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ABSTRACT: Three new analogues of Tb-UiO-66 with various functional groups (—F, —Br, -NH>) on the terephthalic acid linker of
the metal—organic framework (MOF) are synthesized and characterized. The photoluminescent properties of these analogues, as well
as Tb-Ui0O-66 and Tb-UiO-66-(OH)., are studied and correlated to the calculated energies for the triplet (T)) states of each linker.
The results show that the addition of electron withdrawing groups, such as —F and —Br, lead to higher T energies, resulting in quantum
yields in the range of 6-31 %. The addition of electron donating groups, on the other hand, lowers the T, energy of the organic linker

and inhibits energy transfer such that emission is not observed.

1. INTRODUCTION

Over the past few decades, metal-organic frameworks
(MOFs) have gathered considerable attention due to their po-
tential for high surface area, crystallinity, and tunable chemical
composition."? These porous materials arise from the combina-
tion of inorganic building units with multitopic organic lig-
ands.>* Due to their versatility, MOFs can be used for various
applications ranging from gas storage’ to catalysis,®® amongst
others.’

There are seventeen rare earth (RE) elements, including scan-
dium, yttrium and the fifteen lanthanoids from the f~block of the
periodic table. The lanthanoids have unique luminescent prop-
erties, including narrow emission peaks, large Stokes shifts, and
long luminescent lifetimes which makes them an interesting
choice for incorporation in materials for sensing,'® bioimag-
ing,'" and light emitting diodes (LEDs).!? Using lanthanoid ions
in MOF metal nodes allows for the formation of porous materi-
als that can be utilized for the optoelectronic applications pre-
viously mentioned, with the added benefit of high analyte ad-
sorption,'* drug encapsulation,'* or the ability to incorporate
photoactive guest molecules in the pores.!! However, lantha-
noid ions have low molar absorptivity (g), leading to weak ab-
sorption and subsequently weak luminescence intensity when
performing direct excitation into the metal f-f energy levels.'®
To overcome this limitation, lanthanoid ions are often paired
with chromophores having high molar absorptivity to allow for
photon absorption and subsequent energy transfer from the
chromophore to the lanthanoid ions 4f'excited states, improving
the brightness of emission observed.'®!® This process is also

known as the “antenna effect”.!> 20

In 2021, a library of RE analogues of UiO-66 was reported
by our research group demonstrating crystallinity, thermal sta-
bility, and porosity.?! In these MOFs, the RE ions form a

hexanuclear cluster where the metal ions are bridged by a com-
bination of p;-OH and ps-F ligands.?” The use of fluorinated
modulators is required for the synthesis of these RE¢-clusters,
allowing for the incorporation of ps-F ligands in the structure.

Since 2021, our group has continued to explore the synthetic
conditions required to obtain RE-UiO-66, showing that acetate
precursors can be used instead of the traditional nitrates,? and
that single crystals can be obtained under certain conditions.?*
These single crystals were used to study the correlation between
the decomposition temperature of the material and the bond
length between the metal and the linker.

Additionally, we observed strong photo- and radiolumines-
cence in Tb-Ui0-66.2 This MOF displays green metal-based
emission when excited at 355 nm into the terephthalic acid
linker (BDC) and the reported results confirm that the antenna
effect occurs in this MOF. We also showed that white light
emission can be observed by tuning the metal composition of
RE-UiO-66 in order to obtain a trimetallic Tb:Gd:Eu MOF, tak-
ing advantage of the photoluminescent properties of these met-
als.?

In this work, we explore the photoluminescent properties of
Tb-UiO-66 analogues through varying the functional groups on
the terephthalic acid linker in order to modulate the antenna ef-
fect. We report the synthesis, characterization and photolumi-
nescent properties of Tb-UiO-66 and Tb-UiO-66-(OH),, as well
as three new analogues Tb-UiO-66-F, Tb-UiO-66-Br and Tb-
UiO-66-NH, (Figure 1), obtained using 2-fluoroterephthalic
acid, 2-bromoterephthalic acid and 2-aminoterephthalic acid
linkers, respectively.
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Figure 1 Structure of Tb-UiO-66, the hexanuclear cluster and
linkers.

