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Metal-organic frameworks (MOFs) have been the center of 1 

attention in recent years due to their high design versatility and 2 

exceptional properties that have led to many potential applications 3 

in gas storage and separation, light-emitting devices, and 4 

fluorescent sensing.1-4 This group of luminescent MOFs is 5 

particularly of great interest not only due to their wide range of 6 

emission wavelengths that can be obtained by tuning the structure 7 

but also their excellent resistance to photobleaching.1,5 Several 8 

mechanisms of the origin and quenching of fluorescence in these 9 

MOFs have been proposed and include ligand-centered emission, 10 

energy transfer from ligand to host or host to ligand, energy transfer 11 

from ligand to ligand, trapping in defect centers, and long-lived 12 

phosphorescence assisted by the presence of heavy metals.1-2,5-11 13 

All these possibilities can be controlled by selecting appropriate 14 

combinations of organic linkers and inorganic units, which 15 

contributes to the chemical structures of MOFs.1,7,12 Among the 16 

proposed mechanisms, linker-to-linker energy transfer seems to be 17 

the most commonly used due to the facile way of controlling and 18 

tuning the optical properties of organic linkers through chemical-19 

structure modifications.5-8,13-16 20 

Note that energy transfer processes usually occur between 1 

organic linkers with different chemical structures, short distances, 2 

and strong spectral overlap between the emission of the energy 1 

donor and the absorption of the energy acceptor. However, it was 2 

also possible to find energy transfer between the same linkers in 3 

highly ordered structures.14 This type of energy transfer mechanism 4 

is also found in other systems with the same organic molecules 5 

close to each other, such as organic crystals,17-18 organic 6 

semiconductors,19-20 and most importantly, photosynthetic 7 

complexes21-24 and their synthetic MOF-derived analogs.25 In these 8 

cases, energy transfer occurs due to the strong coupling between 9 

neighboring units,6,24,26-27, and the transition dipole moment 10 

orientation alignment.14 Note that each unit local environment in 11 

these systems can affect the absorption and emission energies.21 All 12 

the mentioned parameters can also be present in carefully designed 13 

MOFs due to the spatial organization and alignment of linkers in a 14 

highly ordered/periodic and rigid structure, affecting their 15 

luminescent properties, together with the other processes in MOFs, 16 

as mentioned before. 17 

However, this energy transfer between linkers with the same 1 

chemical structure is rare and has not been thoroughly explained in 2 

terms of the linker’s photophysical behavior. Considering all these 3 

characteristics, it is crucial to comprehend the underlying processes 4 

that control and tune the luminescent properties and energy transfer 5 

ABSTRACT. Highly luminescent metal-organic frameworks (MOFs) have recently received 

great attention due to their potential applications as sensors and light-emitting devices. In these 

MOFs, the highly ordered fluorescent organic linkers positioning prevents excited state self-

quenching and rotational motion, enhancing their light-harvesting properties. Here, exciton 

migration between the organic linkers with the same chemical structure but different protonation 

degrees in Zr-based MOFs was explored and deciphered using ultrafast laser spectroscopy and 

density functional theory (DFT) calculations. First, we clearly demonstrate how hydrogen-

bonding interactions between free linkers and solvents affect the twisting changes, internal 

conversion processes, and luminescent behavior of a benzoimidazole-based linker. Second, we 

provide clear evidence of ultrafast energy transfer between well-aligned adjacent linkers with 

different protonation states inside the MOF. These findings provide new fundamental 

photophysical insight into exciton migration dynamics between linkers with different protonation 

states coexisting at different locations in MOFs and serves as a benchmark for improving light-

harvesting MOF architectures.  



