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ABSTRACT: Photoinduced electron and energy transfer through preorganized chromophore, donor, and 

acceptor arrays are key to light-harvesting capabilities of photosynthetic plants and bacteria. Mimicking the 

design principles of natural photosystems, we constructed a new luminescent pillared paddlewheel metal–

organic framework (MOF), Zn2(NDC)2(DPTTZ) featuring naphthalene dicarboxylate (NDC) struts that 

served as antenna chromophores and energy donors and N,N'-di(4-pyridyl)thiazolo-[5,4-d]thiazole 

(DPTTZ) pillars as complementary energy acceptors and light emitters. Highly ordered arrangement and 

good overlap between the emission and absorption spectra of these two complementary energy donor and 

acceptor units enabled ligand-to-ligand Förster resonance energy transfer, allowing the MOF to display 

exclusively DPTTZ-centric blue emission (410 nm) regardless of the excitation of either chromophore at 

different wavelengths. In the presence of Hg2+, a toxic heavy metal ion, the photoluminescence (PL) of 

Zn2(NDC)2(DPTTZ) MOF underwent significant red-shift to 450 nm followed by quenching, whereas other 

transition metal ions (Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and Cd2+) caused only fluorescence quenching but no 

shift. The free DPTTZ ligand also displayed similar, albeit less efficient, fluorescence changes, suggesting 

that the heavy atom effect and coordination of Hg2+ and other transition metal ions with the DPTTZ ligands 

were responsible for the fluorescence changes in the MOF. When exposed to a mixture of different metal 

ions including Hg2+, the MOF still displayed the Hg2+-specific fluorescence signal, demonstrating that it 

could detect Hg2+ in the presence of other metal ions. The powder x-ray diffraction studies verified that the 

framework remained intact after being exposed to Hg2+ and other transition metal ions, and its original PL 

spectrum was restored upon washing. These studies demonstrated the light-harvesting and Hg2+ sensing 

capabilities of a new bichromophoric luminescent MOF featuring a seldom-used photoactive ligand, which 

will likely spark an explosion of TTZ-based MOFs for various optoelectronic applications in near future. 
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INTRODUCTION 

Photoinduced cascade electron transfer and energy transfer through preorganized chromophores and donor–
acceptor arrays are key steps of light-harvesting mechanisms of photosynthetic plants and bacteria.1 These 
well-orchestrated intricate events are not only the primary source of food and energy supplies that propel 
life on earth, but also offer scientists clues for how to design artificial light-harvesting materials that can 
power and advance human civilization in a sustainable way. The first and foremost criterion for efficient 
electron/energy transfer events is precise organization of chromophore, donor, and acceptor units with 
complementary energy levels so that the photons and/or electrons released by the former can be received 
by the latter.2 Among various supramolecular and polymeric materials developed to date,3–6 metal–organic 
frameworks (MOFs)7—a class of crystalline porous coordination networks composed of metal cluster nodes 
and organic linkers—present one of the most effective ways to organize these components in a highly 
ordered periodic fashion that can foster efficient energy and electron transfer processes when the requisite 
criteria are satisfied. Furthermore, tunable reticular structures, porosity and chemical and physical 
properties make MOFs one the most versatile materials that can not only capture and concentrate certain 
analytes selectively, but also exhibit stimuli-responsive behaviors upon specific host-guest interactions.8 
As a result, although much of MOF research in early days largely focused on their size- and shape-selective 
guest encapsulation, separation, storage, sequestration, and delivery applications,9–15 the introduction of 
redox- and photoactive ligands,15–17 metal ions,18 and guest molecules19–21 endowed them with fascinating 
optical, electronic, and chemical properties,22,23 unlocking their potential for photocatalysis,24,25 sensing8,26–
40 electrical41–52 and ionic conductivities53–61 and light-to-electrical energy conversion.62–70  