2. EXPERIMENTAL SECTION

2.1 Synthesis of Tb-UiO-66, Tb-UiO-66-F, Tbh-UiO-66-Br
and Tb-UiO-66-NH:. These Tb-UiO-66 analogues were syn-
thesized through solvothermal synthesis following an adapted
procedure reported by our group.2!:2*24 They were synthesized
in a 6-dram vial by mixing Tb(NO;);-xH>O (79.0 mg, 0.174
mmol, assuming hexahydrate), the corresponding linker, ter-
ephthalic acid or a substituted derivative (0.174 mmol), and 2,6-
difluorobenzoic acid (2,6-dFBA, 440 mg, 2.78 mmol). The
mixture was suspended in N,N-dimethylacetamide (DMA, 8§
mL) before nitric acid (0.1 mL) and water (0.1 mL) were added.
The vial was sealed, sonicated until complete dissolution, and
placed in a preheated oven at 120 °C for 24 hours. The solid
was separated by centrifugation, washed four times with N,N-
dimethylformamide (DMF) over 24 hours and four times with
acetone over 24 hours. The materials were air-dried, followed
by activation at 80°C under vacuum during 20 hours.

2.2 Synthesis of Tb-UiO-66-(OH).. Tb-UiO-66-(OH), was
synthesized through solvothermal synthesis by adapting a re-
ported procedure.?’” The sample was synthesized in a 6-dram
vial using Tb(NO3);-xH,O (127.3 mg, 0.281 mmol, assuming
hexahydrate), 2,5-dihydroxyterepthalic (81.6 mg, 0.412 mmol),
and 2-fluorobenzoic acid (2-FBA, 864.0 mg, 6.17 mmol), sus-
pended in DMF (8 mL), MilliQ water (2 mL) and 3.5 M nitric
acid in DMF (0.6 mL). The vial was sealed, sonicated and
placed in a preheated oven at 120 °C for 72 hours. The precipi-
tate was collected by centrifugation and washed four times with
DMEF over 48 hours, and four times with acetone over 24 hours.
The sample was air-dried before activation at 120 °C under vac-
uum for 20 hours.

2.3 Characterization. Optical microscopy images were col-
lected using a Laxco LMC-2000 compound microscope system
equipped with a SeBaCam digital microscope camera.

Single crystal X-ray diffraction (SCXRD) data was measured
on a Bruker D8 Venture diffractometer equipped with a Photon
200 area detector, and [uS microfocus X-ray source (Bruker
AXS, CuKa source). Measurements were carried out at 298 K.
The crystals diffracted weakly at high angles. Structure solu-
tions were carried out using the SHELXTL package from
Bruker.”® The parameters were refined for all data by full-ma-
trix-least-squares or F2 using SHELXL.? It should be noted
that disordered molecules (water, DMA, and dimethylammo-
nium) in the MOF pores, which could not be reliably modelled
using discrete atoms, were subtracted by SQUEEZE, using the
PLATON software. All the nonhydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were

placed in calculated positions and allowed to ride on the carrier
atoms. All hydrogen atom thermal parameters were constrained
to ride on the carrier atom.

Powder X-ray diffraction (PXRD) patterns were collected on
a Rigaku MiniFlex diffractometer equipped with a Ni-filtered
CuKa X-ray source (A = 1.54178 A). The MOF samples were
previously dried and packed into a smooth layer on a silicon
wafer zero-background sample holder. Results were collected
from 5-40° 28 at 0.02 0 increments in the 26-range and a scan-
ning speed of 0.100 °/s.

MOF samples were activated at 80 or 120 °C (as noted above)
for 20 hours with the use of a Micromeritics SmartVacPrep in-
strument equipped with a hybrid turbo vacuum pump. The ni-
trogen adsorption-desorption isotherms were collected on a Mi-
cromeritics Tristar II Plus instrument with an operational nitro-
gen dewar filled with liquid nitrogen at 77 K.

Scanning electron microscopy (SEM) micrographs were col-
lected on a Phenom ProX desktop SEM. Samples were dis-
persed on a carbon taped aluminum stub and directly placed on
a charge reducing sample holder. SEM images were collected
at accelerating voltage of 12 kV and magnification of 1000x.

Proton nuclear magnetic resonance (‘H-NMR) spectra were
obtained on a 300 MHz Bruker spectrometer. All MOF samples
were digested with 8-10 drops of deuterated sulfuric acid
(D2S0y4) followed by sonication and the addition of deuterated
dimethyl sulfoxide (DMSO-dg).

