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Enhanced Yellow-Emitting Zirconium-
Based MOF Phosphors formed by
Immobilizing Organic Chromophores
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ABSTRACT [JWe demonstrate that two new zirconium based metal-organic
frameworks can be constructed from organic chromophore ligands. Both
compounds show intense yellow emission when excited by blue light, with
notable fluorescence red shift and quantum yield enhancement compared to

the organic chromophore.


mailto:wanghao@szpt.edu.cn
mailto:jingli@rutgers.edu

Light-emitting-diode (LED) bulbs are regarded as the future lighting
devices to fully replace traditional incandescent and fluorescent lighting
systems because of their low power consumption, high efficiency and long
lifetime. It has been estimated that nearly 90% of general lighting devices
will be LED-based by 2030 in United States, which would result in about 300
TWh of annual energy saving.? The simplest white LED (WLED) can be
assembled by coating a yellow phosphor onto a blue LED chip which
generates white light as a result of mixing blue and yellow emission from the
blue LED chip and the yellow phosphor, respectively.? The currently widely
used yellow phosphors have a large dependence on rare-earth elements
(REEs), such as the cerium (lll)-doped yttrium-aluminum garnet (YAG:Ce).
However, the global supply of REEs (e.g. yttrium and cerium in YAG:Ce) has
been and will remain at a deficit relative to demand. In light of their supply,
cost, and negative impact on the environment, it is of global importance to
develop REE-free alternative phosphors for the implementation of WLED

devices.

Organic chromophores are promising alternative lighting phosphors, and
incorporating them into metal-organic frameworks (MOFs) can further boost
their performance as it will lead to tunable optical properties, enhanced
emission and improved thermal stability. It has been shown that luminescent
MOFs (LMOFs) built on organic chromophore-based ligands often exhibit
higher quantum vyields (QYs) than the chromophoric ligands themselves

because immobilization of these chromophores onto the MOF structures limit



the molecular vibrations, torsions, and rotations which may result in
nonradiative excitation decay in the molecular chromophore.?*® LMOF
materials have found great potential as lighting phosphors as well as
chemical sensors.”® In this work, we demonstrate the construction of two
new zirconium based LMOFs built on a pre-designed organic chromophore
Hitcnpe, 1,1,2,2-tetrakis(4-(6-carboxy-naphthalen-2-yl)phenyl)ethylene. The
resulting Zr-MOF shows high thermal stability, dramatically enhanced

quantum yield, and fluorescence red shift compared to the organic linker.
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Figure 1. Estimated HOMO-LUMO energy gaps of ligands by DFT

calculations.

Tetraphenylethylene (tpe) is a typical aggregation-induced emission (AIE)
moiety, and its carboxylate form, tetrakis(4-carboxyphenyl)ethylene (Hitcpe)
has been extensively used for the construction of LMOFs.* ! H,tcpe has a

decent internal quantum yield (1QY) of 47% (Excited at 455 nm). However, its



emission energy is too high as a yellow phosphor (Aem = 480 nm). In order to
lower the emission energy of this ligand, we attempted to extend the arm
from the tpe core. Thus we designed and synthesized the organic
chromophore Hstcnpe. The estimated HOMO-LUMO energy gap (AE) for
Hstcnpe is 2.48 eV based on the DFT calculations, notably lower than that of
Hitcpe (2.78 eV).® Experimental UV-Vis spectrum shows Hitcnpe has an
energy gap of 2.55 eV, and photoluminescence spectrum indicates it emits
at 524 nm, but with a fairly low 1QY (17.7%) under blue light excitation (Aex =
455 nm). This is consistent with its excitation spectrum which suggests it is

barely blue excitable (Figure. 3a).

