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Abstract 

 Hydrogen-bonded Organic Frameworks (HOFs) have emerged as exciting new 

materials, due to several promising applications in science and technology. Using 

fluorescence microscopy, we report on spectral and dynamical characterization of a HOF 

(T12-apo), its parent compound (T12) and its ester-methylated derivative (T12-Ester) in 

solid state. In contrast to the behavior in solution, the absorption spectra of these solid 

materials exhibit a strong S0S1 transition. The fluorescence microscopy studies of 

crystals of T12 reveal no crystal size effect on the emission spectra and lifetime (~38 ns). 

While, those of T12-Ester exhibit a photodynamic behavior that depends on their sizes. 

The large crystals exhibit a monoexponential behavior (~28 ns), while the smaller ones 

present an additional shorter component (~5 ns) due to the relaxation of species having a 

charge-transfer character. For T12-apo, the results suggest two types of crystals: i) those 

formed by π-π stacking, showing a photobehaviour similar to those of T12 and T12-Ester, 

and ii) crystals, in which the H-bonds between the building blocks play an important role, 

and result in different emission spectra and shorter fluorescence lifetimes compared to 

the formers. Moreover, the anisotropy measurements of large T12-apo crystals confirm 

the importance of π-π stacking of the aromatic core and of H-bonding interactions to form 

the HOF, and their relevance to the photobehaviour. We suggest to use the HOF to build 

a White-LED, when combined with a blue-light emitting LED.  Our results provide new 

information on the photobehaviour of this HOF at single crystal level looking for its use 

in optoelectronic devices. 

  

Keywords: Dehydrobenzoannulene derivatives, HOFs, Solid State, Luminescent,  

Single crystal microscopy, Time-resolved photodynamics.    
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1.  Introduction 

 During the last two decades, porous materials have attracted the attention of the 

scientific community due to the broad range of their applications.1-3 Among these 

materials, Metal Organic Frameworks (MOFs)4 and Covalent Organic Frameworks 

(COFs)5-6 have emerged as the most studied ones owing to their wide applicability in 

different fields of science and technology, such as selective gas sorption and storage, 

chemical luminescent sensors, catalysis and optoelectronics to cite some of them.7-20 

Recently, a new family of materials called Hydrogen-Bonded Organic 

Frameworks (HOFs) have been reported as an exciting new class of materials constructed 

solely using organic molecules connected by non-covalent H-bonding and π-π 

interactions.21 By a rational design and selection of the organic building blocks, the 

control of the crystalline structure as well as their pore size become possible. This advance 

allows the tunability of their physicochemical properties, making them versatile for 

different applications, such as gases storage and separation, proton conduction, and 

explosive detection.22-26 For example, a recent report has demonstrated how the 

luminescent HOF-1111 (composed by the fluorescent linker tetraphenylethylene) is able 

to detect several aromatic compounds, including nitroaromatic explosive like 

molecules.25 Few years ago, taking advantage of the planarity and high π-conjugation of 

the dehydrobenzoannulenes (DBAs), these are being used as building blocks to synthetize 

new HOFs.24, 27-30 The molecular structure of the DBA units are paramount for the 

morphology, crystallinity and pore size of the HOFs, where π-π and H-bond interactions 

play a great role.31 

Since their discovery, most of the research efforts has been focused on their 

synthesis and control of their porosity.21, 23, 32-33 However, their photophysical and 

photochemical properties remain largely unexplored. To the best of our knowledge, only 
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few studies have reported on the emission behavior (steady-state) of few HOFs. 25, 34-35 

Recently, we have reported on the time-resolved photobehaviour of CPHAT 

(carboxylphenyl substituent hexaazatriphenylene) HOF.35 We demonstrated that the 

fundamental unit of the HOF in solution (N,N-dimethylformamide, DMF) undergoes an 

ultrafast intramolecular charge-transfer reaction followed by an intermolecular proton-

transfer event with the DMF molecules, giving rise to a largely Stokes shifted emission 

band. Moreover, experiments using fluorescence microscopy on single crystals of the 

HOF (CPHAT-1a) showed a well ordered crystalline structure with preferential 

orientation of the molecular dipole moments. 

We have also reported on the solution photobehaviour of the organic blocks of the 

crystals studied in the present work: Nu-T12 (5,6,11,12,17,18-

hexadehydrotribenzo[a,e,i]cyclododecene), T12-COOMe (5,6,11,12,17,18-

hexadehydro-2,3,8,9,14,15-hexakis(4-

methoxycarbonylphenyl)tribenzo[a,e,i]cyclododecene) and T12-COOH 

(5,6,11,12,17,18-hexadehydro-2,3,8,9,14,15-hexakis(4-

carboxyphenyl)tribenzo[a,e,i]cyclododecene).36 We found that the S0S1 transition of 

these molecules in solution is forbidden, in agreement with the theoretical calculations. 