Photoluminescence (PL) is one of the most appealing and useful properties of MOFs. While some 
frameworks display photoluminescence despite not containing intrinsically emissive components due to 
ligand rigidification,8,27 the most effective and tunable luminescent MOFs usually feature luminescent 
aromatic ligands and lanthanide ions that emit light upon direct or indirect sensitization involving ligand-
to-ligand or ligand-to-metal energy transfer events.71 Although ligand-to-ligand energy transfer events are 
most commonly found in porphyrin-based MOFs,72–78 porphyrins are rather weak fluorophores and very 
prone to photobleaching. Therefore, there remains a need for porphyrin-free luminescent MOFs that can 
support energy transfer and display stimuli-responsive emission changes. Diversifying the composition, 
properties, and functions of light-harvesting MOFs, herein, we report synthesis, PL behavior, and energy 
transfer and Hg2+ sensing capabilities of a new pillared-paddlewheel framework Zn2(NDC)2(DPTTZ) 
featuring 2,6-naphthalele dicarboxylate (NDC) struts and N,N'-di(4-pyridyl)thiazolo-[5,4-d]thiazole 
(DPTTZ) pillars (Figure 1), which are excellent chromophores and fluorophores with complementary 
absorption and emission characteristics suitable for Förster resonance energy transfer (FRET).79,80 Although 
the redox and light-harvesting properties of electron deficient and luminescent TTZ compounds are well 
documented in molecular environments,81,82 they have been rarely incorporated in MOFs83–85 and their PL 
and redox properties have yet to be explored inside crystalline frameworks. The lowest energy absorption 
peak of DPTTZ overlaps quite well with the emission peak of NDC, which enables ligand-to-ligand FRET 
and allows the MOF to display exclusively DPTTZ-centric blue emission (~410 nm) irrespective of the 
excitation wavelength. Control MOFs devoid of either NDC or DPTTZ ligand do not display such energy 
transfer capability. Furthermore, the PL spectrum of the DPTTZ-based MOF undergoes significant 
bathochromic shift and quenching in the presence of Hg2+ but not with other transition metal ions, making 
it a promising sensor for this toxic heavy metal ion.  
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EXPERIMENTAL SECTION 

General Materials and Methods. Starting materials including NDC, 1,4-benzenedicarboxylic acid (1,4-
BDC), 4,4'-bipyridine (BPY), dithiooxamide, 4-pyridinecarboxaldehyde, Zn(NO3)2.6H2O, Hg(OTf)2, 
Mn(NO3)2, Fe(ClO4)2, Co(NO3)2, Ni(NO3)2, Cu(NO3)2, Cd(NO3)2, and solvents (DMF, MeCN, EtOH, 
CHCl3, chlorobenzene, etc.) were purchased from Sigma-Aldrich, Acros Organic, TCI America, and VWR 
and used as-obtained. The 1H NMR spectra were recorded on a Bruker 500 MHz NMR spectrometer. Single 
crystal x-ray diffraction (SXRD) analyses of MOF crystals were performed on a Bruker D8 Venture dual 
source diffractometer with Cu and Mo radiation sources and CMOS detector and structures were solved 
and refined using Bruker SHELXTL software package. Powder x-ray diffraction (PXRD) analyses were 
done with a Rigaku Ultima IV X-ray diffractometer equipped with Cu Kα radiation source (l = 1.5406 Å) 
and a CCD area detector. The porosity of MOFs was determined from CO2 sorption isotherms recorded on 
a Quantachrome Autosorb iQ Gas Sorption Analyzer and their thermal stability from thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) measured with a TA instrument SDT Q600. 
The UV-Vis absorption spectra of ligands and MOFs were recorded on a Shimadzu UV-2600 
spectrophotometer equipped with an integrated sphere (200–1400 nm) and steady-state excitation and 
emission spectra with a Shimadzu RF-6000 equipped with xenon lamp. Time-correlated single photon 
counting (TCSPC) measurements were conducted on a Jobin Yvon-Spex Fluorolog equipped with a 389 
nm diode laser. The TCSPC fluorescence decay data were fit to double and triple exponential decays using 
Igor Pro 6.3 software and in-house developed fitting/graphing scripts. 

