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We show that photoluminescence quantum yields (PLQYs) of
chromophore-incorporated MOFs can be improved substantially
by increasing their structural dimensionality. A novel 3D zinc-
based metal-organic tetrakis(4-
carboxyphenyl)ethylene has been developed and its fluorescence
compared with that of the 2D parent structure.

framework built on

Strongly luminescent solids attract tremendous interest as
they possess potential for applications in light-emitting
devices and chemical/biological sensing."™  Organic
chromophores exhibiting aggregation-induced emission (AIE)
behaviour are particularly interesting due to their unique
luminescence properties.” AIE chromophores show little or
no emission in dilute solutions but are highly emissive upon
concentration or solidification. Tetraphenylethylene (tpe) is a
typical and simple AIE-type chromophore. It is non-emissive
in dilute solutions, but becomes brightly emissive with 50%
internal quantum yield (IQY) in the solid state.® This is
because in tpe aggregates, short intermolecular interactions
prevent the fast rotation of the terminal phenyl rings and
twisting of the C—C bonds which would otherwise quench its
fluorescence, such as in dilute solutions.

Over the past several years, extensive efforts have been
made to rigidify AIE type chromophores within metal-organic
frameworks (MOFs) through coordination to metal ions. Such
an approach has proven to be an alternative and often more
efficient way to enhance the fluorescence of the molecular
chromophores.”** It has been found in most cases the MOFs
made of such chromophore-based ligands show higher
quantum efficiency. It 1is generally recognized that,
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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 chromophores. However, the framework will
have little or no improvement if the chromophore ligands are
not effectively immobilized within the MOF. Fluorescent
properties of MOFs may be influenced by various factors.">"”
Here we show that the quantum yields of AIE chromophore-
based MOFs are highly dependent on their dimensionality,
which is directly associated with the barrier of the molecular
rotations or torsions.

Tetrakis(4-carboxyphenyl)ethylene (tcpe) is a simple
tetracarboxylate ligand obtained by functionalizing tpe.
Under UV (360 nm) excitation, solid tcpe emits blue light
with an emission maximum at 442 nm, and an internal
quantum yield (IQY) of 43.2% (Fig. 3). Zn®>" has been
commonly used as an anchor to immobilize AIE-type
chromophores in MOFs due to its d'® electronic
configuration, which would not interfere the luminescence-
related electron transfer processes on the organic
chromophores.”® Dinci et al. reported a two-dimensional
(2D) MOF structure built on Zn** and tcpe (denoted as Zn-
tcpe-2D, Fig. 1), which has a low quantum yield of only
2.0%."®' The authors concluded that the rotation of the
phenyl rings in tcpe molecules is not completely shut off in

Fig. 1 Molecular structure of Hstcpe chromophore (left) and Zn-tcpe-
2D (right). Zn: cyan, O: red, C: grey, H: white. Terminal water
molecules are omitted for clarity.
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the 2D MOF, which leads to substantially quenched emission
of the MOF compared to the tcpe chromophore. In this
context, it is interesting to explore if a three-dimensional
(3D) structure would firmly anchor the chromophore and
limit the rotation of phenyl rings. Thus we attempted to
develop a 3D MOF structure built on Zn>" and tcpe. Such
structures have not been reported so far. We found that
solvothermal synthesis with common solvent systems (DMF/
alcohols/water) resulted in either amorphous products or Zn-
tcpe-2D. This indicates that planar tcpe may favor the 2D
layered structure with Zn. To increase the framework
dimensionality, we then tried larger templates in the
synthesis, aiming at 3D structures. Using pyrazine as a
template, we succeeded in synthesizing a novel 3D LMOF
structure built on Zn** and tcpe. It should be pointed out
that the pyrazine used in this approach serve as a template
or modulator, and is not incorporated in the crystal structure
of the luminescent MOF.

The title compound was synthesized solvothermally by
mixing ZnCl,, Hytcpe, and pyrazine in DMF/H,0 at 85 °C for
2 days (see ESIT for synthesis details). Its crystal structure
was determined by single-crystal X-ray diffraction analysis.
The new MOF, termed as LMOF-321, has a formula of
[Zn;(ps-OH),(tepe)|(DMF)(H,0). LMOF-321 crystallizes in the
triclinic crystal system with a space group of P1. Each zinc
ion is octahedrally coordinated to six oxygen atoms from
ligand carboxylates, bridging hydroxyl, and terminal solvents
(water or DMF), forming one-dimensional (1D) chains which
are further interconnected by tcpe. The resultant 3D structure
possesses 1D open channels along the g-axis (Fig. 2c).
Topology analysis reveals LMOF-321 adopts fsc type structure
(Fig. 2d). Powder X-ray diffraction (PXRD) measurements
confirmed the phase purity of LMOF-321 (Fig. S17).
Thermogravimetric analysis (TGA) reveals a weight losses of
20% before 200 °C which is corresponding to the coordinated
and free solvents inside the pore (Fig. S2+).