Time-resolved experiments have revealed emission decays from locally excited state, 

charge-transfer and triplet states of Nu-T12 and T12-COOMe molecules. On the contrary, 

the behavior of T12-COOH ones strongly depends on the medium. For example, T12-

COOH in a DMF solution forms new species having a long fluorescence lifetime (~26 

ns) and large-shifted emission band; while in dimethylsulfoxide it exhibits similar 

photodynamical behavior to that of Nu-T12 and T12-COOMe. Aiming the exploration of 

the photobehaviour of materials based on these molecules, we performed a detailed 
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photophysical study of them. Such knowledge will help in designing and optimizing new 

HOFs for applications in OLEDs. 

Here, we report on spectroscopic study of a HOF based on a DBA derivative (T12-

apo) and its related materials, T12 and T12-Ester in the solid state (Scheme 1).  

Fluorescence lifetime imaging (FLIM) experiments of T12, T12-Ester, and T12-apo show 

homogeneous lifetime distribution. For T12, the emission spectra and lifetime do not 

depend on the crystal size, which are formed as a result of π-π stacking interactions. For 

T12-Ester, we found a difference in the photobehaviour between the large and small 

crystals, where an additional short component is observed in the case of the smallest one. 

The corresponding lifetime is attributed to the excited charge transfer species. The HOF 

of T12-apo exhibits emission and photodynamic behavior that depend on the crystal 

nature. On one hand, there is a family of crystals, whose photobehaviour is comparable 

to that observed for T12 and T12-Ester. On the other hand, another class exhibits a 

different photobehaviour suggesting that the H-bond interactions play an important role 

in the morphology of these crystals. The anisotropy behavior of the HOF, T12-apo 

indicates that the molecular units adopt preferential orientation inside the crystals. Our 

results give new insight for better understanding the photobehaviour properties of HOF 

that can be the basis for new optoelectronic devices. Our preliminary results suggest 

further studies to improve the HOF building blocks for lighting (OLEDs). 

2. Experimental Section 

The molecular blocks, Nu-T12, T12-COOMe and T12-COOH (Scheme 1) were 

synthetized following the process described elsewhere.37-38 Briefly, Nu-T12 was 

synthesized via palladium-copper catalysed cyclization under phase transfer conditions. 

T12-COOMe was synthesized by Castro-Stephens cyclization reaction and finally T12-

COOH was then obtained by hydrolysis of T12-COOMe. Solid materials of T12 and T12-
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Ester were prepared by slow evaporation of chloroform solutions of Nu-T12 and T12-

COOMe, respectively. HOF T12-apo was prepared by soaking of the as-formed 

crystalline powder, which was obtained by recrystallization of T12-COOH from a mixed 

solution of DMF and 1,2,4-trichlorobenzene, into benzene for overnight at room 

temperature, followed by lying under vacuum (0.2 kPa) for 1 day at 50 °C. The 

morphology of the solid materials was obtained by using a JEOL Ltd model JSM-7001F 

scanning electron microscope (SEM). 

 

Scheme 1. (a) Molecular structures of Nu-T12, T12-COOMe and T12-COOH that 

constitute the units of the studied materials. (b) Illustration of the H-bond interactions 

between the molecular units of T12-apo HOF. (c) Top view of three layer packing of T12-

apo. (d) SEM image of T12-apo. 

 

The steady-state Infrared (IR) and UV-visible absorption spectra have been 

recorded using FT/TR-4200 (JASCO Inc.) and JASCO V-670 spectrophotometers, 

respectively. The fluorescence lifetime imaging (FLIM) measurements were performed 

on a MicroTime 200 confocal microscope (PicoQuant). As an excitation source, we used 

a diode laser with an excitation wavelength of 390 nm (40 ps full width at half-maximum 

of intensity). Briefly, it consists of inverse Olympus IX 71 microscope equipped with a 

water immersion objective (x60 NA1.2, Olympus) and 2D piezo scanner (Physik 
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Instrumente). The emitted light is then focused on a pinhole of 50 μm and later collimated 

to two independent single photon avalanche photodiodes (Micro-Photon-Devices) for 

time-resolved measurements. The emission spectra were collected through Shamrock SR-

303i (Andor Technology) imaging spectrograph and detected by Andor Newton EMCCD 

camera (Andor Technology). For the anisotropy measurements the light was passed 

through a polarizing beam-splitter that allows for the simultaneous detection of the 

parallel and perpendicular parts of the emission. A G-factor of 1.2, accounting for 

differences in the detection sensitivity for both polarizations in the setup, was used in the 

calculation of the anisotropy. Moreover, to calculate the histogram of anisotropy, we used 