Synthesis and Characterization of DPTTZ Ligand. DPTTZ ligand was synthesized following a reported 
protocol.86 Briefly, a solution mixture of dithiooxamide (200 mg, 1.66 mmol) and 4-
pyridinecarboxaldehyde (0.4 mL, 4.4 mmol) in anhydrous DMF (10 mL) was heated under reflux for 2.5 
h. Upon cooling the reaction mixture to room temperature, yellow crystalline product precipitated out, 
which was collected by filtration, washed with H2O and MeOH, and dried under air (311 mg, 63% yield). 
The 1H NMR spectrum of the product was in good agreement with that of DPTTZ reported in literature.84 

Syntheses and Characterization of MOFs. Zn2(NDC)2(DPTTZ) MOF was synthesized under standard 
solvothermal reaction conditions used for pillared paddlewheel architectures.87,88 First, DPTTZ (6.0 mg, 
0.02 mmol) was dissolved in hot DMF (5 mL) and added to a freshly prepared solution of Zn(NO3)2·6H2O 
(11.90 mg, 0.04 mmol) and NDC (8.73 mg, 0.04 mmol) in DMF (1.5 mL) in a screw capped vial. Then the 
resulting reaction mixture was placed inside an oven and heated at constant 80 °C for 2 days to obtain pale 
yellow colored rod-shaped crystals suitable for single-crystal X-ray diffraction (SXRD) analysis. These 
crystals were washed with fresh DMF and MeOH and dried under vacuum to obtain the bulk material (7.9 
mg, 44% yield). The SXRD analysis (Table S1) of as-synthesized crystals revealed a triclinic unit cell and 
yielded a total of 49321 reflections to a maximum θ of 26.39° (0.80 Å resolution), of which 4257 were 
independent (average redundancy 11.586, completeness = 99.5%, Rint = 5.87%, Rsig = 2.55%) and 3889 
(91.36%) were greater than 2σ(F2). The final cell constants of a = 8.0961(13) Å, b = 10.5093(15) Å, c = 
12.981(2) Å, α = 75.761(5)°, β = 77.486(6)°, γ = 88.858(5)°, volume = 1044.5(3) Å3, were based upon the 
refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated minimum and maximum 
transmission coefficients were 0.7910 and 0.9360. The structure was solved and refined using space group 
P-1, with Z = 1 for the formula unit C44H34N6O10S2Zn2. The final anisotropic full-matrix least-squares 
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refinement on F2 with 335 variables converged at R1 = 3.50% for the observed data and wR2 = 8.62% for 
all data. The goodness-of-fit was 1.093. The largest peak in the final difference electron density synthesis 
was 0.671 e–/Å3 and the largest hole was –0.913 e–/Å3 with an RMS deviation of 0.082 e–/Å3. On the basis 
of the final model, the calculated density was 1.592 g/cm3 and F(000), 512 e–. 

A solvothermal reaction of Zn(NO3)2·6H2O (11.90 mg, 0.04 mmol), DPTTZ (6.0 mg, 0.02 mmol), and 
BDC (6.73 mg, 0.04 mmol) and in DMF (6.5 mL) under the same conditions (80 °C, 2 d) yielded needle-
shaped pale yellow crystals (6.6 mg, 62 % yield) suitable for SXRD analysis. The SXRD analysis (Table 
S1) revealed an orthorhombic unit cell and yielded a total of 23443 reflections to a maximum θ of 22.00° 
(0.95 Å resolution), of which 6124 were independent (average redundancy 3.828, completeness = 99.5%, 
Rint = 8.34%, Rsig = 7.07%) and 4833 (78.92%) were greater than 2σ(F2). The final cell constants of a = 
34.566(2) Å, b = 17.1421(8) Å, c = 17.1901(10) Å, volume = 10185.7(10) Å3, were based upon the 
refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated minimum and maximum 
transmission coefficients were 0.8214 and 1.0000. The structure was solved and refined using space group 
Iba2, with Z = 8 for the formula unit C47H31N9O9S4Zn2.84,85 The final anisotropic full-matrix least-squares 
refinement on F2 with 641 variables converged at R1 = 4.40% for the observed data and wR2 = 8.87% for 
all data. The goodness-of-fit was 1.017. The largest peak in the final difference electron density synthesis 
was 0.921 e–/Å3 and the largest hole was -0.357 e–/Å3 with an RMS deviation of 0.071 e–/Å3. On the basis 
of the final model, the calculated density was 1.467 g/cm3 and F(000), 4576 e–. 

