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ABSTRACT: Luminescent metal—organic frameworks (LMOFs) demonstrate strong potential for a broad range of applications
due to their tunable compositions and structures. However, the methodical control of the LMOF emission properties remains a great
challenge. Herein, we show that linker engineering is a powerful method for systematically tuning the emission behavior of UiO-68
type metal—organic frameworks (MOFs) to achieve full-color emission, using 2,1,3-benzothiadiazole and its derivative-based
dicarboxylic acids as luminescent linkers. To address the fluorescence self-quenching issue caused by densely packed linkers in some
of the resultant UiO-68 type MOF structures, we apply a mixed-linker strategy by introducing nonfluorescent linkers to diminish the
self-quenching effect. Steady-state and time-resolved photoluminescence (PL) experiments reveal that aggregation-caused quenching
can indeed be effectively reduced as a result of decreasing the concentration of emissive linkers, thereby leading to significantly

enhanced quantum yield and increased lifetime.

rganic-linker-based luminescent metal—organic frame-

works (LMOFs)' have been extensively studied for
possible applications in sensing,” bioimaging,” and solid-state
lighting.4 However, two major challenges remain in developing
such LMOFs: (i) how to develop a facile and universal
approach to systematically tune the emission behavior of the
resulting MOFs and (ii) how to effectively reduce aggregation-
caused self—guenching in densely packed and rigid MOF
structures.”” Linker engineering is a powerful strategy to
confer specific properties or new functions on targeted MOFs,’
which has been employed to improve MOF performance in
catalysis,7 biomedicine,® and other areas.®*® However, no work
has been reported on the use of this strategy to systematically
study the relationship between the linker structure and the
emission behavior in organic-linker-based LMOFs or to
achieve full-color emission in these LMOFs. The starting
point is to identify and use suitable organic compounds as a
model to study the structure—emission relationships in the
resulting LMOFs, which can provide valuable insights for the
further development of LMOFs with tunable emission
properties.

The bicyclic compound 2,1,3-benzothiadiazole and its
analogues are a class of easily modifiable molecules.'’ As
depicted in Scheme 1, their emission properties can be tuned
via three functional sites to achieve full-color emission. On the
other hand, UiO-68 is one of the most extensively studied
MOFs, constructed by [1,1:4/,1-terphenyl]-4,4”-dicarboxylic
acid (TPDC) and Zr4 clusters. Although some efforts have
been made to prepare UiO-68 type LMOFs with function-
alized TPDC for s.ensing,z‘{’11 the tunability is very limited.
Inspired by the tunable emission behavior of 2,1,3-
benzothiadiazole and its analogues, we envision that replacing
the center benzene ring of TPDC by 2,1,3-benzothiadiazole or
its analogues (Scheme 1) not only will retain the topology of
prepared MOFs but, more importantly, will also introduce
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Scheme 1. Schematic Diagram Illustrating Linker
Engineering Using 2,1,3-Benzothiadiazole (X = S) (Left) as
a Core to Design Dicarboxylic Acid Based Organic Linkers
(Right)
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three functional sites, allowing a systematic and broad
tunability of the emission properties of the resulting UiO-68
type MOFs. Such an approach may also be applied as a
promising platform for constructing other LMOFs.

These ideas led us to design and synthesize six 2,1,3-
benzothiadiazole-based linkers according to the aforemen-
tioned three modification sites by facile procedures under mild
conditions, whose structures are shown in Figure la. These are
4,4'-(2H-benzo[d][1,2,3 ]triazole-4,7-diyl)bis(3-methoxyben-
zoic acid) (BAMB), 4,4'-(5,6-dimethylbenzo[c][1,2,5]-
thiadiazole-4,7-diyl)dibenzoic acid (MBTB), 4,4’-(benzo[c]-
[1,2,5]thiadiazole-4,7-diyl)bis(3-methoxybenzoic acid)
(BTMB),"” 4,4'-(benzo[c][1,2,5]selenadiazole-4,7-diyl)bis(3-
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Figure 1. (a) Molecular structures and calculated HOMO—LUMO
energy levels and (b) normalized fluorescence spectra and photo-
graphs of the samples in DMF under daylight and 365 nm excitation
of BAMB, MBTB, BTMB, BSMB, NTMB, and NSMB.

methoxybenzoic acid) (BSMB), 4,4'-(naphtho[2,3-c][1,2,5]-
thiadiazole-4,9-diyl)bis(3-methoxybenzoic acid) (NTMB), and
4,4’-(naphtho[2,3-c][1,2,5]selenadiazole-4,9-diyl) bis(3-me-
thoxybenzoic acid) (NSMB). The molecular orbitals of these
linkers were calculated using density functional theory (DFT).
As depicted in Figure la, the lowest unoccupied molecular
orbital (LUMO) energies gradually decrease along with
increased highest occupied molecular orbital (HOMO)
energies from BAMB to NSMB except for MBTB. As a result,
the HOMO—-LUMO energy gap is significantly decreased,
which shows the enabling power of the three-site-based linker
engineering to tune the electronic structures of the designed
molecules.