 2 

of MOFs. In addition, understanding these intrinsic mechanisms in 1 

MOFs is crucial for designing new materials with better optical 2 

properties for light-harvesting applications. 3 

In this work, we have experimentally and theoretically 4 

investigated the key factors, including the chemical structures that 5 

significantly affect the photophysical and photochemical processes 6 

in a benzoimidazole-based organic linker and how they change 7 

once it participates in the MOF structure. More specifically, we 8 

demonstrate how hydrogen bonding interactions between the free 9 

benzoimidazole-based linkers and solvent molecules reduces the 10 

degree of system flexibility (dihedral angle) and non-radiative 11 

motion processes, leading to a significant increase in the 12 

photoluminescence lifetime and quantum yield (exceeding 85 %), 13 

as evident from the steady-state and time-resolved fluorescence 14 

measurements and supported by time-dependent density functional 15 

theory (TD-DFT) calculations. In addition, we take the work one 16 

more important step forward by exploring and deciphering the 17 

optical behaviors of these organic linkers as part of the MOF. The 18 

time-resolved results from both time-correlated single-photon 19 

counting and fs-transient absorption clearly showed ultrafast 20 

exciton migration between the same linkers but with a different 21 

degree of protonation as shown in Scheme 1. Such exciton 22 

migration led to a reduction in the photoluminescence (PL) lifetime 23 

and quantum yield of the benzoimidazole-based MOF compared to 24 

those of their free-linker counterparts. This work may pave the way 25 

for designing and synthesizing better organic linkers and MOFs 26 

with more efficient energy transfer and improved exciton migration 27 

as a fundamental step for mimicking photosynthetic systems and 28 

exploiting their applications. Simultaneously, the work here may 29 

be used as a reference for developing more powerful MOF-based 30 

luminescent materials.  31 

 To explore the influence of chemical structure on the 32 

photophysical properties of free organic linkers, two molecules 33 

were successfully synthesized as model systems: 4,4′-(1H-34 

benzo[d]imidazole-4,7-diyl)dibenzoic acid (H2BI) and 4,4′-35 

(benzo[c][1,2,5]-thiadiazole-4,7-diyl)dibenzoic acid (H2TD). The 36 

synthesis method of the ligands was described in our previous work 37 

and is discussed briefly in the Supporting Information (SI).28 These 38 

types of organic linkers have been widely used in the synthesis of 39 

various luminescent MOFs,8,29-32 and their chemical structures are 40 

very similar to each other, with just the replacement of a C atom in 41 

the imidazole ring by a S atom in the thiadiazole moiety (see Figure 42 

S1 in the SI). Such a similarity allows us to explore how discrete 43 

structure changes could significantly modify their ground and 44 

excited states response to changes in their local surroundings. 45 

The optical properties of the linkers, including the absorption and 46 

emission spectra, were first evaluated in three solvents with 47 

different polarity and hydrogen bond capabilities: water, methanol 48 

(MeOH), and acetonitrile (ACN). The significant difference in the 49 

optical behaviors of the two linkers in the three solvents is shown 50 

in Figure 1. The absorption and emission spectra of H2BI in water 51 

reveal a maximum absorption band at 328 nm and a corresponding 52 

emission band centered at 383 nm (Figure 1a). The absorption and 53 

emission maxima of H2BI redshift in less polar solvents (Figure 1b 54 

and c); they appear at 337 nm and 342 nm for MeOH and ACN, 55 

respectively. Following the same trend, the emission bands shift to 56 

395 nm in MeOH and 397 nm in ACN solutions, accompanied by 57 

a broadening of the bands. 58 

Similarly, H2TD also shows a redshift in its absorption and 59 

emission spectra, as shown in Figure 1d-f. The absorption band 60 

appears at 380 nm in water, 383 nm in MeOH, and 402 nm in ACN. 61 

On the other hand, the emission spectra exhibit the same behavior, 62 

with peaks at 490 nm, 517 nm, and 523 nm for water, MeOH, and 63 

ACN, respectively. There is also a considerable broadening of the 64 

fluorescence band and the appearance of a small tail in the emission 65 

at low energies as the solvent becomes less polar. It should be 66 

pointed out that the broadening and tail observed in ACN can be 67 

attributed to the lack of hydrogen bond formation, causing less 68 

rigidity in the system and possibly different geometries of the linker 69 

may contribute to the absorption and emission spectra.33  70 

In addition to the absorption and emission spectra, the PL 71 

quantum yield (QY) was also measured, revealing significant 72 

changes in the different solvents. For the H2BI linker, the PLQY 73 

was 85 %, 70 %, and 18 % in water, MeOH, and ACN, 74 

respectively. A similar observation was found for the H2TD linker, 75 

with PLQY values of 60 %, 23 %, and 6 % in water, MeOH, and 76 

ACN solutions, respectively. Note that the PLQY results revealed 77 

an extraordinary value of 85 % for the UV H2BI linker, which is 78 

 