Steady-State and Time-Resolved Fluorescence Studies. For steady-state fluorescence analysis, DMF and 
chlorobenzene solutions of NDC and DPTTZ ligands and suspensions of Zn2(NDC)2(DPTTZ), 
Zn2(BDC)2(DPTTZ)2, and Zn2(NDC)2(BPY) MOFs were used. For time-correlated single photon counting 
(TCSPC) measurements, drop-cast films of NDC, BDC, and DPTTZ ligands and MOFs were prepared on 
Fisherbrand Plain Microscope Slides from corresponding chlorobenzene solutions or suspensions (2 
mg/mL, 0.25 mL). The films were allowed to dry in open air for 0.5 h before the measurements.  

Fluorescence Sensing Studies. For fluorescence titration studies, stock solutions of Hg(OTf)2, Mn(NO3)2, 
Fe(ClO4)2, Co(NO3)2, Ni(NO3)2, Cu(NO3)2, and Cd(NO3)2 in DMF (6 mM) were added to MOF suspensions 
(0.1 mg/mL, 2 mL) and spectra were recorded at increasing salt concentrations (10–1000 µM).  

RESULTS AND DISCUSSION 

Design, Synthesis, and Characterization of MOFs. Despite having strong emission in dilute solutions, 
many organic fluorophores often exhibit diminished fluorescence at higher concentrations as well as in 
solid state due to self-quenching. On the other hand, in crystalline MOFs, fluorescent ligands can be 
positioned periodically at certain distances such that their photoluminescence is preserved and even 
augmented. Taking advantage of this unique structural feature of MOFs, we synthesized a pillared 
paddlewheel architecture Zn2(NDC)2(DPTTZ)·(DMF)2 (Figure 1a) using NDC struts as energy donors and 
DPTTZ pillars as energy acceptors via a simple solvothermal reaction (vide supra). SXRD analysis revealed 
that the resulting rod-shaped pale yellow crystals possessed triclinic unit cells with P-1 space group. The 
Zn2(COO)4 paddlewheel nodes formed by NDC struts are located in the ab-planes while the axially 
coordinated DPTTZ pillars are aligned along the c-axis. The diagonal distances between Zn2 nodes in a 
given plane are 19.04 and 17.86 Å, and the distance between the Zn2 nodes bridged by DPTTZ pillars is 
16.92 Å, i.e., the fluorescent ligands are enough separated to avoid self-quenching.8,70 Furthermore, the 
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large separation and orientation of electron rich NDC struts and electron deficient DPTTZ pillars prevent 
π-donor/acceptor charge transfer interactions, which could quench their photoluminescence.  

Interestingly, under the same solvothermal conditions, the reaction of Zn(NO3)2·6H2O, 1,4-BDC, and 
DPTTZ yielded Zn2(1,4-BDC)2(DPTTZ)2·(DMF) framework with orthorhombic unit cell and Iba2 space 
group (Figure 1b) instead of a typical cubic pillared-paddlewheel architecture. This framework is analogous 
to a previously reported84,85 [Zn(1,3-BDC)(DPTTZ)]n and featured a different type of Zn2 nodes made of 
two distorted octahedral Zn-centers, each connected to one chelating and two bridging carboxylate groups 
in the equatorial plane and two axial DPTTZ ligands. The closest distance between two parallel π-stacked 
DPTTZ ligands was around 3.6–4 Å, i.e., within the range of π–π-interaction. The experimental PXRD 
patterns of both DPTTZ-based MOFs (Figures 1c and d) were consistent with the corresponding simulated 
patterns, confirming that they were indeed phase-pure materials and maintained their structural integrity 
and crystallinity upon activation. 

 

Figure 1. Single crystal structures of (a) Zn2(NDC)2(DPTTZ) and (b) Zn2(1,4-BDC)2(DPTTZ)2 (cyan: Zn, 
blue: N, red: O, yellow: S, and grey: C). H atoms and disordered DMF molecules are omitted for clarity. 
The PXRD profiles of (c) Zn2(NDC)2(DPTTZ) and (d) Zn2(1,4-BDC)2(DPTTZ)2 (bottom simulated, top 
experimental). 

