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ABSTRACT: Luminescent metal−organic frameworks (MOFs) are emerging as one of several promising materials to study light-
harvesting and energy-transfer processes. However, it is still a big challenge to tune and direct energy transfer in luminescent MOFs-
based light-harvesting system. Herein, a series of new light-harvesting zinc-based luminescent MOFs with seh underlying topology
were reported by successfully integrating 2,1,3-benzothiadiazole and its derivative-based carboxylic acids and pyridine-contained
linkers into one structure. The strong spectra overlap between the emission and absorption spectra of carboxylic acids and pyridine-
type linkers afforded an ideal platform to realize efficient energy transfer from the blue to near-infrared range. This work provides a
novel approach to the rational design and synthesis of MOFs-based multicomponent light-harvesting materials with tunable energy
transfer to mimic natural photosynthetic processes.

Light-harvesting and subsequent energy transfer are
essential steps for solar energy utilization in photosyn-

thesis.1−5 Natural light-harvesting has inspired considerable
research interest in the development of artificial materials to
mimic and understand these processes, which might facilitate
the development of a highly efficient artificial photosynthesis.
In recent years, benefiting from their highly tunable structures
and crystalline nature, luminescent metal−organic frameworks
(MOFs) have been used as great platforms to study energy
transfer.6−8 Among these MOFs, pillar-layered MOFs with
ordered linker distribution9−13 and mixed-linker-based MOFs
with disordered linker distribution14−16 are two promising
structural models to integrate linkers with different emission
and absorption behaviors and have been proven to be
promising candidates to achieve highly efficient light-harvest-
ing and energy transfer. Our group has reported that linker
installation also is a useful approach to achieving energy
transfer in the whole visible spectrum using full-color-emissive
MOFs and second linkers.17 Up to now, however, it is still a
great challenge to tune and direct energy transfer in the whole
visible light and even near-infrared range using multi-
component MOFs with well-defined structural and optical
control, which could be ascribed to two reasons. First, it is
difficult to synthesize multiple organic linkers with excellently
matched emission and absorption spectra as the energy donors
and acceptors. Second, except for pillar-layered MOFs, it is
very difficult to one-pot-prepare multicomponent MOFs by
integrating two or more linkers into one structure for energy
transfer, even though several works have been reported to
incorporate more than two kinds of linkers inside the MOF
matrix with ordered linker distribution18−23 via a one-pot
synthesis.
In our previous work, a number of 2,1,3-benzothiadiazole

and its derivative-based carboxylic acids17,24,25 and pyridine-

contained26 linkers have been reported with tunable emission
and absorption behaviors from deep blue to near-infrared.
Therefore, scu-type MOFs with full-color emission were
constructed, where full-color-emissive second linkers can be
easily inserted by linker installation to form multicomponent
MOFs. As a result, tunable energy transfer was achieved in the
resultant MOFs due to substantial overlap between the
emission and absorption spectra of the pristine and second
linkers. We thus envision that pillar-layered MOFs might be
constructed to realize tunable energy transfer in a broad light
range using these carboxylic acids and pyridine-based linkers.
Bearing the aforementioned discussion in mind, 5′,5⁗-

(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis([1,1′:3′,1″-terphen-
yl]-4,4″-dicarboxylic acid) (H4BTTC) and the bipyridine-
based linkers 4,7-di(pyridine-4-yl)benzo[c][1,2,5]thiadiazole
(PBT) and 4,9-di(pyridine-4-yl)naphtho[2,3-c][1,2,5]-
thiadiazole (PNT) (Figure 1) were first chosen as the three
organic linkers to prepare pillar-layered MOFs due to their
excellent optical properties according to our previous
work.17,24,26 To study the effect from benzo[c][1,2,5]-
thiadiazole and naphtho[2,3-c][1,2,5]thiadiazole on the
single-crystal structure, 1,4-di(pyridin-4-yl)benzene (DPB)
was also used as an organic linker to prepare the corresponding
luminescent MOFs. The zinc-based framework HIAM-3008
(HIAM = Hoffmann Institute of Advanced Materials; 30 =
zinc) was prepared using a typical synthesis route, as depicted
in Figure 1a: a 5 mL vial containing 4 mL of N,N-
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dimethylformamide (DMF), 14.9 mg of Zn(NO3)2·6H2O, 11.6
mg of DPB, and 19.2 mg of H4BTTC was placed in a
preheated oven at 100 °C for 2 days to obtain light-yellow
crystals (Figure S1). Usually pillar-layered MOFs should be
obtained via the combination of tetratopic carboxylate and
bipyridine.9,12,27−29 However, surprisingly, single-crystal X-ray
diffraction (XRD) analysis revealed that HIAM-3008 is not a
pillar-layered MOF, which crystallizes in the orthorhombic
crystal system with the Ibam space group (Table S1). As
depicted in Figures 1b,c and S2, two zinc(II) atoms are

bridged by four carboxylate groups from four fully deproto-
nated H4BTTC linkers to form a binuclear “paddle-wheel”
Zn2(COO)4, which is common in pillar-layered MOFs. These
four BTTC linkers did not form a layer in HIAM-3008. The
rest of the coordination sites on two zinc(II) atoms are
occupied by two nitrogen atoms from two DPB. The 6-
connected (6-c) building units are extended to generate a 2-
fold-interpenetrated 3D network. From the topological view,
the BTTC4− linkers and Zn2(COO)4 secondary building units
can be considered as 4-c and 6-c nodes, respectively. Also, the