The incorporation of Hstcnpe into MOFs has been realized by solvothermal
reactions. Heating a mixture of ZrOCl,*8H,0, Hitcnpe, and an acid modulator
in DMF gives rise to yellowish block-shaped crystals (See Supplementary
Information for synthesis details). Single-crystal X-ray diffraction analysis
reveals that the use of formic acid/acidic acid and benzoic acid leads to two
new MOFs with similar structure but different terminal ligands. With formic
acid/acidic acid, a compound with formula of  Zre(us-O)a(us-
OH)4(tcnpe)2(H20)4(0OH), (denoted as 1 and LMOF-602) is obtained and with
benzoic acid the formula would be Zrs(us-0)a(us-OH)s(tcnpe).(BA)(OH),
(denoted as 2 and LMOF-603, BA= benzoic anhydride). 1 and 2 crystallize
in the space group of Cmcm and Pbcn, respectively, but with the same SBU
and connectivity. The structures are built on 8-connected Zrs04(OH),(COO)s

SBUs propagated through tcnpe* linkers to form a 3D net. Two identical nets



interpenetrate forming the final framework featuring scu topology.'? It is
worth noting that the these structures are different from PCN-94 (Zr-tcbpe,
Hstcbpe = 1,1,2,2-tetrakis(4-(4-carboxy-phenyl)phenyl)ethane) which is built
on 12-connected Zrs04(OH)4(CO0):>, SBUs and features a ftw type structure.®?
This is reasonable as Hitcbpe has an aspect ratio that is close to 1 while the
value for Hstcnpe is as high as 1.63, making it unfavourable for the formation
of 12-connected SBUs. In our previous report we have suggested that the
connectivity of Zre SBUs in Zr-MOFs built on planar, tetratopic carboxylate
linkers as well as their topology largely depend on the aspect ratio of the
organic ligand.'*® When the geometry of the organic ligand is close to a
square, it favours a ftw type structure with 12-connected SBUs. In contrast,
if the ligand is rectangle-shaped with an aspect ratio that is notably larger
than 1, it will most likely lead to the formation of a ftw-derivative topology

(i.e. scu, she, sql) with 8-, 6-, or even 4-connected Zrs SBUs.

Single net Doubly interpenetrated framework




Figure 2. Structure illustration of 1 and 2 (terminal coordinated ligands are

omitted for clarity).

Phase purity of the as-synthesized materials was confirmed by powder X-
ray diffraction (PXRD) analysis where the experimental patterns agree well
with the simulated ones derived from their crystal structures (Figures S6-S7).
Thermogravimetric analysis (TGA) suggests that 1 features a plateau up to
500 °C following an initial weight loss before 300 °C (Figure S8). In contrast,
the TGA curve of 2 indicates a continuous weight loss which should be
attributed to the existence of the coordinated benzoic anhydride molecules

(Figure S9).

The optical absorption spectra of the two compounds were collected at
room temperature and shown in Figure S11. Estimated band gaps are 2.25-
2.3 eV for both compounds. The photoluminescence spectra of the two MOFs
were obtained at room temperature and compared with that of the organic
ligand, as shown in Figure. 3. The excitation spectrum of Hitcnpe indicates it
is barely excitable by blue light, with emission intensity that is less than 50%
of that excited by UV light. The excitation spectra of 1 and 2, in sharp
contrast to that of the organic linker, suggest that they are evidently blue
excitable, and with a peak wavelength of 450-455 nm, right at the blue
region. The emission spectrum shows Hitcnpe emits at the blue-green with a
maximum peak wavelength of 521 nm. Interestingly, when the organic

molecule is incorporated into MOFs, both 1 and 2 emit at 570 nm, with a ~50



nm red shift from the emission wavelength of Hitcnpe. This is very different
from the case of PCN-94 where the Zr-based MOF (emits at 470 nm) show a
blue shift compared to the organic linker (emits at 545 nm). As previously
reported based on theoretical calculation results, the large red or blue shift
of emission upon incorporation of a ligand into MOF structure can be mainly
attributed to the breakdown or reformation of the delocalized conjugation
system.!?