Inductively coupled plasma mass spectrometry (ICP-MS)
data were measured with the use of an Agilent 7500 series. Be-
tween 1.0-2.0 mg of each Tb-UiO-66 analogue was digested in
0.8 mL HNOj; by heating the mixture at 100 °C in a sand bath
for one hour followed by the addition of 30% H>0O,. The sample
was then placed in a 90 °C sand bath overnight. The solution
was diluted with MilliQ water to a final volume of 10 mL and,
subsequently, diluted 40 times.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) spectra were obtained using a Thermo Scientific Ni-
colet iS50 FTIR spectrometer with an MCT detector with a res-
olution of 1 cm from 4000-650 cm’’. The activated samples
were suspended in dry potassium bromide (KBr).

Diffuse Reflectance UV-vis absorption spectroscopy (UV-
vis DRS) data were collected using a Cary 5 Series UV-vis-NIR
Spectrophotometer (Agilent Technologies) with an EasiDiff™
accessory. Activated MOF samples were loaded into a sample
holder with potassium bromide (KBr).

Photoluminescence (PL) spectra and quantum yield (QY)
data were collected using a Horiba PTI QuantaMaster 8075
spectrofluorimeter equipped with an integrating sphere. Dry
samples were placed between two quartz slides and fixed with
grease. The data were collected at an excitation wavelength of
300 nm or 312 nm (for UiO-66-Br) with an integration time of
1 s, step size of 1 nm, slits of 2 nm, and applying a filter at 375
nm.

2.4 Computational methods

All calculations were performed using the Gaussian 09 pack-
age suite.’® The Sy ground state and the T; lowest triplet state of
all linkers were optimized at the B3LYP3"32/6-311++G**3 |ev-
els of theory in the gas phase without symmetry constraints.
Frequency analysis was performed on the optimized
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geometries. Spin-unrestricted calculations were performed on
the triplet states. Spin-contamination was found to be negligible
in the studied systems. T) — Sy adiabatic transitions were ob-
tained by calculating ZPE corrected electronic energy for the
optimized singlet state and the optimized triplet state. The tran-
sition energy was then calculated as the difference between both
ZPE corrected electronic energies (ASCF method).** TD-DFT
calculations were also performed on the optimized ground state
geometries (So) of the linkers to obtain the energies correspond-
ing to vertical So — T, transitions.

3. RESULTS AND DISCUSSION

3.1 Synthesis and characterization. Solvothermal syn-
thetic procedures were used to synthesize the analogues of Tb-
Ui0-66 reported herein. Tb-UiO-66-F, Tb-UiO-66-Br and Tb-
UiO-66-NH, were obtained following a reported procedure for
Tb-Ui0-66.%!2*2* In all cases, Tb(NO;);-xH,O was mixed with
the corresponding linker in equimolar ratio, and 2,6-dFBA was
used as a modulator. The mixture was dissolved in DMA and
nitric acid was added as a co-modulator. Since the addition of
water to the reaction has shown to significantly increase the
yield,® 0.1 mL of water was added in the synthesis of all these
Tb-UiO-66 analogues. Tb-UiO-66-(OH), was synthesized fol-
lowing a reported procedure.?”’” Tb(NO;);-xH,0, the DOBDC
linker, 2-FBA, and nitric acid were mixed in DMF, and water
was also added to the reaction. All samples were washed with
DMEF and acetone, and then dried in a vacuum oven. The sam-
ples dried in the vacuum oven were used to compare to the ones
activated at 80°C for 20 hours on the Smart VacPrep instru-
ment, in order to assess the stability of the Tb-UiO-66 analogues
to the activation conditions and to determine if activation leads
to a difference in the photoluminescence and corresponding
quantum yields.

Optical microscopy images were collected upon removal of
the sample vials from the oven (Figure S1) and prior to any
washing or characterization. The octahedral morphology ex-
pected for Tb-UiO-66 is observed for all the analogues. SCXRD
data were collected for the analogues: Tb-UiO-66-Br, Tb-UiO-
66-F, Tb-UiO-66-NH, and Tb-UiO-66-(OH), and the crystallo-
graphic information is presented in Table S1. The crystal struc-
tures were solved in a cubic space group Fm3m for Tb-UiO-
66,%* Tb-UiO-66-Br, Tb-Ui0-66-F and Tb-UiO-66-NH,, while
the space group for Tb-UiO-66-(OH); is found to be P4/mnc. In

the typical structure described by a cubic crystal system the
linker only features the bidentate-bridging coordination geom-
etry. The reason for lower symmetry in Tb-UiO-66-(OH), com-
pared to the other MOFs in the series could be explained by a
mixture of bidentate-chelate/bidentate-bridging between the
linker and the metal centers in the structure, as also observed
previously.?’