Figure 1. Molecular structures of H4BTTC (a), DPB (a), PBT (d), and PNT (g). Single-crystal structures of HIAM-3008 (b and c), HIAM-3009
(e and f), and HIAM-3010 (h and i) viewed along the a (b, e, and h) and c (c, f, and i) axes.

Figure 2. PXRD patterns of simulated HIAM-3008, HIAM-3009, and HIAM-3010 and experimental PXRD patterns of the as-synthesized HIAM-
3008−HIAM-3012 (a). Absorption and emission spectra of HIAM-3008, HIAM-3011, and HIAM-3012 to illustrate spectral overlap (b).
Schematic diagram illustrating energy transfer from BPT to BTTC in HIAM-3009 and from BTTC to NPT in HIAM-3010 (c). Normalized solid-
state UV−vis absorption (d) and emission spectra (e) for HIAM-3008−HIAM-3012.
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framework of HIAM-3008 can be simplified as a seh-4,6-Imma
underlying net with a point symbol of {32·62·72}{34·42·64·75}.30
Then HIAM-3009 (Figure S3), using H4BTTC and PBT as

linkers (Figure 1d), and HIAM-3010 (Figure S4), using
H4BTTC and PNT as linkers (Figure 1g), were prepared
according to a method similar to that of HIAM-3008. As
expected, the same seh underlying net was obtained (Figure
1e,f,h,i), which means that the structure of pyridine-based
linkers has no effect on the single-crystal structures (Figure
1b,e,h). The phase purity of these MOFs was confirmed by the
great agreement between the simulated XRD and experimental
powder XRD (PXRD) patterns of the as-synthesized samples
(Figure 2a).
To investigate the potential energy transfer between BTTC

and PBT in HIAM-3009 and between BTTC and PNT in
HIAM-3010, a tetratopic carboxylic acid, 5′,5⁗-(2,5-difluoro-
1,4-phenylene)bis([1,1′:3′,1″-terphenyl]-4,4″-dicarboxylic
acid) (H4FTPC), was utilized to synthesize the same seh-type
MOFs with PBT (HIAM-3011) and PNT (HIAM-3012) as
colinkers (Figure S5), respectively. In HIAM-3011 and HIAM-
3012, the emission and absorption will be governed by the
PBT and PNT linkers. The almost identical PXRD patterns
between HIAM-3011, HIAM-3012, and simulated HIAM-
3010 indicate that HIAM-3011 and HIAM-3012 possess the
same structures as HIAM-3008 to HIAM-3010 (Figure 2a).
To ensure efficient energy transfer between PBT and BTTC

in HIAM-3009 and between BTTC and PNT in HIAM-3010,
the absorption spectrum of the acceptor and the emission
spectrum of the donor should have enough overlap. Therefore,
the absorption and emission spectra of HIAM-3008, HIAM-
3011, and HIAM- 3012 were studied first. The solid-state
spectra in Figure 2b show that HIAM-3008 has an absorption
edge at about 500 nm and an emission spectrum from 450 to
700 nm. HIAM-3011 exhibits an emission spectrum between
420 and 700 nm, and HIAM-3012 shows an absorption edge at
around 580 nm. The significant spectral overlap between the
absorption spectrum of HIAM-3008 (acceptor) and the
emission spectrum of HIAM-3011 (donor) and between the
absorption spectrum of HIAM-3012 (acceptor) and the

emission spectrum of HIAM-3008 (donor) suggests that
energy transfer will occur from PBT to BTTC and from BTTC
to PNT when they are integrated in HIAM-3009 and HIAM-
3010 (as depicted in Figure 2c). The emissions of each linker
in the DMF solution were also recorded as references to
demonstrate the emission in the prepared multicomponent
MOFs (Figure S6).
Then the solid-state UV−vis absorption and emission

