 sum-
marizes the STEOM-DLPNO-CCSD calculated S;, T; energy
values and gaps (AEs_t) for mCB-L, TDCA and two hypothetical
ligands mCB-L2 and mQDCA which are the result of adding
two additional aromatic rings to the previous ones (Chart 1).
Efficient lanthanide-centered luminescence of MOFs is fulfilled
by the use of antenna linkers with the lowest triplet state of the
organic linkers located at least 1850 cm™ ' above the lowest
emitting excited states of the lanthanide ions.®® Regarding the
family of isostructural lanthanide (Eu** and Tb**) MOFs con-
taining mCB-L, the T; energy level of the carborane ligand was
calculated to be 23593 cm™" and thus capable of sensitizing
both cations (Eu®*, 17300 em™'; Tb**, 20500 cm™'; Fig. 4).
In the case of the TDCA ligand, its T; energy level is calculated
to be 20989 cm ™, that is, 489 cm ' above that for the Th*
excited state and 3689 cm ™" above that for Eu*". The very much
lower T, energy of TDCA than that for mCB-L explains the more
ineffective ET and the experimental observation of the free
ligand emission and very weak Tb-centered emission (Fig. 3
and Table 2). In other words, the higher energy of T; for mCB-L
than that for TDCA allows to sensitize the emissive state of the
Th*" cations, explaining the 10 times-fold quantum yield for the
former one. The quantum yield difference between mCB-Eu and

370t s,
4 ] —— i
3.4x10 S, 3 —_s,
< osaxi0t4 B 5 = 5
: 5
- 27x10t{ T - o i
o : :
£ H H
2 4 :
S 2410 —deT, | i
—_—T % i
2.0x10* 1 : :
5D, (Tb®") R - T,
1.7x10* 4% f
D, (Eu®* ;
o (Eu™) LT
1.4x10* 4
T T T T
mCB-L TDCA mCB-L2 QDCA
Compounds

Fig. 4 Dependence of the STEOM-DLPNO-CCSD calculated S;, T; and
energy gap (dashed grey arrows) values as a function of the molecular
structures. Energies of the lowest emitting excited states of Tb** and Eu**
are indicated as green and red lines, respectively.
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TDCA-Eu is less pronounced as the corresponding ligands T,
energies are well above the resonance level of the Eu ions in these
cases. In the case of Ln-MOF formation of the two hypothetical
ligands (mCB-L2 or QDCA, Chart 1), their very much lower Ty
energies (Table S2, ESIT and Fig. 4) suggest that the QDCA ligand
would be able to sensitize only Eu®*, while the mCB-L2 would not
be acting as a good antenna for any of these two cations.

With regards to the STEOM-DLPNO-CCSD calculated mini-
mum excited state energies for the extended compounds mCB-L2
and QDCA (Fig. 4 and Tables S1-S2, ESIt), the results indicate that
the replacement of a central phenyl moiety by a 3-D m-carborane
cluster increases the S; energies (Fig. 4). Those energies are
however rather uniform within the same series of ligands (mCB-
L, 36806 cm™'/mCB-L2, 36080 cm ™" versus TDCA, 34 065 cm™ Y/
QDCA, 33 565 cm ™). We found however a higher variability in the
calculated minimum T, excited energies, as can be seen in Fig. 4.
There is a decrease of the T, energies of the compounds in the
order mCB-L > TDCA > QDCA > mCB-L2. Thus, one could
“modulate” the energy gaps (AEs;-r1) by selecting the appropriate
molecular structure of the ligand. Controlling the energy gaps
between the S and T states is essential in the development of
energy-efficient light-emitting diodes, various solar energy conver-
sion methods, and photocatalytic transformations.®®*® Our data
reveals that the shorter mCB-L and TDCA ligands show the
smallest energy gaps (13213 and 13 076 cm™ ', respectively; Table
S2, ESIt and Fig. 4), than the longer ligands QDCA (14 034 cm™ )
and mCB-L2 (21 148 cm ™). The smaller gap of mCB-L, in addition
to the high energy of its T1 state, explains the much better
efficiency of this ligand as good antennae for the studied cations.
It has been demonstrated that the intersystem crossing (ISC)
efficiency can be improved by reducing the energy gap between
S; and T; (AEs;11).°*"° However, we cannot exclude a simulta-
neous ET process from S; to the emitting states of the lanthanide
ions.®” In such scenario (simultaneous S; and T, ET to Lanthanide
cations), the observed changes in electron densities on vertical
singlet excitations between mCB-L and TDCA (Fig. 2 left) are worth
commenting as those may have an impact on the observed
lanthanide based luminescence. On excitation, the electron den-
sity transfer takes places from the phenyl rings in mCB-L to the
carboxylic acids, so that such electron density could be further
transfer to the lanthanide cations on coordination. Such electron
density transfer would not happen, or at least not preferentially, in
the case of TDCA. All these might also explain why the carborane
based linker is a much better antenna for Eu** and Tb*" than the
corresponding phenyl based linker.

