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ABSTRACT: Herein, we report a new light-harvesting mixed-
ligand Zr(IV)-based metal-organic framework (MOF),with 
underlying fcu topology, encompassing the [Zr6(μ3-O)4(μ3-
OH)4(O2C−)12] cluster and an equimolar mixture of 
thiadiazole-and imidazole-functionalized ligands. The 
successful integration of ligands with similar structural 
features but with notable chemical distinction afforded the 
attainment of a highly efficient energy transfer. Notably, the 
very strong spectral overlap between the emission spectrum 
of benzimidazole (energy donor) and the absorption spectrum 
of thiadiazole (energy acceptor) provided an ideal platform to 
achieve very rapid (picosecond time scale) and highly efficient 
energy transfer (around 90% efficiency), as evidenced by time-
resolved spectroscopy. Remarkably, the ultrafast time-
resolved experiments quantified for the first time the 
anticipated close proximity of the two linkers with an average 
distance of 17 Å. This finding paves the way for the design and 
synthesis of periodic MOFs affording very efficient and fast 
energy transfer to mimic natural photosynthetic systems. 

Photosynthesis is one of the key processes in nature, and it is 
principally based on an energy transfer process that takes 
place between chlorophyll (an antenna molecule) and a 
carotenoid (a pigment molecule) present in floras. The energy 
transfer process in plants occurs by means of the absorption 
of a wide range of wavelengths of sunlight that can be 
transferred to the reaction center via energy transfer and is 
then converted into chemical energy.1-3 Several attempts have 
been made to design highly efficient natural energy transfer 
systems, such as assemblies of covalently bonded porphyrin 
arrays,4 dendrimers,5 chromogenic polymers,6 and self-
assembled donor−acceptor supramolecular systems.7 This 
energy transfer process is most effective through assembly of 
an ordered network embedded within the same systems.8  
Metal−organic frameworks (MOFs), an emerging class of 
porous crystalline materials, that are built up from 
multidentate organic building blocks and metal or metal 
clusters,9 have paved their way as bulk and thin films in 
diverse applications, including gas separation and storage,10 
sensing,11 catalysis,12 and drug release.13 This versatility is a 
result of their permanent porosity, surface area, and structural 
and functional tunability. In particular, MOFs have been 
brought into the limelight as a suitable platform for 

exploration of directional energy transfer phenomena. This is 
mainly due to the distances and angles between linkers in 
MOF structures, which can be easily determined by different 
techniques such as single-crystal X-ray crystallography. The 
ability to design and fine-tune MOF structures can be 
approached methodically via the unlimited possibilities of 
altering and combining organic ligands and metals or metal 
clusters.14-15 
In recent years, several research groups have made 
considerable progress in the design and development of MOFs 
for light-harvesting applications. In principle, energy transfer 
in MOFs can be introduced via various pathways, including 
metal-to-ligand, metal-to-metal, host-to-guest, and ligand-to-
ligand scenarios.16-21 Several studies have reported stimulating 
strut-to-strut energy transfer pathways within MOFs 
encompassing porphyrin ligands.22-24 These early 
investigations encouraged us to explore novel structures 
containing two complementary ligands in a single MOF 
structure (mixed-ligand-based MOFs) to study ligand-to-
ligand energy transfer. The mixed-ligand approach is the ideal 
design to co-assemble two ligands in a single MOF structure. 
Thus, we herein report a new zirconium-based mixed-ligand 
fcu MOF (Zr-ML-fcu-MOF), which was obtained by the 
solvothermal reaction between a zirconium salt and a 
equimolar mixture ratio of 4,4'-(1H-benzo[d]imidazole-4,7-
diyl)dibenzoic acid (BI) and 4,4'-(benzo[c][1,2,5]thiadiazole-
4,7-diyl)dibenzoic acid (TD)25-26 linkers (see Figure 1). The 
mixed-ligand strategy successfully yielded Zr-ML-fcu-MOF, 
because of the identical length, symmetry and connectivity of 
the two ligands (see Figure 1). The rapid and highly efficient 
ligand-to-ligand energy transfer from the benzimidazole 
linker to the thiadiazole linker in Zr-ML-fcu-MOF was 
confirmed by various techniques, such as steady-state and 
time-resolved luminescence measurements. 
The new Zr-ML-fcu-MOF was synthesized by a conventional 
method, as described in Figure 1. ZrCl4 and TFA were mixed in 
DMF for 1 h, followed by the addition of BI and TD solutions. 
Heating for 24 h at 120 °C resulted in the formation of Zr-ML-
fcu-MOF as pale yellow fine crystals. The synthetic 
procedures are described in detail in the experimental section 
in the supporting information (SI). For comparison purposes, 
we have also synthesized single-ligand MOFs (Zr-BI-fcu-MOF 
and Zr-TD-fcu-MOF) of BI and TD by a conventional method, 
which also yielded white and yellow fine crystal products, 
respectively. Figure 2a shows the powder X-ray diffraction 
(PXRD) patterns of the three as-synthesized MOFs. The PXRD 