SymPhoTime Analysis program (which is facilitated by PicoQuant), which calculates the 

static anisotropy on an image. The analysis is based on the work of Schaffer group.39 The 

limits for the anisotropy are -0.5 to 1.0, in which -0.5 correspond to perpendicular 

orientation and 1.0 to parallel. For each sample between 8 and 15 crystals have been 

analysed both in spectral and kinetic modes. The emission signal was collected using two 

long pass filters (HQ430LP and HQ530LP Chroma) and a band filter: FF01-503/40, 

Chroma. Finally, CIE coordinates of T12-apo were calculated using GoCIE software. The 

emission spectrum of T12-apo in solid state at room temperature was used to get the CIE 

coordinates. 

 

3. Results and Discussion 

3.1. Steady-State IR and UV-visible Absorption Studies 

 To begin with, we recorded the IR spectra of T12, T12-ester and T12-apo in solid 

state (Figures 1a and S1a). T12 displays two main peaks at 1486 and 750 cm-1 assigned 

to the C-C stretching of the benzene rings, and to the C-H out-of-plane bending, 

respectively. The peak at 750 cm-1 is present as a doublet, which suggests difference in 

the C-H out-of-plane bending modes related to the hydrogen atoms in the benzene ring. 
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The IR spectra of T12-ester and T12-apo are very rich and reflect the presence of the ester 

and carboxylic groups. The intense peak at 1100 cm-1 corresponds to the stretching of the 

methyl ester and thus it is observed only for T12-ester. The C=O stretching (1715 cm-1) 

and the O-C bending (1435 cm-1) for T12-ester shift to 1685 and 1419 cm-1, respectively, 

for T12-apo. This shift is concomitant with an increase in the width of the peaks that also 

become less intense. The observed change reflects an explained by increased conjugation 

along with a strong H-bonding interaction in the T12-apo solid.  Additionally, both T12-

ester and T12-apo display two well separated peaks at 775 and 705 cm-1 with equal 

intensity instead of the doublet observed for T12 at 750 cm-1. This change can be 

explained in terms of the presence of two different C-H out of plane bending modes in 

T12-ester and T12-apo, the C-H bond of the benzene rings in the core structures, and the 

C-H bonds in the benzene rings of the surrounding groups. We also examined the IR 

spectrum of the T12-apo at higher wavenumbers (Figure S1a). We observed only a weak 

and broad absorption peak at ~3100 cm-1, assigned to the presence of O-H of the acid 

groups. The lack of strong O-H signal suggests strong H-bonding interactions of the units 

in T12-apo that reduce the intensity of OH vibrations. 

 

Figure 1. (a) Infrared absorption spectra of T12, T12-ester and T12-apo in solid state. (b) 

UV-visible absorption spectra of T12, T12-Ester and T12-apo (black dotted line) in solid 

state. 
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 To better characterize the T12-apo based HOF, we collected the SEM images 

(Scheme 1B and Figure S1b-S1c). These show the formation of small and large well-

ordered crystals and the presence of small fissures parallel to the crystal layer. These 

fissures were generated during the activation (desolvation) of the as-formed crystals of 

T12-apo. As previously reported,37 some solvent molecules can be incrusted in the void 

space of T12-COOH crystals and when are removed, by heating the material under 

vacuum condition, an inter-layer slippage between the H-bonded network sheets occur. 

The inset of Scheme 1B shows a crystal structure of T12-apo determined by Rietveld 

refinement of powder X-ray diffraction pattern of the activated crystalline bulk of T12-

COOH. The structure is composed of stacked layers of H-bonded, hexagonally-

networked sheets and quasi-orthogonally running one-dimensional channels with 

triangular cross section. The fissures observed on the crystal in SEM images correspond 

to those between the molecular layers caused by interlayer dissociation. 

 The aim of this report is to characterize the photodynamic of these materials. 

Hence, we first collected the steady-state UV-visible absorption of T12, T12-Ester and 

T12-apo in solid state (Figure 1b). The absorption spectra of these materials consist of a 

broad band with the intensity maximum located at 416 nm for T12, 433 nm for T12-Ester, 

and 330 nm for T12-apo. However, the spectra of T12-ester and T12-apo present one 

more peak at 475 and 480 nm, respectively. These peaks correspond to 0-0 transition for 

S0S1. T12 does not show such peak, but a clear and well-defined band is recorded at 

299 nm, which is most probably related to S0S4 transition. The observed red-shift in 

the absorption maximum of T12-Ester (433 nm) compared to the one of T12 (416 nm) 

reflects a higher π-conjugation in the former owing to the carboxylphenyl groups that are 

surrounding the central core. For the three samples, the absorption band around 400-500 

