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ABSTRACT: Herein, we demonstrate that linker installation (LI) through postsynthesis is an effective strategy to insert emissive
second linkers into single-linker-based metal−organic frameworks (MOFs) to tune the emission properties of multicomponent
MOFs. Full-color emission, including white-light emission, can be achieved via such a LI process.

Luminescent metal−organic frameworks (LMOFs) have
received tremendous attention in recent years for their

potential in energy-efficient lighting applications as a result of
their highly tunable structures and chemical compositions, as
well as nearly unlimited choices of emissive guest species,
which have enabled the development of many MOF-based
host−guest systems.1−4 In general, the emission behaviors of
LMOFs depend mainly on the metal nodes,5 linkers, and
guests, where linker- and guest-based systems possess more
advantages compared with metal node-based ones.6−8 In host−
guest-based LMOF composites, various dye molecules can be
encapsulated into different kinds of MOF structures via in situ
trapping or ion exchange procedures.9−16 Owing to the
diversity of MOFs and a vast variety of choices of guest
species, full-color-emissive LMOFs, including those that emit
white light, have been realized. However, compared with pure
organic-linker-based LMOFs, the host−guest-based compo-
sites often suffer from low thermal stability and photostability,
which must be addressed. While extensive studies have been
done on pure linker-based yellow-emitting LMOFs,17−20 only a
few papers report the strategy to tune the emission properties
via linker and structure engineering,8,21 including multi-
component MOFs (MC-MOFs) with well-established struc-
tures,8,22,23 which is likely due to the fact that (i) the synthesis
of linkers with different emission colors is usually complex and
time-consuming8,21 and (ii) some organic linkers with targeted
emission colors cannot be used directly to form MOFs.24

Therefore, the main challenge here is how to synthesize
organic linkers with excellent and desired emission properties
under facile conditions and prepare the corresponding MOFs
using these ligands. For example, to facilitate further
advancement of LMOFs-based phosphors for solid-state
lighting applications, it is crucial to develop an effective
strategy to obtain linker-based MOFs with full-color emissions
including white light.
Except using a direct method to synthesize MOFs,

postsynthesis modification has been proven as an alternative
and effective strategy to endow special properties to pristine
MOFs, including metal exchange, ligand exchange, ligand
modification, and so on.25−28 In 2015, Zhou and co-workers
reported a novel and useful approach to synthesizing MC-

MOFs with precise placement of the functional groups via
linker installation (LI).29 After that, LI has been employed as a
useful strategy to enhance the stability and sorption behaviors
of different types of MOF structures with various functional
linkers,29−35 which has facilitated MOF applications in various
fields such as catalysis32,36 and sensing.37

According to the LI strategy, we conceive that full-color
emission may be realized by installing organic linkers with
tunable emission properties in pristine nonfluorescent MOF
structures. Furthermore, it is highly possible to realize white-
light emission (WLE) by installing the appropriate red-green-
blue- or yellow-blue-emissive organic linker pairs. To prove our
hypothesis, we chose NPF-300 as the pristine MOF, which
shows a negligible emission property.30 On the other hand,
because of the tunable emission properties of 2,1,3-
benzothiadiazole and its analogues,38−40 a series of benzothia-
diazoledicarboxylic acid-based organic linkers (L), 4,4′-(2H-
benzo[d][1,2,3]triazole-4,7-diyl)bis(3-methoxybenzoic 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),41