Scheme 1. Synthesis of the Zr-BI-fcu-MOF from the Zr precursor and the H2BI linker (left), and schematic representation of its structure 

and the energy transfer between linkers with different protonation degrees. 
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not typical or common for other organic molecules exhibiting 1 

emission bands in the UV spectral region. This observation 2 

demonstrates that the hydrogen bonding capability of the solvent 3 

plays an essential role in controlling the optical properties of H2BI 4 

and H2TD linkers, suggesting specific ground- and excited-state 5 

interactions between the solvent and the linker molecules.  6 

To gain physical insights into the significant impact of hydrogen 7 

bond interactions on the excited-state lifetimes and the number of 8 

vibrational non-radiative decay channels of the linkers, we carried 9 

out time-resolved PL measurements for both linkers in the three 10 

solvents. For H2BI solutions, the excitation wavelength was set at 11 

330 nm, and PL was monitored at the corresponding PL maxima 12 

(see Figure 1a-c). For H2TD, the excitation wavelength was 13 

350 nm, and the detection was performed at its respective PL 14 

maxima (Figure 1d-f). The results obtained for H2BI in Figure 2a 15 

show that the PL lifetime increases as the polarity and hydrogen 16 

bond strength of the solvent increase. Lifetimes of 1.15 ns, 1.81 ns, 17 

and 2.83 ns were obtained in ACN, MeOH, and water, respectively. 18 

The same behavior is observed for the H2TD linker (Figure 2b), 19 

but with longer PL decay times of 2.94 ns in ACN, 10.41 ns in 20 

MeOH, and 11.06 ns in the aqueous solution. Note that for both 21 

linkers in the three solvents, the fluorescence decay fits nicely with 22 

a monoexponential function. 23 

These differences in the PL decay curves in the three solvents 24 

could be attributed to the different strengths of hydrogen bonding 25 

interactions with linkers leading to different degrees of twisting 26 

motion and subsequently different degrees of nonradiative 27 

processes, such as vibrational relaxation and internal conversion. 28 

Previous studies have shown that for organic molecules with 29 

 

Figure 1. Absorption and emission spectra of H2BI (a, b, c) and 

H2TD (d, e, f) free linkers in water, methanol, and acetonitrile 

solutions. 

 

Figure 2. PL decay times for H2BI (a) and H2TD (b) in acetonitrile, methanol and water solutions. The fittings are shown as solid lines, 

with λexc = 330 nm. (c) Charge density difference for the electronic vertical transition to the first singlet excited states of H2BI and H2TD 

(red = +0.001 a.u., blue = −0.001 a.u.). (d) Laplacian bond order (LBO) for the N-H bond of the H2BI and H2TD linkers with the solvent 

molecules. Level of theory: CAM-B3LYP/6-311G++(d,p)/IEF-PCM. 
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coupled aromatic moieties, the main nonradiative channel is the 1 