To further prove our hypothesis, the steady-state emission
and UV—vis absorption spectra of these organic linkers in N,N-
dimethylformamide (DMF) solution were measured and are
shown in Figure 1b and Figure S1. As expected, the emission
energy varies from blue (BAMB) to red (NSMB), covering the
full visible-light range, which is consistent with their UV—vis
absorption spectra. The maximum emission peaks appear at
408, 460, 500, 530, 566, and 610 nm for BAMB, MBTB,
BTMB, BSMB, NTMB, and NSMB, respectively. The
corresponding colors under daylight and 365 nm excitation
are also shown in Figure 1b. A closer look at the molecular
structures reveals an interesting structure—emission correla-
tion. (i) When the NH group on BAMB was replaced by S to
form BTMB, a 92 nm bathochromic shift was observed. (ii)
When two methyl groups were added to BTMB but two
methoxy groups were removed, a 40 nm hypochromic shift was
measured for MBTB. (iii) The single-atom substitution from S
to Se resulted in a 30 nm red shift from BTMB to BSMB and a

44 nm red shift from NTMB to NSMB. In addition, (iv)
extended conjugation also offers significant red shifts of 66 and
80 nm from BTMB to NTMB and from BSMB to NSMB,
respectively. These results demonstrate that the three-site-
based linker engineering indeed is a powerful strategy to
systematically tune the emission properties of 2,1,3-benzothia-
diazole-related dicarboxylic acids, which may be applied to
other types of organic linkers to achieve a desirable emission
color.

Single crystals of six UiO-68 type MOFs based on these
organic linkers (Ls) were obtained by analogy to literature
procedures."'” A typical synthesis of UiO-68-BTMB is
schematically shown in Figure 2a: a S mL vial containing 3
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Figure 2. (a) Synthesis scheme for UiO-68 type MOFs using BTMB
as the organic linker. (b) PXRD patterns, (c) normalized solid-state
emission spectra, and (d) UV-—vis absorption spectra of UiO-68-
BAMB, UiO-68-MBTB, UiO-68-BTMB, UiO-68-BSMB, UiO-68-
NTMB, and UiO-68-NSMB.

mL of DMF, ZrCl, (11.2 mg, 0.048 mmol), BTMB (30.5 mg,
0.070 mmol), and benzoic acid (222.6 mg, 1.82 mmol) was
placed in a preheated oven at 120 °C for 24 h. Depending on
the properties of the organic linkers, colorless (UiO-68-
BAMB), colorless (UiO-68-MBTB), light yellow (UiO-68-
BTMB), yellow (UiO-68-BSMB), orange (UiO-68-NTMB),
and dark red (UiO-68-NSMB) octagonal-shaped single crystals
were obtained (Figure S2). The powder X-ray diffraction
(PXRD) patterns of the UiO-68-L samples match well with
those of the simulated UiO-68-BTMB and UiO-68-NTMB
(Figure 2b), indicating that the six linkers with various degrees
of modifications (including large molecular structures such as
NTMB and NSMB) give rise to the same isoreticular series
with the same topology as for UiO-68.

UiO-68-BAMB, UiO-68-MBTB, UiO-68-BTMB, and UiO-
68-BSMB give emissions at different colors with their peak
maxima at 445 nm (deep blue), 470 nm (light blue), 520 nm
(cyan), and 545 nm (light green), respectively (Figure 2c).
The corresponding solid-state photoluminescence quantum
yields (PLQYs) are 5.80%, 14.6%, 36.0%, and 2.80%,
respectively, which are much higher than those of the
corresponding linkers (0.60%, S5.50%, 1.50%, and 0.30%).
The enhanced PLQYs can be attributed to the fact that the
immobilization and separation of the linkers into MOF
backbone effectively prevents them from aggregation, thus

https://doi.org/10.1021/jacs.1c04810
J. Am. Chem. Soc. 2021, 143, 10547—10552


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04810/suppl_file/ja1c04810_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c04810/suppl_file/ja1c04810_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04810?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c04810?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