 

comparison of the three MOFs with UiO-68 calculations 
confirms that they have the same structure. The PXRD 

patterns also confirm the presence of pure-phase Zr-ML-fcu-
MOF, comparable to that of the single-ligand-based MOFs. 

 
 
Figure 1. Schematic representation of the Zr-ML-fcu-MOF structure and its synthesis from the Zr precursor and the BI 
(represented as yellow line) and TD (represented as red line) mixed linkers. (inset) The chemical structure of the Zr-ML-fcu-
MOF in the tetrahedral cage with the different absorption and emission wavelengths of the two linkers. 

1H NMR measurements were conducted to determine the ratio 
of BI and TD linkers in these Zr-ML-fcu-MOFs. It should be 
noted that the 1H NMR spectra were obtained after digestion 
of the Zr-ML-fcu-MOF in concentrated hydrochloric acid and 
separation of the organic ligands by centrifugation. 1H NMR of 
the digested Zr-ML-fcu-MOF shows signals from both 
ligands. As shown in Figure 1b, the peak at 8.08 ppm could be  
attributed to the TD ligand, and the peak at 7.68 ppm 
represents the proton from the BI ligand. By integrating the 
peaks from both ligands, we can conclude that the ratio 
between the BI and TD ligands is approximately 1:1.25. We also 
performed high-resolution X-ray photoelectron spectroscopy 
(XPS) (Figure S5) to determine the nitrogen (N) and sulfur (S) 
contents on the surface of Zr-ML-fcu-MOF. The results show 
that on the Zr-ML-fcu-MOF surface, both N and S are present, 
and by calculating the ratio of N to S, we can conclude that 
the ratio of BI:TD ligands on the surface is approximately 1.1:1, 
which is very comparable to that determined from the 1H NMR 
data. 
The scanning electron microscopy (SEM) image of the mixed 
ligand sample (Figure S6) shows that Zr-ML-fcu-MOF is 
mainly composed of one type of very small crystal particle. 
The elemental mapping scan of N and S for the Zr-ML-fcu-
MOF particles shows a uniform distribution of N and S, which 
indicates that there is a good distribution of the two linkers in 
the MOF structure. From the N and S contents, we estimated 
the ratio of BI:TD ligands to be approximately 1:1.1 (Figure S7, 
and S8). The porosity of Zr-BI-fcu-MOF, Zr-TD-fcu-MOF, and 
Zr-ML-fcu-MOF was  evaluated via nitrogen 
adsorption−desorption isotherms at 77 K (Figures S9, S10 and 
S11). All of Zr-BI-fcu-MOF, Zr-TD-fcu-MOF, and Zr-ML-fcu-
MOF have shown type I N2 isotherms. On the other hand, 
Brunauer−Emmett−Teller (BET) analysis of the N2 
adsorption−desorption isotherms confirms that Zr-BI-fcu-
MOF, Zr-TD-fcu-MOF, and Zr-ML-fcu-MOF have high 
surface areas of ~3490, 2380 and 3110 m2g−1 and pore volumes 
of 1.47, 1.02 and 1.26 cm3 g−1, respectively.  
The efficient energy transfer in Zr-ML-fcu-MOF was 
visualized using steady-state absorption and 
photoluminescence (PL), and time-resolved spectroscopies. 
The steady-state spectra in Figure 3a show that Zr-BI-fcu-
MOF has an absorption band at 350 nm and exhibits an 