 

The thermogravimetric and differential scanning calorimetric analyses of Zn2(NDC)2(DPTTZ) showed 
(Figure S1) that it lost only 5% of initial weight at 125–175 °C possibly due to the loss of residual DMF 
and remained stable up to 300 °C (30% weight loss). The TGA-DSC profiles of Zn2(1,4-BDC)2(DPTTZ)2 

(a)

(c)

(b)

(d)
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framework showed gradual weight loss (10%) between 130–230 °C and a significant drop above 330 °C, 
indicating it also has a reasonable thermal stability up to that temperature. Both frameworks displayed type-
I CO2-sorption isotherms (Figure S2), from which their Brunauer–Emmett–Teller (BET) surface areas and 
pore volumes were estimated. The surface area and pore volume of Zn2(NDC)2(DPTTZ) are 106.8 m2/g 
and 6.6 ´ 10–2 cm3/g, respectively, and those for Zn2(1,4-BDC)2(DPTTZ)2 are 113.4 m2/g and 7.8 ´ 10–2 
cm3/g, respectively. Thus, both materials displayed comparable porosity despite having significant 
structural differences.  

Steady-State and Time-Resolved Photoluminescence Properties of Ligands and MOFs. The excitation 
and emission spectra (Figure 2a) of NDC and DPTTZ ligands revealed excellent overlap between the 
emission peak of the former and the excitation (absorption) peak of the latter, which bodes well for ligand-
to-ligand FRET. Upon excitation of NDC at 330 or 350 nm, it displayed an emission spectrum featuring 
two sharp peaks 360 and 375 nm and a prominent shoulder at ca. 400 nm, which overlapped quite well with 
the intense lowest energy excitation peak of DPTTZ at 390 nm responsible for S0®S1 transition. Upon its 
excitation at 390 nm, DPTTZ exhibits a strong emission peak at 410 nm. As a result, irrespective of the 
excitation wavelengths, a 1:1 NDC/DPTTZ solution mixture displayed (Figure S3) only DPTTZ-centric 
emission (410 nm) and none from NDC at a shorter wavelength, indicating that NDC struts acted as antenna 
chromophores.  

 

Figure 2. (a) The excitation (dashed lines) and emission (solid lines) spectra of free NDC (blue) and DPTTZ 
(red) ligands showing the requisite spectral overlap for FRET. (b) The excitation (dashed black line) and 
emission spectra of Zn2(NDC)2(DPTTZ) showing exclusively DPTTZ-centric emission regardless of 
excitation wavelengths (lEx: 320 (blue), 350 (green), and 380 nm (red)). (c) The excitation (dashed lines) 
and emission (solid lines) spectra of free BDC (blue) and DPTTZ (red) ligands showing the lack of spectral 
overlap required or FRET. (d) The excitation (dashed black line) and emission (solid red line) spectra of 
Zn2(1,4-BDC)2(DPTTZ)2. 

 

(a)

(c)

(b)

(d)
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Encouraged by complementary absorption and emission characteristics of NDC and DPTTZ units, we 
turned our attention to PL properties of bichromophoric and control MOFs. Steady-state fluorescence 
studies of a Zn2(NDC)2(DPTTZ) suspension in DMF revealed that (Figure 2b) irrespective of the excitation 
wavelengths, it only displayed the characteristic emission of DPTTZ at 410 nm and none from NDC struts, 
suggesting that the latter acted as antenna chromophores. As a result, exclusively DPTTZ-centric MOF 
emission (410 nm) was observed through both direct (380 nm) and indirect (320 nm) excitation.  

In contrast, 1,4-BDC and DPTTZ did not share overlapping emission with absorption spectra, which 
eliminated the possibility of ligand-to-ligand energy transfer in the control MOF (Figure 2c). Therefore, 
Zn2(1,4-BDC)2(DPTTZ)2 required direct excitation of DPTTZ ligands to display photoluminescence, which 
appeared at a slightly longer wavelength (435 nm) compared to that of Zn2(NDC)2(DPTTZ) possibly 
because of π–π-interaction between the closely spaced (< 3.6–4 Å apart) parallel DPTTZ ligands (Figure 
2d). Likewise, another control MOF Zn2(NDC)2(BPY) devoid of energy accepting DPTTZ pillars only 
displayed a characteristic NDC emission peak at ca. 380 nm. The drop-cast MOF films displayed slightly 
longer wavelength emissions compared to respective suspensions (Figure S4).  