4,4′-(benzo[c][1,2,5]selenadiazole-4,7-diyl)bis(3-methoxyben-
zoic acid) (BSMB), 4,4′-(naphtho[2,3-c][1,2,5]thiadiazole-4,9-
diyl)dibenzoic acid (NTB), and 4,4′-(naphtho[2,3-c][1,2,5]-
selenadiazole-4,9-diyl)dibenzoic acid (NSB), were synthesized
via linker engineering under mild conditions.42,43 These
ligands emit lights of a broad range of colors, from blue to
red, and are ideal for use as the second linker to be installed in
the NPF-300 [Zr6O4(OH)8(H2O)4linker2] pristine structure.
Full-color emission can be anticipated from the resultant MC-
NPF-300-L series (Scheme 1). WLE can be expected by
exciting a yellow-emitting MC-NPF-300-L with a blue-light
source. More importantly, this strategy can be applied to other
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MOF systems, such as PCN-700.29 By careful tuning of the
concentrations of the linker pairs of 2-aminoterephthalic acid
(NH2-BDC; blue-emitting) and NTB (orange-emitting), high-
quality WLE can also be realized. The present work
demonstrates that LI indeed is an effective strategy for
achieving full-color emissions, including WLE, in MC-MOFs
via linker engineering.
NPF-300 was synthesized according to the reported work

with some modification.30 Briefly, a 5 mL vial containing 3 mL
of N,N-dimethylformamide (DMF), 23.3 mg of ZrCl4, 10 mg
of 5′,5⁗-(buta-1,3-diyne-1,4-diyl)bis([1,1′:3′,1″-terphenyl]-
4,4″-dicarboxylic acid), and 700 mg of benzoic acid was put
in a preheated oven at 120 °C for 3 days. Colorless single
crystals were obtained after cooling to room temperature. After
thorough washing with DMF and hexane, crystal samples of
NPF-300 with well-matching powder X-ray diffraction
(PXRD) patterns to the simulated NPF-300 were obtained
(Figure S1). NPF-300 crystallizes in the orthorhombic crystal
system with a Cmmm space group and a scu topology, in which
each a Zr6 cluster connects to eight tetratopic carboxylate
linkers and eight terminal H2O/OH

− groups (Figure S2). The
distance between the unsaturated metal sites of two
neighboring Zr6 clusters perpendicular to the c axis is 15.1 Å.
The lengths of the chosen second linkers are all around 15.4 Å.
These results make NPF-300 an ideal platform to insert the
chosen emissive second linkers by replacing the H2O/OH

−

groups on the cluster.
To prove that the proposed second linkers can be installed

in the NPF-300 structure, the pristine MOF sample was
dispersed in the DMF solution of these second linkers (L), and
the mixture was heated at 80 °C for 24 h to yield NPF-300-L.
The resulting MC-MOFs were thoroughly washed using DMF
until no fluorescence signal was detected from the supernatant.
The successful formation of NPF-300-L was confirmed by
single-crystal X-ray diffraction. As an example, the crystal
structure of NPF-300-MBTB is depicted in Figure 1 and Table
S1. After a successful installation of MBTB, each Zr6 cluster is
10-connected to eight primary linkers and two MBTB by
replacement of the OH−/H2O groups on the primary Zr6
cluster of NPF-300 to form NPF-300-MBTB, which was
further confirmed by 1H NMR on the acid-digested NPF-300-
L (Figures S3−S8). As shown in Figure 2a, the PXRD patterns
of all NPF-300-L synthesized by this method match well with

those of the simulated NPF-300-MBTB, confirming the high
crystallinity of this isoreticular series and the nature of single-
crystal-to-single-crystal transformation during LI.
Solid-state photoluminescence (PL) of NPF-300-L was then

investigated. As shown in Figure 2b, blue, cyan, blue-green,
green-yellow, orange, and red emissions were recorded for
NPF-300-BAMB, NPF-300-MBTB, NPF-300-BTMB, NPF-
300-BSMB, NPF-300-NTB, and NPF-300-NSB with emission
peak maxima centered at 420, 480, 505, 545, 600, and 660 nm,
respectively, which is consistent with the color changes of the
corresponding single crystals under daylight and 365 nm
excitation (Figure 2e,f). The corresponding quantum yields are
2.2%, 5.7%, 16.4%, 9.7%, 1.2%, and 5.3% at 365 nm excitation.
The above results indicate that LI indeed is a powerful strategy
to obtain full-color emission in MC-MOFs with suitable linker

Scheme 1. Schematic Diagram Illustrating the Use of the LI
approach to Realize Full-Color Emission of NPF-300-L and
Molecular structures of the Organic Linkers Used in the
Present Work

Figure 1. Single-crystal structure of NPF-300-MBTB viewed from
different directions.