flattening or twisting of the molecules in the electronically excited 2 

state.29,34 This flattening motion may lead to significant internal 3 

conversion that turns the excitation energy into heat, decreasing the 4 

excited state lifetime and the overall PLQY. More specifically, the 5 

presence of N atoms in the aromatic ring and free electron pairs can 6 

form strong hydrogen bonds with water and methanol, which 7 

mainly controls the linker photophysics, as fully supported by DFT 8 

calculations (see the later section). 9 

  To further understand the changes observed in the steady-state 10 

and time-resolved experiments, we performed DFT and TD-DFT 11 

calculations for the H2BI and H2TD linkers, focusing on their 12 

interactions with the solvent molecules both in the ground and 13 

excited states. First, the transition charge density upon electronic 14 

excitation in Figure 2c shows a clear difference between both 15 

linkers. The H2BI linker exhibits a transition delocalized in the 16 

three aromatic rings, whereas in H2TD, the transition is localized in 17 

the benzothiadiazole ring. This difference in delocalization may 18 

contribute to the 100-nm shift in the absorption and emission 19 

spectra. Such a large spectral shift was also observed in other 20 

fluorophores with heteroaromatic rings.35 The effect of specific 21 

linker-solvent interactions (i.e., hydrogen bond formation) on the 22 

optical properties were analyzed through the Laplacian bond order 23 

(LBO), which directly reflects the strength of a particular 24 

interaction between two atoms.36 The LBO changes in Figure 2d 25 

show a decrease in the bond strength going from water to methanol 26 

and acetonitrile for H2BI and H2TD linkers. It is worth mentioning 27 

that methanol and water can form hydrogen bonds with the N atom 28 

in the central benzoimidazole and benzothiadiazole rings (see 29 

Figure 2d), explaining the higher LBO values. This LBO 30 

parameter trend agrees with that previously found for PL lifetimes 31 

and PLQY, confirming that hydrogen bond formation with 32 

surrounding molecules has a notable role in tuning the optical 33 

properties of H2BI and H2TD. 34 

The N-H interaction of the linker in the different solvents can also 35 

influence the excited-state relaxation dynamics and explain PL 36 

lifetime changes. To explore this possibility, excited-state 37 

calculations using the TD-DFT framework were also performed to 38 

explain the relationship between the changes in the excited-state 39 

geometries and the linker-solvent interactions. First, analyzing the 40 

ground and excited state optimized structures of H2BI and H2TD in 41 

water, as shown in Figure 3a, shows that there is a decrease in the 42 

dihedral angle between the organic rings. This behavior is 43 

analogous to other similar molecules whose main nonradiative 44 

deactivation channel has been established as a twisting motion 45 

causing a flattening of the molecule in the electronically excited 46 

states.29,34 Evaluating the changes in this dihedral angle for H2BI 47 

and H2TD in the three different solvents used (Figure 3b) shows 48 

that for H2BI and H2TD linkers exhibit smaller changes of 21.0° 49 

and 22.2° for H2BI in water and MeOH and 24.3° and 25.6° for 50 

H2TD in water and MeOH, respectively. 51 

On the other hand, the dihedral angle change is almost two times 52 

larger for the two linkers in ACN (44.4°), reflecting the importance 53 

of the hydrogen bonding interaction. These results can be 54 

interpreted as a greater degree of geometrical reorganization in the 55 

excited state in ACN than in MeOH and water. These changes 56 

support the PL spectra observed (Figure 1), confirming that the 57 

spectral broadening is caused by the differences in the ground- and 58 

excited-state relaxed geometries as well as charge delocalization 59 

across the molecule. From these results, we can also directly see a 60 

correlation between dihedral angle change and the PL lifetimes and 61 

PLQY, and the smaller excited state geometry distortion is related 62 

to a longer lifetime and higher QY.  63 

Based on both experimental and theoretical results, we can 64 

conclude that the strong hydrogen bonding interaction between the 65 

protic solvent and H2BI and H2TD linkers can “lock” twisting 66 

motion in both ground and excited states, preventing large 67 

geometrical changes of the linkers during the excited state lifetime. 68 

This induced rigidity of H2BI and H2TD can enhance their 69 

luminescent properties, opening a new avenue for designing 70 

hydrogen bonding-based luminescent sensors and matrices for 71 

luminescent devices. 72 

Since we understood the environmental influence on the rigidity 73 

and the deactivation channels of the excited states of the building 74 

blocks H2BI and H2TD, we further investigated their photophysical 75 

and photochemical behavior once they were integrated as linkers 76 

into the MOF structure. The BI-based MOF was synthesized by 77 

following a reported method.28 Briefly, ZrCl4 and trifluoroacetic 78 

acid (TFA) were mixed in Dimethylformamide (DMF) for 1 h, 79 

followed by the addition of H2BI DMF solutions. Heating for 48 h 80 

at 120 °C resulted in the formation of a Zr-BI-fcu-MOF as a white 81 

powder. PXRD results proved that the structure of the obtained 82 

MOF matches well with the simulated fcu MOF structure.28 We 83 

tested freshly prepared MOF suspensions in water, MeOH, and 84 

DMF. These solvents were selected to ensure the stability of the 85 

MOFs during the measurements (see Figure S4). 86 

 

Figure 3. Ground and excited state optimized geometries for H2BI and H2TD linkers (a). Changes in the ground and excited state 

dihedral angle formed by the central and phenyl rings for H2BI and H2TD linkers (b). Level of theory: CAM-B3LYP/6-