The Commission International de I'Eclairage (CIE) coordinates of 1 and 2
are (0.47, 0.51) and (0.45, 0.53) under 455 excitation, respectively.
Compared to the CIE of YAG:Ce3* (0.41, 0.55), the emission of 1 and 2 are
closer to red, indicating they can be promising yellow phosphors for a
warmer white light which is highly desirable. 1 and 2 show very similar
optical properties, indicating the terminal ligands have little influence on the

photoluminescence of these MOFs.
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Figure 3. Optical properties of Hstcnpe, 1, and 2. Excitation and emission
spectra of Hjtcnpe (a), 1 (b), 2 (c), and CIE coordinates of 1 and 2, compared

to YAG:Ce?** (d).

Photoluminescence efficiencies of the two MOFs were evaluated by internal
quantum yield (1QY) measurements and compared with that of the organic
linker. The 1QY measurements were performed under excitation wavelengths
of 360 and 455 nm. Consistent with their photoluminescence excitation
spectra, both materials are highly excitable by blue light. The IQYs for 1 are
38.7% and 45.5% at 360 and 450 nm, respectively, and the values for 2 are
36.2% and 42.2%, respectively, at the same wavelengths. Compared to the
IQY of the organic chromophore Hitcnpe (17.7% at 450 nm), the increase of

157% and 138% (at 455 nm excitation) for 1 and 2 represents a substantial



improvement over the organic ligand. This can be attributed to the reduction
of nonradiative excitation decay of the organic chromophore when rigidified
in the MOF framework which limits the molecular vibrations, torsions, and
rotations, as having been confirmed in the previous studies. The thermal
stability of the two Zr-MOFs was also evaluated. After being heated at 150 °C
for 24 hours, 1 showed essentially no loss in 1QY, with a value of 44.5%,

indicating its good thermal stability.

In summary, we have demonstrated in this work the successful
incorporation of an organic chromophore into metal-organic framework
materials. The organic chromophore is pre-screened for suitable HOMO-
LUMO energy gap and its immobilization into MOFs leads to substantial
enhancement in the quantum yield and a red shift in emission wavelength.
The Zr-MOFs emit a warmer yellow light at 570 nm and have an increase of
157% and 138% in the quantum yield (at 455 nm excitation) compared with
the ligand. Our strategy indicates LMOFs with enhanced and ideal emission
energy may be achieved by incorporation of well-designed AIE-type

molecular chromophores.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS

Publications website at DOI:



Chemicals and methods, synthetic details of the organic ligand and MOFs,
materials characterization data (TGA, PXRD, Absorption spectra etc.)

Accession Codes

CCDC 1955130, 1955131 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:

+44 1223 336033.

AUTHOR INFORMATION

Corresponding Author

Hao Wang, E-mail: wanghao@szpt.edu.cn, Jing Li, E-mail: jingli@rutgers.edu

Notes

The authors declare no competing financial interest.
REFERENCES

1. Bardsley, N. B., S.; Hansen, M.; Pattison, L.; Pattison, M.;; Stober, K. Y., M.,
Solid State Lighting R&D Plan. U.S.; Energy, D. o., Eds. Washington, DC,
2015.

2. Pimputkar, S.; Speck, J. S.; DenBaars, S. P.; Nakamura, S., Prospects for
LED lighting. Nature Photonics 2009, 3 (4), 180-182.

3. Lustig, W. P.; Wang, F.; Teat, S. J.; Hu, Z.; Gong, Q.; Li, J., Chromophore-
Based Luminescent Metal-Organic Frameworks as Lighting Phosphors.
Inorganic Chemistry 2016, 55 (15), 7250-7256.

4. Shustova, N. B.; McCarthy, B. D.; Dinca, M., Turn-On Fluorescence in
Tetraphenylethylene-Based Metal-Organic Frameworks: An Alternative to
Aggregation-Induced Emission. Journal of the American Chemical Society
2011, 133 (50), 20126-20129.

10


mailto:jingli@rutgers.edu
mailto:wanghao@szpt.edu.cn

5. Gong, Q.; Hu, Z.; Deibert, B. J.; Emge, T. J.; Teat, S. J.; Banerjee, D.;
Mussman, B.; Rudd, N. D.; Li, J., Solution Processable MOF Yellow Phosphor
with Exceptionally High Quantum Efficiency. Journal of the American
Chemical Society 2014, 136 (48), 16724-16727.