Table 1: The fluorescence lifetimes (tF), quantum yields (FF), radiative rates (kF) of control and DPTTZ-
based MOFs.  

tF (ps) 

suspension 

tF (ps) 

drop-cast film 

FF 

suspension 

kF (s–1) 

suspension 

DPTTZ80 1044 461 0.22  2.11 ´ 108 

Zn2(BDC)2(DPTTZ)2 1077 953 0.27  2.50 ´ 108 

Zn2(NDC)2(DPTTZ) 1006 620 0.38  3.78 ´ 108 

Zn2(NDC)2(BPY)88 3393 1368 

  

Zn2(BDC)2(BPY)88 1235 470 

  

 

The fluorescence quantum yields (FF) were obtained from steady-state fluorescence measurements. The 
TCSPC data (Figure 3) were fit into double and triple exponential decays to obtain fluorescence lifetimes 
(tF) and radiative decay rates (kF) (Table 1). In general, the fluorescence lifetimes of MOFs measured in 
chlorobenzene suspensions were longer than in drop-cast films, which could be attributed to exciton-exciton 
interactions leading to fluorescence quenching in the films. However, thin-film measurements allowed for 
direct and more accurate comparisons between these MOFs and free fluorescent ligands. The fluorescence 
lifetime of DPTTZ (tF = 461 ps) became significantly longer when it was incorporated into MOFs: 953 ps 
in Zn2(1,4-BDC)2(DPTTZ)2 and 620 ps in Zn2(NDC)2(DPTTZ). The longer fluorescence lifetimes of the 
MOF-bound preorganized DPTTZ ligands can be attributed to diminished π–π-interaction between them, 
which could quench emission of aromatic fluorophores. The differences between fluorescence lifetimes of 
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dilute DPTTZ solution and DPTTZ-based MOF suspensions were less pronounced than in films (Table 1), 
as they all experienced longer lifetimes (~1 ns). Nevertheless, the fluorescence lifetimes of 
Zn2(NDC)2(DPTTZ) containing complementary energy donor and acceptor ligands was shorter than that of 
Zn2(1,4-BDC)2(DPTTZ)2 both in suspensions and thin-films, suggesting that singlet exciton delocalization 
was perhaps more effective in the former and singlet energy transfer was less efficient in the latter due to 
poor emission of BDC and the lack of overlap between BDC and DPTTZ emission and absorption spectra, 
respectively. The fluorescence quantum yields and radiative rates of DPTTZ increased slightly when it was 
incorporated into MOFs, which could be attributed to its rigidification and coordination with Lewis acidic 
Zn(II) centers. The alkylation of pyridyl groups of DPTTZ is also known to enhance its fluorescence.80  

NDC has a fairly long fluorescence lifetime and rich photophysics in the long-UV region,89 whereas BPY 
has very limited excitation and emission dynamics. Therefore, the photophysics of control MOF 
Zn2(NDC)2(BPY) was dominated by NDC struts and showed extended fluorescent lifetimes: 1368 ps in 
drop-cast films and 3393 ps in suspension (Figure 3a). In comparison, the PL decay profile (Figure 3a) of 
Zn2(NDC)2(DPTTZ) framework featuring complementary energy donor and acceptor units revealed 
significantly shorter fluorescence lifetimes both in thin-films (620 ps) and suspension (1006 ps), which 
were more comparable to that of DPTTZ than NDC. The excitation spectrum of this bichromophoric MOF 
indicated that NDC and DPTTZ ligands could be sensitized independently, however, its steady-state 
emission stemmed exclusively from the latter (Figure 2c) regardless of the excitation wavelength. 
Furthermore, the relative intensities of the DPTTZ-centric PL of the MOF upon indirect (NDC at 320 nm) 
and direct (DPTTZ at 380 nm) excitations were comparable. Together, these results indicated 1*NDC to 
DPTTZ singlet energy transfer within this bichromophoric MOF. On the other hand, the PL lifetimes and 
decay profiles (Figure 3b) of Zn2(1,4-BDC)2(DPTTZ)2 were comparable to that of Zn2(1,4-BDC)2(BPY), 
indicating that there was no ligand-to-ligand energy transfer in either case, and the photophysics of the 
former was again dominated by DPTTZ ligands. 

 

Figure 3. The comparisons between PL decay profiles of (a) Zn2(NDC)2(DPTTZ) (red) and 
Zn2(NDC)2(BPY) (blue) and (b) Zn2(1,4-BDC)2(DPTTZ)2 and Zn2(1,4-BDC)2(BPY) suspensions in 
chlorobenzene.  