311G++(d,p)/IEF-PCM. 
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The integration of H2BI or H2TD linkers in the MOF structure is 1 

expected to decrease their mobility and rotational motions, causing 2 

a significant enhancement in the excited state lifetime and 3 

fluorescence quantum yield. However, this was not the case for 4 

both linkers. For instance, steady-state emission spectra were 5 

obtained for the H2BI linker and Zr-BI-fcu-MOF in different 6 

solvents to understand the influence of H2BI linker-solvent 7 

interactions in the respective Zr-BI-fcu-MOF. As seen in Figure 8 

4a-c, it is clear that the band maxima redshifted as the linker 9 

changed from being free to being incorporated into the MOFs and 10 

exhibit considerable spectral broadening. The MOFs showed 11 

spectral shifts of 20, 42, and 51 nm in water, DMF and MeOH, 12 

respectively. Note that this spectral shift in the luminescent MOFs 13 

compared to their constituent linkers is commonly observed due to 14 

the local changes imposed by their linkage to the metal clusters.1-
15 

2,7-8 16 

The PLQYs of Zr-BI-fcu-MOF solutions were obtained in the 17 

same way as they were obtained for the linkers, and as anticipated, 18 

the PLQY values of Zr-BI-fcu-MOF were 60 %, 55 %, and 13 % 19 

in water, MeOH, and DMF, respectively, which are lower than the 20 

H2BI free linker values (85 %, 70 %, and 18 %). Such a decrease in 21 

the PLQY for the linker inside MOFs is counterintuitive to the 22 

geometrical restrictions imposed by the MOF architecture, which 23 

should instead lead to the enhancement in the PLQY. Note that the 24 

same trends in the PL lifetimes and PLQY were found for Zr-TD-25 

fcu-MOF in different solvents (Figure S2), indicating that this 26 

behavior is typical in this type of benzoimidazole-based MOFs. 27 

In addition to the change in emission spectra and quantum yield, 28 

time-resolved PL was also measured for both materials. The 29 

luminescence decay curves are displayed in Figure 4d-f. Zr-BI-30 

fcu-MOF always shows an approximately 45 % shorter lifetime 31 

than its free linker counterparts. The lifetime changes from 2.83 ns 32 

for the linker to 1.67 ns for the MOF in water solution, from 1.81 ns 33 

for the linker to 0.91 ns for the MOF in MeOH, and finally from 34 

1.25 ns for the linker to 0.75 ns for the MOF in DMF. Interestingly, 35 

the PL decay curves of Zr-BI-fcu-MOF exhibit biexponential decay 36 

instead of single exponential decay for the free linker, suggesting 37 

more than one deactivation channel for the excited state. One 38 

possible explanation for the spectral shift and the decrease in the 39 

lifetime and PLQY of Zr-BI-fcu-MOF can be aggregate or excimer 40 

 

Figure 4. Emission spectra of the free H2BI linker and Zr-BI-fcu-MOF (a-c), together with their respective PL decay curves (d-f) in 

water, methanol, and DMF solutions. λexc = 330 nm. 
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formation due to the proximity between linkers in the MOF 1 

structure. However, the concentration-dependent lifetime 2 

measurements (up to 100 times higher) excluded such possibility 3 

(see Figure S5). The experiments show that the variation in PL 4 

decay curves is minimal, even at high concentrations. 5 

A more in-depth investigation of the excited state dynamics of 6 

MOFs was carried out by performing time-resolved PL, excitation 7 

spectra, and fs-TA experiments. In the PL experiments, due to the 8 

broadening of the Zr-BI-fcu-MOF emission spectrum, we 9 

monitored red- and blue-side emissions to better understand the 10 

origin of this change. Note that the broad spectra of MOFs can 11 

suggest that emission occurs from different emissive states. 12 

Excitation spectra (see Figure S6), on the other hand, show a shift 13 

in the band when we detect at different emission wavelengths; this 14 

was not observed for the free linker excitation spectra. This 15 

observation confirms that different states or species of linkers are 16 

present in the MOF structure, which is responsible for the broad 17 

emission spectra. 18 

The TR PL curve in Figure 5a-c clearly shows a large change in 19 

the emission lifetime of MOFs at different wavelengths. Zr-BI-fcu-20 

MOF exhibits an average lifetime of 1.04 ns at 370 nm and 3.50 ns 21 

at 550 nm in the water solution. The decay curves at both sides of 22 

the spectra show three exponential fittings (see Table S1). Note 23 

that the lifetimes are shorter on the blue side and longer on the red 24 

side of the emission spectra than the free H2BI linker lifetime. The 25 

same trend is observed for MeOH and DMF solutions. The detected 26 

lifetimes are 1.12 ns and 0.56 ns on the blue side in MeOH and 27 

DMF and 2.62 ns and 4.00 ns on the red side in MeOH and DMF, 28 

respectively. Note that the free linkers exhibit lifetimes of 1.85 ns 29 

and 1.15 ns in MeOH and DMF, respectively. Interestingly, a rise 30 

of 500 ps component can be clearly observed in the case of the 31 

water solution when we detect at 550 nm, indicating the formation 32 

of a new emissive state. It should be noted that this processes even 33 

 