Figure 2. PXRD patterns (a), solid-state PL spectra under UV
excitation (b) and UV−vis spectra (c) of NPF-300-L and solid-state
PL spectra of NPF-300-BSMB, NPF-300-NTB, and NPF-300-NSB
under 450 nm excitation (d), and single-crystal images of NPF-300-L
under daylight (e) and under 365 nm excitation (f). Scale bar: 200
μm.
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engineering. The solid-state UV−vis absorption spectra shown
in Figure 2c are consistent with the highest occupied molecular
orbital−lowest unoccupied molecular orbital gaps of the
second ligands, with the highest and lowest values of the
absorption edges for NPF-300-BAMB and NPF-300-NSB,
respectively.42,43 NPF-300-BSMB, NPF-300-NTB, and NPF-
300-NSB show stronger absorption in the blue-light range
compared with other NPF-300-L compounds, indicating that
they are well blue-excitable and will have higher efficiency
when excited by a blue-light source rather than a UV-light
source. Indeed, under 450 nm excitation, enhanced PL
intensities were observed for these three MOFs with
corresponding quantum yields of 9.0%, 1.4%, and 6.2%,
respectively (Figures 2d and S9). A WLE can be obtained by
coating yellow-emitting NPF-300-BSMB on a blue LED chip
(Figure S10).
In order to demonstrate the generalizability of the LI

approach in achieving WLE in a single MC-MOF, we selected
PCN-700 as a pristine MOF. As shown in Figure 3a, two

linkers of different lengths can be sequentially installed into
this MOF (Figures S11 and S12),29 To create WLE, two
linkers with blue and yellow emission were chosen. NH2-BDC
(the blue emitter) and PCN-701-NH2 (Figure 3a) was
prepared according to the previously reported method.29 The
successful formation of PCN-701-NH2 was confirmed by
PXRD and 1H NMR analysis (Figures S13 and S14). PCN-

701-NH2 emits blue light (λem = 450 nm) with a
corresponding photoluminescence quantum yield (PLQY) of
26.4% under 365 nm excitation (Figure 3b). The excellent blue
emission of PCN-701-NH2 inspired us to install a yellow-
emitting linker subsequent to achieving WLE in one crystal
structure, for which NTB was used (Figure 3a). As shown in
Figure 3b, the PL peak of NTB gradually increased with
increasing concentration of NTB, which also exhibits a
significant blue shift compared with that in pure PCN-702-
NTB (Figure S15). The CIE chromaticity coordinates
gradually varied from (0.16, 0.14) of PCN-701-NH2 to
(0.45, 0.37) of PCN-703-3, and WLE can be realized at
(0.34, 0.30) for PCN-703-2 (Figure 3c). The PXRD patterns
of all PCN-703-n (n = 1−3) samples are almost identical with
that of PCN-701-NH2 (Figure S16), owing to the fact that the
installation concentration of NTB into PCN-701-NH2 is very
low and no obvious effect on the crystal structure can be
measured. The measured PLQYs, calculated correlated color
temperature, and color-rendering index values for PCN-703-2
are 8.6%, 4475 K, and 83.4, respectively. The color is similar to
natural white light and is human eye-friendly.
In conclusion, various organic linkers with tunable emission

properties have been successfully installed in a model MOF
structure, NPF-300, to achieve full-color emission. WLE can be
realized by excitation of yellow-emitting NPF-300-BSMB with
a blue-light source or by the sequential installation of blue- and
orange-emissive linkers into PCN-700. The present work
demonstrates that LI is an effective strategy for tuning the
emission energy and color of MC-MOFs and will facilitate the
development of LMOF-based materials for solid-state lighting
and other applications, such as photocatalysis and sensing.
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