6. Hu, Z.; Huang, G.; Lustig, W. P.; Wang, F.; Wang, H.; Teat, S. J.; Banerjee,
D.; Zhang, D.; Li, J., Achieving exceptionally high luminescence quantum
efficiency by immobilizing an AIE molecular chromophore into a metal-
organic framework. Chemical Communications 2015, 51 (15), 3045-3048.

7. Lustig, W. P.; Mukherjee, S.; Rudd, N. D.; Desai, A. V.; Li, J.; Ghosh, S. K.,
Metal-organic frameworks: functional luminescent and photonic materials for
sensing applications. Chemical Society Reviews 2017, 46 (11), 3242-3285.
8. Lustig, W. P.; Li, J., Luminescent metal-organic frameworks and
coordination polymers as alternative phosphors for energy efficient lighting
devices. Coordination Chemistry Reviews 2018, 373, 116-147.

9. Jiang, B.; Zhang, C.-W.; Shi, X.-L.; Yang, H.-B., AlE-active Metal-organic
Coordination Complexes Based on Tetraphenylethylene Unit and Their
Applications. Chinese Journal of Polymer Science 2019, 37 (4), 372-382.

10. Gui, B.; Yu, N.; Meng, Y.; Hu, F.; Wang, C., Immobilization of AIEgens into
metal-organic frameworks: Ligand design, emission behavior, and
applications. Journal of Polymer Science Part A: Polymer Chemistry 2017, 55
(11), 1809-1817.

11. Li, Q.-Y.; Ma, Z.; Zhang, W.-Q.; Xu, J.-L.; Wei, W.; Lu, H.; Zhao, X.; Wang,
X.-J., AlE-active tetraphenylethene functionalized metal-organic framework
for selective detection of nitroaromatic explosives and organic
photocatalysis. Chemical Communications 2016, 52 (75), 11284-11287.

12. Xu, L.; Luo, Y.-P.; Sun, L.; Xu, Y.; Cai, Z.-S.; Fang, M.; Yuan, R.-X.; Du, H.-
B., Highly Stable Mesoporous Zirconium Porphyrinic Frameworks with Distinct
Flexibility. Chemistry - A European Journal 2016, 22 (18), 6268-6276.

13. Wei, Z.; Gu, Z.-Y.; Arvapally, R. K.; Chen, Y.-P.; McDougald, R. N.; Ivy, J.
F.; Yakovenko, A. A.; Feng, D.; Omary, M. A.; Zhou, H.-C., Rigidifying
Fluorescent Linkers by Metal-Organic Framework Formation for Fluorescence
Blue Shift and Quantum Yield Enhancement. Journal of the American
Chemical Society 2014, 136 (23), 8269-8276.

14. Wang, H.; Dong, X.; Lin, J.; Teat, S. J.; Jensen, S.; Cure, J.; Alexandrov, E.
V.; Xia, Q.; Tan, K.; Wang, Q.; Olson, D. H.; Proserpio, D. M.; Chabal, Y. J.;
Thonhauser, T.; Sun, J.; Han, Y.; Li, J., Topologically guided tuning of Zr-MOF
pore structures for highly selective separation of C6 alkane isomers. Nature
Communications 2018, 9 (1), 1745.

15. Li, M.; Li, D.; O'Keeffe, M.; Yaghi, O. M., Topological Analysis of Metal-
Organic Frameworks with Polytopic Linkers and/or Multiple Building Units and
the Minimal Transitivity Principle. Chemical Reviews 2014, 114 (2), 1343-
1370.

16. Kalidindi, S. B.; Nayak, S.; Briggs, M. E.; Jansat, S.; Katsoulidis, A. P.;
Miller, G. J.; Warren, J. E.; Antypov, D.; Cora, F.; Slater, B.; Prestly, M. R.;
Marti-Gastaldo, C.; Rosseinsky, M. J., Chemical and Structural Stability of
Zirconium-based Metal-Organic Frameworks with Large Three-Dimensional

11



Pores by Linker Engineering. Angewandte Chemie International Edition
2015, 54 (1), 221-226.

12