Figure 5. PL decay curves of free H2BI linker and Zr-BI-fcu-MOF at different detection wavelengths in water (a), methanol (b), and 

DMF (c). Frontier orbitals energy diagrams of the BI linker at different protonation stages (protonated, H2BI; partially protonated, HBI-

; deprotonated, BI2-) and the charge density difference for the electronic vertical transition to the first singlet excited states (red = 

+0.001 a.u., blue = −0.001 a.u.) in the presence of water (d), methanol (e), and DMF molecules (f). 
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faster (based on the energy levels) in the case of MeOH and DMF; 1 

and it is within the intrinsic TCSPC temporal resolution of 100 ps. 2 

This kind of observation is entirely missing for all solvents in the 3 

case of a free H2BI linker under the same experimental conditions 4 

(see Figure S7), confirming that this phenomenon only occurs in 5 

the Zr-BI-fcu-MOF. 6 

From the PL excitation spectra, we can assume that the two bands 7 

in Zr-BI-fcu-MOF come from different linker species. Considering 8 

that this MOF contains only the H2BI linker and that aggregation 9 

effects are negligible; these two species should come from different 10 

local environments or different deprotonated states of the linker 11 

inside MOFs (see Figures S6 and S8). From the TRPL 12 

measurements, note that the emission at higher energy, which 13 

originates from HBI-, always has a shorter lifetime than the free 14 

H2BI linker, and the linker at low energy, which originates from the 15 

BI2- linker, has a longer lifetime. From this observation, we can 16 

propose that both forms of linkers in the MOFs undergo an energy 17 

transfer process from the high-energy species to the low-energy 18 

species. The identity of those forms can be assumed to be linkers in 19 

different locations in the Zr-BI-fcu-MOF particles. The linkers at 20 

the surface have a different local environment and different 21 

protonation degrees than those inside the bulk. The linkers inside 22 

the bulk are connected to two metal clusters with a fully 23 

deprotonated form (BI2-). On the other hand, surface linkers are 24 

only connected to a single metal cluster, presenting a partially 25 

protonated structure (HBI-).1-2,11,37-38 An additional cause of 26 

partially protonated linkers in the MOF may originate from the 27 

presence of Zr vacancy defects (missing Zr metal clusters), creating 28 

dangling linkers inside the bulk.10,39-42 The mentioned differences 29 

lead to the presence of linkers at different protonation degrees, 30 

which will have different absorption and emission energies and PL 31 

lifetimes (see Figure S8). Moreover, the MOF architecture 32 

imposes high proximity between the linkers in the structure (17 Å 33 

at the center of the linkers),8 fulfilling the energetic and distance 34 

requirements for efficient and fast energy transfer.43 35 

To confirm that the energy transfer between linkers with different 36 

protonation degrees is responsible for decreasing the PL lifetime of 37 

Zr-BI-fcu-MOF compared to that of the free H2BI linker, we 38 

performed TD-DFT calculations for the linkers at different 39 

protonation stages in the different solvents. The charge density 40 

differences upon excitation (Figure 5d-f, insets) clearly show that 41 

the deprotonated linkers show stronger localization of the transition 42 

than their protonated counterparts. The energies between the 43 

frontier orbitals for benzoimidazole linkers are presented in Figure 44 

5d-f; they reveal that protonated and partially protonated linkers 45 

have a larger HOMO-LUMO gap than the deprotonated form. The 46 

difference in water was found to be 0.16 eV; this difference 47 

increases in MeOH (0.29 eV) and DMF (0.21 eV). The lifetime 48 

changes are in agreement with the TD-DFT calculations, from 49 

which a slower energy transfer is predicted for Zr-BI-fcu-MOF in 50 

the water solution than for Zr-BI-fcu-MOF in MeOH and DMF. 51 

From both experimental and theoretical results, we can conclude 52 

that the MOF assembly allows for the presence of different states 53 

of linkers with different HOMO-LUMO levels: one partially 54 

deprotonated linker located on the surface and the other fully 55 

deprotonated linker located inside the bulk. These linkers have 56 

different environments and connectivity to the metal clusters, 57 

allowing for the presence of deprotonated and partially protonated 58 

linkers. The different linkers are in close proximity and possess 59 

different excitation energies, making an energy transfer process 60 

feasible. Note that the same observation and explanation are 61 

applied for Zr-TD-fcu-MOF (see Figure S11). 62 

Finally, to discredit other possible processes, such as charge 63 

transfer, that could be responsible for shortening the excited-state 64 

lifetimes, femtosecond transient absorption (fs-TA) measurements 65 

were performed for the free deprotonated BI2- linker and Zr-BI-fcu-66 

MOF. The transient spectra in MeOH in Figure 6a-b show ground-67 

state recovery at 425 nm and excited-state absorption at 530 nm. 68 

For Zr-BI-fcu-MOF, the signals appear to be redshifted and 69 

broadened, as expected from the steady-state spectra (Figure 4a-70 

c). The ground-state recovery signal appears at 450 nm, and there 71 

are two well-differentiated excited state absorption peaks at 548 nm 72 

and 603 nm. Note that the broadening and double-peak features can 73 

also be attributed to the two different degrees of protonation in the 74 

MOF. It should be noted that the steady-state absorption spectrum 75 

for BI2- confirms this blue spectral shift observed in the fs-TA 76 

experiments (see Figure S10). The deprotonated free linker and Zr-77 

BI-fcu-MOF kinetic traces displayed in Figure 6c revealed the 78 

changes in the excited-state absorption dynamics for the two peaks 79 

for the MOF compared to those for the free linker (Table S2). The 80 

deprotonated linker shows two fast components associated with 81 

typical solvation dynamics values in methanol,44-45 and the long 82 

 

Figure 6. fs-TA spectra at different delay times (a-b) and 

representative kinetic fs-TA traces at different detection 

wavelengths (c) for the deprotonated linker (a) and Zr-BI-fcu-

MOF (b) in methanol solution. λexc = 330 nm. 
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component corresponds to the excited state lifetime which is 1 