We highlight the use of STEOM-DLPNO-CCSD calculations
in conjunction with experimental findings to showcase how the
replacement of a planar phenyl group with a 3D carborane
fragment produces a significant impact in the photophysical
properties of both the ligands and their lanthanide metal-
organic frameworks (MOFs).

Conclusions

In conclusion, the TDCA ligand exhibited strong fluorescence
with a high quantum yield in the solid state at room

This journal is © The Royal Society of Chemistry 2024
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temperature, which is basically quenched when replacing the
central phenyl moiety in TDCA by a carborane moiety (mCB-L).
Quantum chemistry calculations (STEOM-DLPNO-CCSD and
B3LYP-TDDFT) provided insights into the electronic structures
and excited state energies of TDCA and mCB-L, indicating that
the m-carborane-based mCB-L ligand may have a more accessible
non-radiative decay process compared to the phenyl-based TDCA
ligand. It was found that structural deformation in the minimal
energy conical intersection (CI) was localized on a single phenyl
ring of the TDCA, that was not taking place in the corresponding
carborane derivative mCB-L. The findings highlight the impor-
tance of the molecular structure and symmetry in determining
the photophysical properties of 1,3-di(4-carboxyphenyl) deriva-
tives in the solid state.

TDCA-Ln (Ln = Eu, Tb) MOFs were successfully synthesized
and their optical properties were investigated. TDCA-Eu displayed
red emission with sharp and well-resolved emission bands at 591,
614, 650, and 699 nm, characteristic of Eu®* transitions, while
TDCA-Tb exhibited simultaneous luminescence of the TDCA
ligand and Tb*" ions with emission bands at 489, 541, 582, and
621 nm, typical of Tb** transitions. However, the quantum yields
for TDCA-Eu and TDCA-Tb were found to be much lower than
those of carborane-based MOFs, indicating that the TDCA ligand
is a less efficient light-absorbing antenna chromophore for sensi-
tizing Eu® and Tb®" ions compared to the carborane-based
ligand. However, the faster and multiexponential decays of the
TDCA MOFs indicate the presence of back energy-transfer, which
could also contribute to the lower quantum yield values. The
observed broad blue emission at 377 nm for TDCA-Tb suggests
that the energy absorbed by the TDCA ligand is not completely
transferred to the Tb®" ions in the solid state. Computational
calculations also supported the experimental results, showing that
the TDCA ligand has a lower triplet energy level compared to the
carborane-based ligand, which could result in the lower quantum
yields observed for TDCA-Ln compounds.

This study provides insights into how the replacement of
carborane by a phenyl moiety affects the vertical excitation
processes in 1,3-di(4-carboxyphenyl) derivatives. The analysis of
electron density changes on photo-excitation and de-excitation
using STEOM-DLPNO-CCSD calculations reveals differences in
electron density transfer between the carborane-based and
phenyl-based derivatives. The findings suggest that the electron
density transfer from the phenyl rings to the carboxylic acids
upon excitation may play a role in the observed luminescence
properties of lanthanide-based metal-organic frameworks
(MOFs) containing carborane-based linkers. The use of wave
function-based quantum chemistry calculations in conjunction
with experimental results provides valuable insights into the
photophysical properties of these compounds and their
potential applications in luminescent materials.