Optical properties of LMOF-321 was investigated and
compared with that of the organic chromophore and Zn-tcpe-

Fig. 2 Coordination modes of Zn?* (a) and tcpe?” (b) of LMOF-321. (c)
3D structure view and (d) drawing of the fsc topological structure of
LMOEF-321.
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Fig. 3 Optical properties of the ligand and LMOFs. Excitation and
emission spectra of Hitcpe (a), LMOF-321 (b), and comparison of
emission wavelength and IQY for Hstcpe, Zn-tcpe-2D and LMOF-321 (c).

2D. LMOF-321 emits at 485 nm under 360 nm excitation
(Fig. 3b). Its emission wavelength is similar to that of Zn-
tcpe-2D, and is at a notably lower energy compared to that of
the pristine chromophore (emits at 442 nm). Such an
emission energy shift has been commonly observed for
LMOFs with the incorporation of organic
chromophores.'®'*2° Previous calculations indicate that the
large red or blue shift of emission upon immobilization of a
ligand into a MOF structure is often attributed to the
breakdown or reformation of the delocalized conjugation
system.”® The IQY of LMOF-321 was measured at room
temperature and the value is 71.7% at 360 nm excitation
wavelength. Compared to the IQY of the organic
chromophore Hytcpe (43.2%), the increase of 66.0% for
LMOF-321 represents a substantial improvement. Notably,
the IQY enhancements are 34 times for LMOF-321 over Zn-
tepe-2D (IQY: 2%). The much lower quantum efficiency of
Zn-tcpe-2D than that of the pristine organic chromophore H,-
tepe itself was attributed to the rotation of the phenyl rings.
It was surmised that the rotation of the phenyl rings is not

Zn-tcpe-2D LMOF-321

Fig. 4 Shortest H---H distances of the nearest phenyl rings in Zn-
tcpe-2D and LMOF-321.
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completely shut off upon incorporation of the organic
chromophore in the 2D layered structure, and thus causes
the quenching of the fluorescence. In comparison, the
remarkably high quantum yields of LMOF-321 is clearly a
result of rigidifying the organic chromophores in the 3D
structures, which limits the molecular motions including
vibrations, torsions, and rotations, and thus reduces the
nonradioactive excitation decay.

To confirm our hypothesis, we had a detailed comparison of
the crystal structures of LMOF-321 with that of Zn-tcpe-2D, and
found that the spatial separation between the closest tpe cores
in LMOF-321 is noticeably smaller than that in Zn-tcpe-2D. As
demonstrated in Fig. 4, the shortest H---H distances between
the nearest phenyl rings, a parameter often referred to in
connection with AIE chromophores,” is 2.60 A in LMOF-321.
The contact is more than 1 A shorter than that in Zn-tcpe-2D
which is as large as 3.63 A. This confirms that the phenyl rings
in tcpe become more closely packed from 2D layered structure
to the 3D framework, and thus shut off the possible rotations
of the phenyl rings. To the best of our knowledge, this
represents the first example showing a substantial
improvement in the quantum yields of LMOFs by increasing
the dimensionality of the MOF structures. This is not
unexpected as in the 3D structure, the organic chromophore
molecules are more rigidified leading to higher luminescent
efficiency, as observed in other luminescent MOFs."?

Conclusions

In conclusion, we have successfully developed a novel Zn-
based LMOF by rigidifying an organic chromophore Hytcpe
into a MOF backbone. Using a suitable template in our
synthesis, we successfully assembled H,tcpb and Zn>* into a
3D network that effectively restricted molecular motions of
the ligand, including the rotation of phenyl rings. As a result,
the luminescence internal quantum yield of the resultant
LMOF-321 is boosted by 34 times over the previously reported
2D layered structure made of the same metal and ligand, Zn-
tcpe-2D, confirming the effectiveness of this approach. This
work serves as the first example demonstrating luminescence
enhancement by increasing structural dimensionality, which
may provide insight for future design of high performance
LMOFs for real-world applications.
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