greatly suppressing aggregation-caused quenching (ACQ)
effects.’”> However, UiO-68-NTMB and UiO-68-NSMB give
much weaker emission with very low PLQYs of 0.30% and
0.70%, respectively, comparable to those of their correspond-
ing linkers (0.40% and 0.10%). The very low PLQYs of the two
linkers and the associated MOFs are due to the close linker—
linker distances and relatively strong 7—7 stacking interactions,
which lead to a substantial ACQ_effect, in contrast with the
other four smaller linkers and their MOFs."> The UV—vis
spectra of the six MOFs are generally consistent with their
HOMO-LUMO gaps and emission energies (Figure 2d).
DFT calculations on the fragments of UiO-68-NTMB and
UiO-68-BTMB show that no significant changes are observed
in the HOMO and LUMO orbitals in comparison with those
of the corresponding linkers,'* suggesting that the emission is
linker-based (Figures S3 and S4).

To verify our speculation about the ACQ_effect in UiO-68-
NTMB and UiO-68-NSMB and to improve the quantum
efficiency, a mixed-linker strategy was employed, where a
nonemissive linker, 2/,5'-dimethyl-[1,1":4’, 1”-terphenyl]-4,4”-
dicarboxylic acid (dTPDC), was used along with the emissive
NTMB and NSMB to increase the distances between the
emissive linkers.”'**'® For dTPDC, itt HOMO (LUMO) is
much lower (higher) than those of the six emissive linkers;
therefore, no charge/energy transfer will occur between
dTPDC and the emissive linkers (Figure SS). Mixed-linker
MOFs were thus prepared using the same method as for pure
linker MOFs (Table S1), where the ratio of L and dTPDC
varies from 1:1 to 1:2, 1:5, and 1:10. As depicted in Figure 3a,
the PXRD patterns of all UiO-68-NTMB/dTPDC samples are
nearly identical with that of the simulated UiO-68, indicative of
the retention of the pristine structure even after mixing with
increased concentrations of dTPDC. The solid-state emission
spectra of four UiO-68-NTMB/dTPDC samples show slightly
hypsochromic shifts with an increased concentration of
dTPDC (Figure 3b), which might be attributed to the
decreased concentration of lower-energy trap states."”> The
increased concentration of ATPDC had a significant effect on
the UV—vis absorption spectra of UiO-68-NTMB/dTPDC, in
which the spectra exhibit a gradual blue shift with decreased
intensity (Figure S6). This result could be ascribed to the fact
that UiO-68-dTPDC has a weak and narrow absorption band
in the visible-light range in comparison with UiO-68-NTMB
(Figure S7). Transient fluorescence decay profiles of UiO-68-
NTMB/dTPDC samples are presented in Figure 3c. It is very
difficult to record the decay traces for pure UiO-68-NTMB
and the sample with a 1:1 ratio of NTMB and dTPDC due to
their extremely low PL intensity. However, with a decreased
concentration of NTMB from 1:2 to 1:10, the lifetime is
significantly increased from 6.90 to 16.0 ns, indicating that
increasing the concentration of dTPDC has a remarkable effect
on the excited-state properties of NTMB. The PLQY shows a
significant improvement from 0.30% to 0.70%, 1.70%, 11.4%,
and 18.8% with the decrease in the molar ratio for
NTMB:dTPDC from 1:0 to 1:10, giving a 62.6 times
enhancement. The remarkable suppression of ACQ by the
mixed-linker strategy could be clearly observed by the naked
eye as a result of the significantly enhanced emission of UiO-
68-NTMB/dTPDC under 365 nm excitation (Figure 3d). It is
apparent that the total nonradiative decay rates of UiO-68-
NTMB/dTPDC gradually decreased with incresed concen-
traion of dTPDC, which demonstrates that the nonradiative
decay channels caused by aggregation can be effectively
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Figure 3. (a, e) PXRD patterns, (b, f) normalized solid-state emission
spectra, (c, g) transient fluorescence decay profiles, and (d, h)
photographs under 365 nm excitation of mixed-linkers UiO-68-
NTMB/dTPDC and UiO-68-BTMB/dTPDC with different concen-
trations of dTPDC.

reduced via combining the nonemissive dTPDC into the
crystal structures (Table S2). Similar photophysical properties
were observed for UiO-68-NSMB/dTPDC, as NSMB has
nearly the same molecular size as NTMB (Figure S8), where
the enhancement of PLQY is 21.0 times.