consistent with PL lifetime found previously (Figure 5b). 2 

On the other hand, Zr-BI-fcu-MOF kinetics at 603 nm present the 3 

solvation and the long-lived components in MeOH. In addition, a 4 

fast decay with a time constant of 21 ps is observed, which could 5 

be associated with the energy transfer process. This constant 6 

matches the rising signal observed for Zr-BI-fcu-MOF at 548 nm 7 

(14.3 ps) in MeOH, confirming that energy transfer. It is worth 8 

mentioning that the same trend is observed in the fs-TA 9 

experiments for Zr-BI-fcu-MOF in water (Figure S9 and Table 10 

S3). The kinetic trace at 542 nm exhibits a rise of 203 ps, which is 11 

in the same order of magnitude as the 500-ps rise time observed in 12 

the time-resolved PL measurements. Note that the strong spectral 13 

overlap between the excited state and the ground state bleach in TA 14 

data could be responsible for the shortening of the rise component 15 

compared to the rise observed in PL experiments. These 16 

observations are supported by the TD-DFT HOMO-LUMO 17 

energetic difference in both solvents (Figure 5d-e). The longest 18 

lifetime decay times in TA trace is also consistent with the PL 19 

lifetimes found in the red side of the emission spectrum (Figure 20 

5a-b).  21 

The fs-TA results confirm that energy transfer between the 22 

linkers inside Zr-BI-fcu-MOF is the process responsible for 23 

shortening the PL QY and the general lifetime. It was also 24 

confirmed that the energy transfer rate in MeOH of approximately 25 

21 ps is much faster than that in water (500 ps), in accordance with 26 

DFT calculations. Simultaneously, as no new features at different 27 

wavelengths appeared in the transient spectra, the charge transfer 28 

process is negligible in our system, according to similar MOF 29 

systems with benzoimidazole-type linkers.30-31,46-47 30 

In this work, we reveal the tremendous impact of hydrogen 31 

bonding interactions between solvent molecules and organic 32 

benzoimidazole- and benzothiadiazole-based linkers on their 33 

excited-state deactivation channels and luminescent properties. 34 

Steady-state and time-resolved results supported by DFT and TD-35 

DFT calculations revealed that hydrogen bond formation in both 36 

linkers, particularly in water and MeOH solutions, leads to a 37 

significant enhancement in the PLQY and lifetime. This 38 

observation could be attributed to the suppression of the twisting 39 

motion in both linkers, one of the central nonradiative excited-state 40 

deactivation channels. Interestingly, the strong H-bonding 41 

interaction between H2BI and water molecules leads to an 42 

exceptionally high PLQY (85 %), a rare characteristic of a near-UV 43 

emissive organic molecules. On the other hand, these linkers 44 

always showed a considerable decrease in their fluorescence 45 

lifetime and quantum yield when they became part of Zr-BI-fcu-46 

MOF and Zr-TD-fcu-MOF structures, regardless of the solvent 47 

used. This new observation can be explained as a result of an 48 

ultrafast energy transfer process occurring between the same 49 

linkers but with different protonation states, as evident from time-50 

resolved PL and femtosecond transient absorption spectroscopy. 51 

The partially protonated linkers at the MOF surface or those 52 

resulting from a Zr-cluster vacancy can transfer energy with a 21 ps 53 

time constant to the adjacent fully deprotonated linkers in bulk of 54 