The bulk crystallinity as well as the phase purity of all as-
synthesized, microcrystalline MOFs was confirmed by compar-
ing the experimental PXRD patterns of all MOFs with the sim-
ulated pattern obtained from the single crystal data of Tb-UiO-
66, confirming that all MOFs before and after activation are
isostructural to Tb-UiO-66 (Figure 2a and 2b). The stability of
each MOF after activation was probed by PXRD. The differ-
ence in peak intensities observed for some of the samples might
be associated with a lack of stability after activation or the gen-
eration of smaller crystallites. For Tb-UiO-66-Br, a more prom-
inent decrease in reflection intensity is observed after activation
of the MOF, suggesting that Tb-UiO-66-Br is the least stable of
all Tb-UiO-66 analogues to activation.

Nitrogen gas adsorption and desorption data were collected
for all MOFs (Figure 2¢) and type Ia isotherms are observed,
which are indicative of microporous materials. This is con-
sistent with the pore size of Tb-UiO-66 being approximately
10 A.?' The Brunauer-Emmett-Teller (BET) surface areas are
980, 790, 730, 670 and 600 m?/g, for Tb-UiO-66, Tb-UiO-66-
F, Tb-UiO-66-NH,, Tb-UiO-66-Br and Tb-UiO-66-(OH);, re-
spectively, corresponding to what it is expected based on the
size and masses of the functional groups on the MOF linkers. A
similar surface area is observed for Tb-UiO-66-F and Tb-UiO-
66-NH, where the size and mass of the functional groups added
to the BDC linker do not significantly alter the pore apertures
or the molar mass of the MOF. Larger and heavier functional
groups such as -Br can obstruct the access to the internal pores
of Tb-UiO-66-Br and increase the molar mass of the MOF.
Given that surface area here is reported gravimetrically, there is
a decreasing trend in surface area as the mass and size of func-
tional groups increases. Tb-UiO-66-(OH), exhibits the lowest
surface area, which may be explained by the presence of two
functional groups on each linker. Additionally, it corresponds
well with the previously reported surface area for this MOF.%’
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Figure 2 PXRD patterns for the analogues before (a) and after (b) activation and N, adsorption-desorption isotherms for all the

analogues (c).
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The percentage of Tb in each MOF sample was determined
by ICP-MS, and in most cases, is in good agreement with the
theoretical value calculated for a defect-free MOF (Table S2).
In the case of Tb-UiO-66, however, the obtained %Tb is signif-
icantly higher (50.76%) than what is expected for a defect-free
structure (43.76%). This might be explained by the presence of
defects in this MOF. It was previously estimated that one linker
might be missing in this structure, with the coordination site on
the cluster being capped by acetate ligands which are a product
of the decomposition of the DMA solvent, giving a theoretical
%Tb of 46-47 %.%

SEM micrographs for all analogues were collected after acti-
vation (Figure S2). The octahedral morphology for each MOF
is observed, which is consistent with the cubic space group of
Tb-UiO-66. The particle size varies for the different analogues.
Tb-UiO-66 presents the smallest particles with a size under
20 um, and Tb-UiO-66-(OH), exhibits particles with a size
above 40 um, while the other three analogues present interme-
diate sizes.

"H-NMR spectra of digested samples confirm the presence of
the respective linkers in each of the Tb-UiO-66 analogues. The
spectrum of Tb-UiO-66 (Figure S3) presents a peak at 7.84 ppm
which corresponds to the four equivalent protons of the BDC
linker. Additionally, three peaks can be observed at 3.54, 2.80
and 1.94 ppm. These peaks have been assigned to water, possi-
bly from the protonation of the p;-OH from the cluster, the
counterion, [(CH;)NH.]", and acetate ions acting as capping
ligands, respectively.”® The spectrum of Tb-UiO-66-(OH),
(Figure S4) presents a signal at 7.06 ppm, corresponding to the
two equivalent protons of the DOBDC linker. Since Tb-UiO-
66-F, Tb-UiO-66-Br and Tb-UiO-66-NH, are formed with
monosubstituted BDC linkers, three distinct peaks are observed
for the aromatic protons (Figure S5, S6 and S7, respectively).