 

Hg2+ Ion Sensing with Zn2(NDC)2(DPTTZ). Finally, we investigated the PL changes of 
Zn2(NDC)2(DPTTZ) MOF in response to Hg2+, a toxic heavy metal ion.90–92 In the presence of a dilute 
Hg(OTf)2 solution with concentration as low as 75 µM or 15 ppm, the emission peak of 
Zn2(NDC)2(DPTTZ) suspension (0.1 mg/mL in DMF) (Figure 4a) started to shift to a longer wavelength 

(a) (b)
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(450 nm) and its intensity also diminished. These changes could be attributed to heavy atom effect and 
possible coordination of Hg2+ with the sulfur atoms of DPTTZ ligands. This hypothesis was supported by 
the fact that in the presence of Hg2+, free DPTTZ ligand also displayed similar PL quenching and 
bathochromic shift, whereas free NDC ligand exhibited only fluorescence quenching but no shift (Figure 
S5). Furthermore, despite Hg2+-induced red-shift and partial quenching of Zn2(NDC)2(DPTTZ) MOF 
fluorescence, the longest wavelength excitation peak (390 nm) associated with DPTTZ excitation remained 
unchanged, verifying that the new emission peak stemmed from DPTTZ-Hg2+ interactions. While both 
Zn2(NDC)2(DPTTZ) MOF and free DPTTZ ligand displayed similar Hg2+-induced PL changes, under the 
same conditions the PL quenching of the former was more significant (Figure S6), demonstrating that the 
DPTTZ-based MOF was more sensitive to Hg2+ than the free ligand. Upon washing the Hg2+-treated 
Zn2(NDC)2(DPTTZ) MOF with a copious amount of DMF, the new 450 nm emission peak disappeared and 
the original 410 nm peak reemerged (Figure 4b), demonstrating that the interaction of the MOF with Hg2+ 
and the corresponding PL changes were easily reversible. The Hg2+-induced red-shift of 
Zn2(NDC)2(DPTTZ) MOF photoluminescence was also visible in naked eye from the fluorescence 
microscope images of corresponding drop-cast films. The pristine MOF crystals displayed blue emission, 
whereas the Hg2+-treated MOF appeared teal under the same irradiation (Figure 4b, inset).  

 

Figure 4. The PL response of Zn2(NDC)2(DPTTZ) suspension (0.1 mg/mL in DMF) to (a) increasing 
concentration of Hg(OTf)2 (50–1000 µM). (b) The PL spectra of pristine (black) and Hg2+-treated 
Zn2(NDC)2(DPTTZ) before (blue) and after (red) washing with DMF showing its reversible Hg2+ sensing 
capability. Inset: The fluorescence microscope images of pristine (left) and Hg2+-treated (right) 
Zn2(NDC)2(DPTTZ). (c) The PL changes of Zn2(NDC)2(DPTTZ) in response to different transition metal 
ions individually (1 mM, color-coded solid lines) and as a mixture containing Hg2+ (1 mM each, dotted 
green line). (d) The PXRD profiles of Zn2(NDC)2(DPTTZ) before and after being exposed to different metal 
ion solutions (1 mM in DMF) showing the stability of the framework. 

w/ Hg(II)

w/ Cu(II)

w/ Co(II)

w/ Fe(II)

MOF

(a)

(c)

(b)

(d)

Pristine 
MOF

Hg2+-
Treated 
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Unlike Hg2+, however, other transition metal ions, such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Cd2+ did not 
cause any red-shift of Zn2(NDC)2(DPTTZ) photoluminescence, and only Fe2+ and Cu2+ engendered 
significant fluorescence quenching (Figure 4c). The free DPTTZ ligand also displayed similar PL response 
to these metal ions (Figure S6), confirming that this ligand was indeed responsible for the cation-induced 
PL changes in the MOF. Thus, the Hg2+-induced PL response of the MOF was unique, which bodes well 
for its sensing application. When exposed to a mixture of different metal ions including Hg2+, the MOF still 
displayed the characteristic Hg2+-specific PL signal (Figure 4c), i.e., it was able to detect Hg2+ in the 
presence of other metal ions. Furthermore, the PXRD profiles of Zn2(NDC)2(DPTTZ) after being exposed 
to Hg2+ and other metal ions remained unchanged (Figure 4d), confirming that the framework retained its 
structural integrity under these conditions.  