To confirm that the photoluminescence self-quenching
occurring in UiO-68-NTMB and UiO-68-NSMB was indeed
related to the molecular size, we also synthesized the mixed-
linker UiO-68-BTMB/dTPDC with various concentrations of
dTPDC. All of the synthesized UiO-68-BTMB/dTPDC exhibit
almost identical PXRD patterns with that of simulated UiO-68
(Figure 3e). Although the PL and UV—vis absorption spectra
show similar changes with UiO-68-NTMB/dTPDC (Figure 3f
and Figure S6), a slight change was measured for the transient
fluorescence decay profiles, which demonstrates that the
introduction of dTPDC has a limited effect on the excited
state of UiO-68-BTMB/dTPDC (Figure 3g). The PLQYs of
Ui0-68-BTMB/dTPDC only change 1.56 times from 36.0% to
40.4%, 44.3%, 56.2%, and 47.8% with the variation of the
molar ratio for BTMB:dTPDC from 1:0 to 1:10, which is very
difficult to distinguish by the naked eye (Figure 3h). In
addition, no significant changes were observed for the
temperature-dependent emission and transient fluorescence
decay profiles of UiO-68-BTMB/dTPDC from 293 to 77 K
(Figure S9), indicating that the temperature effect on the
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photochemistry of UiO-68-BTMB/dTPDC is very limited.
Similar photophysical phenomena were observed for UiO-68-
MBTB/dTPDC and UiO-68-BSMB/dTPDC with 1.67 and
3.10 times PLQY enhancement due to their similar molecular
structures (Figures S10 and S11). The real ratios for BTMB
and dTPDC in the mixed-linker UiO-68-BTMB/dTPDC
samples were quantified by 'H NMR on digested MOF
samples (Figures S12—S16), which are very close to the ratios
used in the actual synthesis.

The clear dependence of enhanced PLQYs and excited-state
lifetimes on different dTPDC concentrations in UiO-68-
NTMB/dTPDC and UiO-68-BTMB/dTPDC confirmed the
presence of PL self-quenching of NTMB and BTMB in both
MOF matrices. Partially replacing the emissive linkers by
dTPDC effectively increases the NTMB—NTMB or BTMB—
BTMB distances in UiO-68-NTMB/dTPDC and UiO-68-
BTMB/dTPDC, thus reducing 7—7 stacking interactions and,
consequently, the ACQ effect.” In addition, an amplified self-
quenching affect was observed in solid-state NTMB, NSMB,
UiO-68-NTMB, and UiO-68-NSMB due to their larger
molecular sizes in comparison to the other four linkers.
Since the mixed-linker strategy directly affects the distance
between the two emissive centers to tune the aggregation, the
self-quenching mechanism in these compounds can be ascribed
to ACQ. This can be further confirmed by analyzing the crystal
structures of UiO-68-BTMB and UiO-68-NTMB (Figure 4

Figure 4. Single-crystal structures of UiO-68-BTMB (a, b) and UiO-
68-NTMB (c, d) with octahedral (a, ¢) and tetrahedral (b, d) cavities.

and Table S3 and S4). For UiO-68 type MOFs, linkers are
incorporated into large octahedral cavities and small
tetrahedral cavities. On the basis of the reported data, the
average distance between skeletons of the two linkers in
octahedral and tetrahedral cavities are approximately 1.2—1.7
and 1.2—2.4 nm, respectively, while efficient energy transfer
occurs when the distance is less than 1.7 nm and the emission
from the donor can be significantly quenched."! After another
benzene ring is added to BTMB to form NTMB, the distance
between two NTMBs in the rigid UiO-68 matrix will be further
decreased and the two kinds of cavities become more crowded.
As a result, a remarkable self-quenching occurs. After NTMB is
replaced with increased concentrations of nonfluorescent

10550

dTPDC, the distance between the two NTMBs will gradually
increase and the ACQ will be suppressed, giving rise to an
enhanced quantum yield.

In conclusion, linker engineering has been used to synthesize
a series of 2,1,3-benzothiadiazole and its derivative-based
dicarboxylic acid linkers, which can be employed to form a
series of UiO-68 type MOFs with systematically tunable
fluorescence covering the full color spectrum. In addition,
applying the mixed-linker strategy allows us to make use of
nonfluorescent linkers to significantly reduce the aggregation-
caused quenching in densely packed MOFs matrices, thus
greatly enhancing the emission efficiency. This approach is
highly general and can be easily extended to other linker
systems to facilitate the development of well-functionalized
LMOFs.
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