DRIFTS data were collected for the analysis of any IR active
functional groups present in all activated Tb-UiO-66 analogues.
All the spectra (Figure S8) exhibit a band around 3700 cm™,
corresponding to the stretching of the bridging O—H ligands in
the Tbg-node. For Tb-UiO-66-(OH),, this stretch is broader due
to the additional stretching vibrations of hydroxyl (O—H) groups
on the linker. It is possible to observe two C=0 stretches from
the carbonyl of the carboxylic acid group present at around
1650 and 1400 cm’, corresponding to the antisymmetric and
symmetric modes, respectively. The spectrum of Tb-UiO-66-F
presents a band around 1000 cm™, which can be assigned to the
stretching of the C—F bond in the structure of BDC-F. In the
spectrum of Tb-UiO-66-NH,, two bands are observed in the
range 3300-3500 cm’!, characteristic of the stretching of the N—
H bonds from the primary amine.

The UV-Vis DRS data were collected for all analogues of Tb-
Ui0-66 as shown in Figure S9. The absorption bands observed
were used to select the excitation wavelengths used to collect
the photoluminescence spectroscopy data and quantum yields
for all MOFs (vide infra). The UV-Vis DRS for all the individ-
ual linkers was collected (Figure S10) and can be used as a ref-
erence for comparison with the absorption spectra of the MOF
samples to conclude that there are minimal changes in linker
absorption bands after incorporation in the MOF structure.
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Figure 3 Energy level diagram depicting the T, excited energy
state for the linkers in the various analogues of Tb-UiO-66, the
energy transfer from each linker to Tb(IIl), and the excited state
energies of Tb(III).

3.1 Photoluminescence. The Tb(III) ion emits from a °Dj state
with an energy of 20500 cm™.** Figure 3 depicts the energy
level diagram for Tb(III) with a coordinated ligand. On the left,
it shows the energy level diagram representing the organic link-
ers used to synthesize the Tb-UiO-66 analogues and, on the
right, the 3Dy state of Tb(IIl), including the ff transitions that
lead to photoluminescence emission. The emission of Tb(III)
can be sensitized via the antenna effect. Latva’s rule, which is
empirically established, states that energy transfer from the or-
ganic linker triplet excited state to the 3Dy state of Tb(III) is
most efficient when the difference in energy is between 2000-
6000 cm™ .3 If the T; energy of the linker is too close to the
acceptor state of the lanthanoid, energy back transfer to the
linker can occur, leading to partial or complete quenching of the
Tb(III) emission. If the T, energy of the linker is higher (>6000
cm! above the emitting state), there will be inefficient energy
transfer. Table S3 shows the computational results collected us-
ing the B3LYP/6-311++G** model for all the different linkers.
The 2-aminoterephthalic acid and 2,5-dihydroxyterephthalic
acid linkers have T; states lower in energy than the Dy state of
Tb(III). As such, energy transfer and Tb(III) emission are not
expected when excited into these linkers. On the other hand, the
three remaining linkers 2-bromoterephtalic acid, 2-fluoroter-
ephthalic, and terephthalic acid are expected to lead to sensiti-
zation of Tb(III) according to Latva’s rule.

The photoluminescence emission spectrum of Tb-UiO-66-Br is
collected by exciting the MOF at 312 nm, while the spectra of
all the other analogues are obtained using 300 nm as the excita-
tion wavelength, before and after activation (Figure S11 and 4,
respectively). Tb(III) ions emit green with peaks originating
from the 3Dj to ’F; 45,6 transitions typical for Tb(III) at 621, 584,
544 and 489 nm, respectively. These emission bands are ob-
served for Tb-UiO-66, Tb-UiO-66-Br and Tb-UiO-66-F.
Tb(III) ion emission is not observed for Tb-UiO-66-NH, and
Tb-UiO-66-(OH),, confirming that there is not an efficient en-
ergy transfer between the linker and metal, as expected. Some
weak BDC linker emission is observed for Tb-UiO-66-Br and
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Figure 4 Photoluminescence emission spectra of (a) Tb-UiO-
66, (b) Tb-Ui0-66-F, (c) Tb-UiO-66-Br, (d) Tb-UiO-66-NH,,
and (e) Tb-UiO-66-(OH), after activation.

Tb-UiO-66-F, which is more prevalent before activation, and
could be aresult of back energy transfer or less efficient forward
energy transfer when there are solvent guest molecules in the
pores.’’