The strong similarities between the Hg2+-induced PL changes of Zn2(NDC)2(DPTTZ) MOF and free 
DPTTZ ligand, coupled with the reversibility of PL changes upon washing the MOF with pure solvents not 
only confirmed that the Hg2+/DPTTZ interaction was responsible for the PL changes, but also ruled out a 
remote possibility of such changes being caused by metal ion exchange in Zn2(COO)4 paddlewheel nodes, 
which is a very slow process and unlikely to occur during the course of fairly quick (minutes) fluorescence 
titration experiments.93 The PL changes of Zn2(NDC)2(DPTTZ) MOF occurred at as low as 15 ppm of Hg2+ 
concentration, however, the amount of Hg2+ adsorbed by the MOF has not been determined by batch 
experiments. Nevertheless, the distinct and reversible Hg2+-induced PL response rendered 
Zn2(NDC)2(DPTTZ) MOF a promising Hg2+ sensor (in the tested organic solvent), although quantification 
of adsorbed Hg2+ remains to be done to fulfil all the necessary criteria of practical luminescent sensors.40 It 
is worth noting that although several MOFs are known to display Hg2+-induced fluorescence intensity 
changes,32,33 unlike Zn2(NDC)2(DPTTZ), they rarely exhibit totally new emission peaks in the presence of 
Hg2+. Therefore, the Hg2+-specific fluorescent changes of Zn2(NDC)2(DPTTZ), which were distinct from 
that caused by other transition metal ions, made it more specific to Hg2+ and less susceptible to interference 
from other cations. Furthermore, owing to distinct excitation wavelengths of NDC and DPTTZ ligands and 
ligand-to-ligand energy transfer event, Zn2(NDC)2(DPTTZ) can be sensitized at a wide wavelength region 
(275–400 nm) to access its blue photoluminescence and Hg2+ sensing capability, a scope that 
monochromophoric MOFs lack.  

CONCLUSIONS 

In summary, we have constructed a new luminescent pillared paddlewheel framework Zn2(NDC)2(DPTTZ) 
featuring NDC struts as antenna chromophores and DPTTZ pillars as energy acceptors and light emitters. 
The overlapping emission and excitation spectra of these two ligands enabled efficient inter-ligand energy 
transfer leading to exclusively DPTTZ-centric emission regardless of the excitation wavelength, a 
phenomenon that is rarely seen outside porphyrin-based bichromophoric MOFs. The time-resolved 
fluorescence measurements revealed a much shorter excited state lifetime for Zn2(NDC)2(DPTTZ) than 
control MOFs devoid of complementary energy donor and acceptor units. Furthermore, 
Zn2(NDC)2(DPTTZ) was able to selectively sense Hg2+, a toxic heavy metal ion, at ppm level. In the 
presence of Hg2+, the characteristic DPTTZ-centric emission peak of this MOF underwent significant 
bathochromic-shift and quenching, while other transition metal ions caused only modest PL quenching but 
no shift. The PXRD profile of the Hg2+-treated framework remained unchanged and the original PL 
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characteristic could be recovered by simply washing it with pure solvent, demonstrating that it could, in 
principle, serve as a reusable Hg2+ sensor. Although the limited hydrolytic stability of Zn-based MOFs 
could hinder real-life application of Zn2(NDC)2(DPTTZ) as a practical Hg2+ sensor, this promising proof-
of-concept demonstration inspired us to construct a TTZ-based Zr(IV) framework, which is expected to be 
water-stable at a wide pH range32 and could qualify as a practical Hg2+ sensor. This work presents a new 
luminescent MOF based on a new fluorescent ligand with ligand-to-ligand energy transfer and selective 
Hg2+ sensing capabilities, which will likely spark a flurry of TTZ-based MOFs for various optoelectronic 
and sensing applications.  
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A new blue-light emitting pillared-paddlewheel metal–organic framework featuring energy donating 
naphthalene dicarboxylate struts and energy accepting thiazolothiazole pillars displays ligand-to-ligand 
energy transfer and Hg(II) ion-induced bathochromic fluorescence shift. 