the MOF structure. This new finding not only provides valuable 55 

physical insight into ultrafast exciton migration in MOF structures 56 

and the tremendous impact of the hydrogen bonding interaction on 57 

the enhancement of optical behaviors of these building block 58 

organic linkers but perhaps, more importantly, paves the way for 59 

designing and synthesizing novel materials with better fluorescence 60 

properties for sensing and light-emitting applications.  61 

 62 

 63 

METHODS 64 

Steady-state absorption spectroscopy was performed with a Cary-65 

5000 UV-vis spectrometer from Varian. The PL measurements 66 

were performed with a Fluoromax-4 fluorimeter (Horiba). 67 

Absolute photoluminescence quantum yield measurements were 68 

performed with an Edinburgh Instruments FLS920 fluorescence 69 

spectrometer equipped with a 450-W-continuous-wavelength 70 

xenon lamp and integrating sphere. 71 

The time-resolved photoluminescence data were measured through 72 

the time-correlated single-photon counting technique in a Halcyone 73 

setup (Ultrafast Systems). The sample was excited with a 330 and 74 

350 nm pulsed laser beam coming from an optical parametric 75 

amplifier (Newport Spectra-Physics) that was seeded with an 76 

Astrella femtosecond pulsed laser (100 fs, 800 nm 1 kHz, 77 

Coherent). Emissions from the samples were collected and 78 

collimated by a couple of parabolic mirrors and then passed through 79 

350 nm (H2BI) or 450 nm (H2TD) longpass filters to eliminate the 80 

remaining light from excitation. The excitation power was 81 

controlled with a variable neutral density filter to ensure that less 82 

than 1 % of excitation events resulted in a detected photon. The PL 83 

signal was then focused with a monochromator to a detector 84 

through an optical fiber. The resolution of the equipment is 100 ps. 85 

The fs-TA experiments were carried out with a Helios spectrometer 86 

(Ultrafast Systems). The beam from an Astrella Ti:Saph (Coherent) 87 

pulsed laser (100 fs, 1 kHz, 800 nm) was split and directed to an 88 

optical parametric amplifier (Newport Spectra-Physics) to tune the 89 

excitation wavelength to 320 nm. This beam was focused on the 90 

sample after passing through a mechanical chopper (500 Hz). The 91 

other 800 nm branch of the beam went to a delay stage to obtain the 92 

time resolution and was then focused on a CaF2 crystal to generate 93 

a white light probe. The white light was split to a reference channel 94 

and overlapped in the sample with the pump beam. The absorption 95 

change was measured with respect to the time delay and 96 

wavelength. 97 

The DFT and TD-DFT calculations were performed with 98 

Gaussian16® software.48 The linker structures were optimized to 99 

the ground state using a CAM-B3LYP hybrid functional49 with a 100 

6-311G++(d,p) Pople basis set,50 and the solvent effects were 101 

considered by adding 2 explicit molecules of the solvents (water, 102 

MeOH, ACN, and DMF) together with an IEF-PCM implicit 103 

continuum model.51 Vertical excitations and excited state geometry 104 

optimizations were computed through the LR-TD-DFT formalism 105 

by using the same level of theory as used in the ground state 106 

calculations. Frequency calculations were performed to confirm the 107 

minima in each case for both states. The N-H LBO analysis was 108 

conducted using Multiwfn52 software from the optimized ground-109 

state structures. 110 
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