emission spectrum between 400 and 550 nm. Zr-TD-fcu-MOF 
(Figure 3b) shows a broad absorption spectrum at 
approximately 450 nm and an emission band at 530 nm. As 
shown in Figure 3, the significant spectral overlap between the 
emission spectrum of Zr-BI-fcu-MOF (donor) and the 
absorption spectrum of Zr-TD-fcu-MOF (acceptor) strongly 
supports the energy transfer process from the BI linker to the 
TD linker.   
Note that in addition to the distance between the two linkers, 
the degree of this spectral overlap is one of the key factors 
used to determine the rate and efficiency of Fӧrster-type 
resonant energy transfer (FRET).27  
We explore and decipher the interplay between the linkers in 
Zr-ML-fcu-MOF using steady-state absorption experiments, 
as shown in Figure 3c. Zr-ML-fcu-MOF has a broad absorption 
band from 350 to 500 nm. This spectrum is consistent with 
contributions from the Zr-BI-fcu-MOF band at 350 nm and 
that from Zr-TD-fcu-MOF at approximately 450 nm. 
 



 

 

 

Figure 2. (a) PXRD patterns of the synthesized Zr-BI-fcu-
MOF (red), Zr-TD-fcu-MOF (blue) and Zr-ML-fcu-MOF 
(green) and simulated PXRD pattern of UiO-68 (black); (b) 1H 
NMR plot of the digested Zr-ML-fcu-MOF. 
This observation also confirms the presence of both ligands in 
the MOF. On the other hand, from the emission spectra of Zr-
ML-fcu-MOF, we note that the disappearance of the BI 
emission peak upon 315 nm excitation provides an indication 
for energy transfer from BI to TD. The almost complete PL 
quenching of the BI emission band indicates that the process 
occurs in our Zr-ML-fcu-MOF with very high efficiency. This 
behavior is not observed in the physical mixture of free ligands 
and is not observed in the physically mixed Zr-BI-fcu-MOF 
and Zr-TD-fcu-MOF (Figure S12-S14), highlighting the 
importance of the Zr-ML-fcu-MOF architecture that 
significantly facilitates the process due to the proximity and 
orientation of the ligands. In other words, the constrain 
produced by the MOF architecture, facilitates the energy 
transfer process and prevents other ligand excited-state 
deactivation channels to take place 

 
Figure 3. Absorption and emission spectra of Zr-BI-fcu-MOF 
(a), Zr-TD-fcu-MOF (b), and Zr-ML-fcu-MOF (c) in 
acetonitrile. λexc = 315 nm. The framed area shows the overlap 
between donor emission and acceptor absorption. 

To confirm the energy transfer process and determine its 
characteristic rate, we performed time-resolved emission 
experiments through time-correlated single-photon counting 
technique (TCSPC). Namely, the BI band was monitored at 
440 nm, and the TD band was monitored at 530 nm. The 
TCSPC data in Figure 4 show significant differences in the 
excited-state lifetimes of Zr-BI-fcu-MOF, Zr-TD-fcu-MOF, 
and Zr-ML-fcu-MOF. At early times (Figure 4a), the TD band 
in Zr-ML-fcu-MOF (530 nm) shows a PL rise compared with 
that of the respective single-ligand MOF. This accumulation 
could be attributed to the energy transfer from the BI to the 
TD. The extracted time constant of 108 ± 12 ps and the 
complete PL quenching of the donor suggest a rapid and 
highly efficient energy transfer between the two ligands. 
Complementing this evidence, the 440 nm emission band in 
Zr-ML-fcu-MOF exhibits an early fast decay compared to that 
of Zr-BI-fcu-MOF. It is worth mentioning that this energy 
transfer rate is faster compared to the ones found in other 
MOFs that exhibit nanosecond scale ligand-to-ligand energy 
transfer.14, 17, 21, 28  
The exponential fittings for the kinetic traces on the long time 
scale in Figure 4b show a diminution in the BI emission 
lifetime from 2.82 ± 0.09 ns for Zr-BI-fcu-MOF to 0.81 ± 0.06 
ns for Zr-ML-fcu-MOF. This decrease is accompanied by an 
increase in the lifetime of the TD emission lifetime from 1.41 ± 
0.07 ns in Zr-TD-fcu-MOF to 3.17 ± 0.06 ns in Zr-ML-fcu-
MOF. These changes also confirm the photoluminescence 
quenching of the BI by energy transfer to the TD. 