Experimental section

All chemicals were of reagent-grade quality. They were
purchased from commercial sources and used as received.

This journal is © The Royal Society of Chemistry 2024
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Synthesis of {[(Ln),(TDCA);(DMF),],-Solv} (TDCA-Ln, where
TDCA = [1,1’: 3',1"-terphenyl]-4,4"-dicarboxylic])

A solvothermal method was adopted to prepare the TDCA-Ln
crystal. Briefly, 0.02 mmol of Ln(NO;); (Ln = Ce, Eu or Tb) and
0.03 mmol of TDCA ligand were dissolved in 0.5 mL of DMF with
the help of sonication. 7 pL of concentrated HNO; was added
into the above mixture. The above solution was further trans-
ferred to an 8-dram vial and heated at 175 °C in an oven for 72 h.
The colorless crystals were obtained after washing with DMF and
methanol for several times (Yield based on the Ln®" cation:
42.7% for TDCA-Ce, 36.2% for TDCA-Eu and 33.7% for TDCA-
Tb). Elemental analysis (%): calculated for {Ce,(TPDC);(DMF)s],-
18H,0}: C 46.91, H 5.58, N 3.65; found: C 47.00, H, 4.16, N 3.64;
calculated for {Eu,(TPDC);(DMF),],-5H,0-4MeOH}: C 51.55, H
5.09, N 3.16; found: C 51.41, H, 3.94, N 3.05; calculated for
{Tb,(TPDC);(DMF);],-8H,0-2MeOH}: C 50.53, H 4.80, N 2.49;
found: C 50.20, H, 3.82, N 2.45.

Instruments and characterization. Emission spectra and
quantum yields (@) of solid-state samples under steady excitation
(Aex = 290-310 nm) were determined using a quantum yield
fluorimeter (Hamamatsu C9920-02G, equipped with an integrating
sphere) at room temperature in the air. Fluorescence decay
curves were recorded on a PTI Quantamaster 300 fluorimeter at
an excitation of 290 nm with a pulsed Xe lamp (100 Hz, 2 ps
integration time). The mono-exponential model function was
adopted to fit the decay curves (Fig. S8, ESIt). Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectra were
obtained by using a PerkinElmer Spectrum One spectrometer.
Elemental analyses were carried out in a Thermo (Carlo Erba)
Flash 2000 Elemental Analyzer, configured for wt % CHN. Powder
X-ray diffraction (PXRD) was recorded at room temperature on a
Siemens D-5000 diffractometer with Cu Ko radiation (4 = 1.5418 A).

Computational details. To improve the understanding of the
photochemistry of the studied ligands computational methods
have been employed. Previously, we studied the properties of
some of these systems by using TDDFT calculations.*” In order
to improve the methodology in the present study, a coupled-
cluster method was employed by using Orca 5.0.2 code’* using
the similarity transformed equation of motion approach com-
bined with the domain-based local pair orbital implementation
of coupled-cluster singles and doubles method, STEOM-
DLPNO-CCSD,”*”® to calculate the state energies. The general
def2-TZVP basis set was employed together with auxiliary basis
sets def2-TZVP/C and def2/] for the MP2 and Coulomb integrals,
respectively.”*”® The geometries were optimized by the Gaussian
16 program®® with the exchange-correlation functional B3LYP®"
and a 6-311G* basis set using the TDDFT option for the excited
state optimization. Such exchange-correlation functional pro-
vides a better description of the excitation energies for some of
the studied systems at TDDFT level than other hybrid ones.
Conical intersection geometries were calculated with the same
TDDFT approach but using Orca 5.0.2 code.”* Neutral molecules
including the acidic hydrogen atoms were employed to have
a closer description of the electronic structure of the metal-
coordinated ligands than simply the anionic ligands.
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