Table 1 shows the QY and brightness (B) data that was col-
lected and calculated for all Tb-UiO-66 analogues before and
after activation. It is possible to observe similar behavior be-
tween QY and B. Relating the QY and the B data shown in Ta-
ble 1 with the energy level diagram in Figure 3 it is possible to
conclude that the linkers BDC, BDC-Br, BDC-F are able to sen-
sitize the emission of the Tb(III) ion. The data collected suggest
that BDC and BDC-F are close to the ideal range for an efficient
energy transfer to the Dy state of Tb(III) since the Tb-UiO-66

analogues synthesized with these linkers show high QYs and B.
Tb-UiO-66-Br did not exhibit a high QY nor high B as would
be predicted looking at the calculated T: energy level of the
BDC-Br linker. This unique behavior from Tb-UiO-66-Br may
be attributed to the inverse heavy atom effect (HAE) where
there is a decrease in spin-orbit coupling upon increasing the
atomic number of a chemical element, which can lead to a de-
crease in photoluminescence.*®

Although there are very few reported QYs of Tb(IIT)-MOFs,
there are reports of Tb(III)-MOFs with QYs above 90%.%
The QY reported herein for Tb-UiO-66 (25 +/- 2 %) is very
similar to that measured for an activated Tb(III)-MOF with
metal chain nodes and BDC linkers (26.4+/- 0.3 %).*? In this
previous report by Daiguebonne ef al. it was found that the hy-
drated Tb(III)-MOF, [Tba(bdc);(H20)4]n presents a higher
quantum yield than the dehydrated analogue. Although there is
evidence of terminal aqualigands, with low occupancy, coordi-
nated to the Tb(III) ions in Tb-Ui0-66,%* the degree of hydration
of Tb-UiO-66, even before activation, is expected to be much
lower than one aqua ligand per Tb(III) ion. This low level of
hydration might explain why the QYs of Tb-UiO-66 before and
after activation are quite similar, which is different from the
trend observed by Daiguebonne and coworkers.

4. CONCLUSION

In summary, the synthesis and characterization of three new
analogues of Tb-UiO-66 are reported in this work, using 2-
fluoroterephthalic acid, 2-bromoterephthalic acid, and 2-ami-
noterephthalic acid as linkers to give Tb-UiO-66-F, Tb-UiO-66-
Br, and Tb-UiO-66-NH,, respectively. The photophysical prop-
erties of these novel MOFs are compared to those of the re-
ported MOFs, Tb-UiO-66 and Tb-UiO-66-OH,. The Tb-UiO-
66 analogues demonstrate permanent porosity with BET sur-
face areas ranging from 600 to 980 m*/g. All the linkers used to
synthesize these MOFs have different T state energies, leading
to differences in the sensitization of Tb(III) photoluminescence,
as observed through quantum yield and brightness measure-
ments. Specifically, linker-to-metal energy transfer (or the an-
tenna effect) occurs in Tb-UiO-66, Tb-UiO-66-F, and Tb-UiO-
66-Br, leading to green Tb(III) metal-based emission. On the
other hand, Tb-UiO-66-NH, and Tb-UiO-66-OH; do not show
any Tb(III) metal-based emission, confirming that linker-to-
metal energy transfer does not occur in these MOFs. It is found
that the addition of weakly electron withdrawing groups (-F, —
Br) on the terephthalic acid linker leads to higher linker T, state
energies than the addition of electron donating groups.

Table 1 Calculated AE (ASCF method), QY and Brightness for all the analogues, before and after activation.

o QY . .
Linker 5 ety | 00 | 2| 0 | ey | ° | e |
(after)

Terephthalic acid 3435 25 1 25 2 0.14 0.04 0.11 0.05
2-fluoroterephthalic acid 3046 31 1 26 2 0.17 0.03 0.12 0.02
2-bromoterephthalic acid 2162 6 2 10 1 0.038 0.016 0.055 0.024

2,5-dihydroxyterephthalic acid | -1334 <1 - <1 - 0 - 0 -
2-aminoterephthalic acid -1703 <1 - <1 - 0 - 0 -
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In most cases, the computationally calculated T, energy states
correlate with the quantum yield and brightness data obtained
experimentally, except in the case of Tb-UiO-66-Br, where the
inverse heavy atom effect may occur. Overall, the results
demonstrate that tuning the functional groups on the tereph-
thalic acid linker of Tb-UiO-66 is a viable strategy for tuning
the resulting photoluminescence properties, including QY and
B.
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