 

 
Figure 4. TCSPC data for Zr-BI-fcu-MOF, Zr-TD-fcu-MOF, 
and Zr-ML-fcu-MOF at their emission bands in acetonitrile 
solution (a) on an early time scale and (b) on a long time scale. 
The exponential fittings are indicated as solid lines. λexc = 350 
nm.  

Using the lifetime and steady-state spectroscopic data, we first 
calculated the distance between the BI and TD ligands inside 
the Zr-ML-fcu-MOF through the Fӧrster energy transfer 
equation (eq. 1).27 

𝑘𝐹𝑅𝐸𝑇 =
1

𝜏𝐷
(
𝑅0
𝑟
)
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 (1) 

where kFRET is the rate of the energy transfer process obtained 
from PL lifetime measurements, τD is the lifetime of the donor 
in the absence of the acceptor, R0 is the Fӧrster distance, and 
r is the distance between the donor and the acceptor units. 
More details about the values of the equation parameters are 
included in the S I. From the kinetic traces, the energy transfer 
time constant was determined to be 108 ps (the rise 
component in the TD kinetic traces in the Zr-ML-fcu-MOF). 
This time constant yielded a length of 17 Å between the two 
ligands. This value is in good agreement with the calculated 
values for neighboring ligands inside Zr-fcu-MOFs. It should 
be noted that there are two types of pores in Zr-ML-fcu-MOF, 
octahedral and tetrahedral. The average distances between 
the two ligands in the tetrahedral and octahedral cages are 
approximately 12-17 Å and 12-24 Å, respectively (Figure S15). 
This evidence also confirms that the ligands are evenly well 
distributed within the Zr-ML-fcu-MOF structure. The energy 
transfer most likely takes place between ligands at close 
proximity, where the probability of finding different ligands 
next to each other is high. 
The time-resolved PL results also allow us to estimate the 
efficiency of energy transfer between the two linkers via eq. 
2:29 

𝜖 =
1

1 +
1

𝜏𝐷𝑘𝐹𝑅𝐸𝑇

 

 

 

(2) 

The efficiency (ϵ) found in our system was  90 %. This high 
value is also consistent with the substantial decrease in the BI 
emission band in the steady-state experiments. Moreover, it 
confirms the capability of MOFs to serve as excellent light-
harvesting materials in addition to all their known properties. 
It should be noted that the efficiency is higher than other 
imidazole derivatives MOFs (72 %),28 and even porphyrin-
based MOFs (85 %),14, 17, 28 establishing our MOF as a better 
energy-transfer system and a potential light-harvesting 
material template.  
In summary, we have successfully synthesized a new Zr-ML-
fcu-MOF based on mixed imidazole- and thiadiazole-
functionalized linkers. This new MOF structure exhibits very 
rapid and highly efficient energy transfer. More specifically, 
steady-state and time-resolved spectroscopic measurements 
demonstrate that 90 % energy transfer efficiency with an 
approximately 100 ps time constant was achieved, 
representing one of the most efficient energy transfer 
processes in families of MOFs. This work highlights the key 
variable components to design and synthesize MOFs as new 
efficient light-harvesting materials. Moreover, since the  inter-
ligand distance has a remarkable effect on the energy transfer 
process, the system could be slightly modified to tune its 
optical properties by controlling  the ligand-ligand distance as 
have been proposed for other systems that undergo variable 
energy transfer process.30 
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