spectra were measured for HIAM-3008 to HIAM-3012 to
explore energy transfer between linkers in HIAM-3009 and
HIAM-3010. It should be noted that no significant shifts were
observed for the absorption edges between HIAM-3008 and
HIAM-3009, HIAM-3010, and HIAM-3012 (Figure 2d),
which demonstrates that absorption is mainly governed by
BTTC for HIAM-3008 and HIAM-3009 and PNT for HIAM-
3010 and HIAM-3012, respectively. As shown in Figure 2e, the
emission maxima are 505, 516, 535, 573, and 584 nm for
HIAM-3011, HIAM-3008, HIAM-3009, HIAM-3010, and
HIAM-3012, respectively. These results indicate that energy
transfer indeed occurs from PBT to BTTC in HIAM-3009 and
from BTTC to NPT in HIAM-3010, which was confirmed by
the decreased lifetime of PBT in HIAM-3009 (5.38 ns)
compared with that in HIAM-3011 (13.41 ns) (Figure S7).
However, compared with the emission spectra of HIAM-3008
and HIAM-3011, 19 and 30 nm redshifts were measured for
HIAM-3009, while compared with that of HIAM-3012, a 11
nm hypochromatic shift was recorded for HIAM-3010. These
phenomena can be ascribed to the linker proximity and
orientation effect on the aggregation states of the linker, which
will affect the emission behaviors.
To further tune and direct energy transfer from the visible

light to near-infrared range in these kinds of multicomponent
MOFs, three other tetratopic carboxylic acids, {5′,5⁗-(5,6-
dimethylbenzo[c][1,2,5]thiadiazole-4,7-diyl)bis([1,1′:3′,1″-
terphenyl]-4,4″-dicarboxylic acid) (H4DTTC), 5′,5⁗-(benzo-
[c][1,2,5]selenadiazole-4,7-diyl)bis(([1,1′:3′,1″-terphenyl]-
4,4″-dicarboxylic acid)) (H4BSTC), and 5′,5⁗-(naphtho[2,3-
c][1,2,5]selenadiazole-4,9-diyl)bis(2′-amino-[1,1′:3′,1″-ter-
phenyl]-4,4″-dicarboxylic acid) (H4NSATC)}, and PNT were

Figure 3. Linker structures for synthesizing HIAM-3013, HIAM-3014, and HIAM-3015 (a). PXRD patterns of simulated HIAM-3009 and
experimental HIAM-3013, HIAM-3014, and HIAM-3015 (b). Emission (c) and absorption (d) spectra of HIAM-3013, HIAM-3014, and HIAM-
3015.
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employed for further exploration (Figure 3a), in which the
emissions of these four linkers locate in the blue, green, orange,
and near-infrared ranges. The corresponding MOFs, HIAM-
3013−HIAM-3015, were prepared using a method similar to
that of HIAM-3010. The isostructural nature of these three
MOFs with HIAM-3010 was confirmed via the almost
identical PXRD patterns, as shown in Figure 3b.
Then the solid-state emission and absorption properties of

HIAM-3013−HIAM-3015 were measured to study energy
transfer between the two integrated linkers. As shown in Figure
3c, the emissions were recorded with peak maxima at 565, 577,
and 763 nm for HIAM-3013, HIAM-3014, and HIAM-3015,
respectively. Energy transfer occurs from tetratopic carboxylic
acids to PNT in HIAM-3013 and HIAM-3014, which is the
same as that in HIAM-3010, while for HIAM-3015, the
emission maximum was recorded at 763 nm and the emission
from PNT completely disappeared, indicative of an efficient
energy transfer from PNT to NSATC. This result can be
attributed to the fact that the mission wavelength of a PNT-
based MOF overlaps substantially with the absorption
wavelength of a H4NSATC-based MOF, as reported in our
previous works.25,26 The absorption spectra of HIAM-3013
and HIAM-3014 are almost the same and similar to that of a
PNT-based pillar-layered MOF (HIAM-3002)26 but are
significantly red-shifted compared with those of H4DTTC-
and H4BSTC-based Zr- or Y-MOFs,17 while the absorption
spectrum was governed by NSATC in HIAM-3015, which is
similar to the NSATC-constructed Y-MOF.25 These results
demonstrate that the present multicomponent MOF structures
can be utilized as platforms to tune and direct energy transfer
from the blue light to near-infrared range by choosing the
appropriate organic linkers, where 2,1,3-benzothiadiazole and
its derivative-based D−A−D-type compounds provide an
abundant linker pool with highly tunable emission and
absorption behaviors.
In conclusion, a series of multicomponent Zn-MOFs with

well-defined structure were constructed using 2,1,3-benzothia-
diazole and its derivative-based carboxylic acids and pyridine-
contained linkers. Due to the controllable emission and
absorption properties of these linkers, energy transfer between
the carboxylic acid- and pyridine-based linkers can be well-
tuned and directed from the blue to near-infrared range. This
work offers a novel multicomponent MOF platform to control
energy transfer and further confirm the superiority of 2,1,3-
benzothiadiazole and its derivative-based organic linkers.
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