Page 9 of 32 Journal of Materials Chemistry C



10 
 

nm is assigned to the S0S1 transition, while the band around 330 nm is assigned to the 

S0S2 transition. It should be noted that when the molecular units of these materials are 

in solutions, such as in N,N-dimethylformamide and chloroform, the S0S1 transition is 

symmetry forbidden (D3h).
28-29, 31, 36, 40-41  However, as we show here, when these 

molecules are the building blocks of their crystals, they are stacked through π-π 

interactions, losing the D3h symmetry and thus, allowing the S0S1 transition. Similar 

behaviour has been observed in platinum dihalide complexes containing 9-phenyl-9-

arsafluorene (3-PtX2, X= Cl, Br, I).42 For these compounds, the HOMO-LUMO 

transitions in solution are forbidden, due to the symmetry that they present, although in 

solid state this transition becomes allowed. As mentioned above, the maximum of the 

absorption spectrum of T12-apo slightly differs from the ones of T12 and T12-Ester. The 

presence of benzoic acids in the molecular frame of T12-apo induces H-bond interactions 

between the T12-COOH units when making the crystals, in addition to the π-π ones. 

While these H-bonds are directional in making a HOF, they can extend or modify the 

crystalline structure of the material, leading to distortions in the symmetry of the building 

blocks, and thus, making allowed the S0S1 transition. Therefore, based on the change 

in the absorption spectra of T12-apo, we believe that the benzoic acid moieties strongly 

affect the ordered structure of this material. 

Because the absorption of solution and solid-state spectra are different, we also 

examined the emission and photodynamics properties of these materials under time-

resolved fluorescence microscopy (with ~200 ps and 300 nm time and space resolution, 

respectively), in order to find a relationship between their crystals nature and 

photobehaviour for exploring their use in optoelectronic devices such as OLEDs. 
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3.2. Confocal Microscopy Fluorescence and Time-Resolved Studies 

 3.2.1. Crystals of 5,6,11,12,17,18-hexadehydrotribenzo[a,e,i]cyclododecene 

(T12) 

We excited the crystals of T12 at 390 nm and recorded the fluorescence images, 

spectra and decays. Figure 2a shows the emission spectra recorded at different parts of a 

large (> 20 µm) crystal of T12. The inset of Figure 2a shows the fluorescence lifetime 

image (FLIM), while Figure 2b displays the emission spectrum along with a FLIM image 

of a smaller crystal (< 0.5 µm). The emission spectra recorded from five different 

positions of the large crystal are very similar exhibiting a well-resolved vibrational 

feature, with intensity maxima at: 479, 494, 504, 521, 531, 551, 563 nm. They are also 

similar to the one collected for the smaller crystal (Figure 2b). This recording indicates 

that the crystals size does not affect the luminescence properties of this material in solid 

state. This result is similar to all the examined T12 crystals, as shown for example in 

Figures S2a-S2c and S3a-S3c, where different crystals in size and shape exhibit similar 

emission spectra. The well-resolved vibrational emission band reflects a high rigidity and 

planarity of the molecular building blocks in this material, most probably due to strong 

π-π interactions.36 This vibrational emission band also agrees with the IR spectrum of T12 

(Figure 1a), which displays only few peaks, as the vibrations amplitude in this material is 

restricted by the rigidity and the strong π-π interactions. 
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Figure 2. Emission spectra of (a) large and (b) small crystal of T12. The five emission 

spectra in (a) were recorded at different points as indicated in the FLIM image. 

Fluorescence emission decays of (c) large and (d) small crystals of T12. The excitation 

wavelength was 390 nm and the decays were recorded over the whole spectral range using 

a 430-nm long-pass filter. The solid lines are from the best-fit using a monoexponential 

function. The insets in (c) and (d) show the lifetime histograms. 

 

Aiming a further understanding of the crystals photobehaviour, we performed 

time-resolved emission experiments on selected large and small crystals as well as 

averaged of over the whole crystals, Figures 2c-2d, respectively. The FLIM images of 

both, the large and small crystals, show a homogeneous distribution of the emission 

lifetimes. The decays collected on a large crystal give a very similar lifetime ~38 ns 

(Figure 2c). The analysis of the lifetimes distribution in the whole crystal presents a 

histogram (inserted in Figure 2c) centred at 37.7 ns, very similar to the one obtained from 

a single point (inset in Figure 2c). The lifetime distribution is symmetric with a full width 

at half maximum (FWHM) of 3.2 ns, reflecting a large homogeneity distribution of the 
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emitters. The mean emission lifetime of the small crystal has a value of 36 ns, which is 

similar to the value of 36.4 ns obtained from the lifetime distribution histogram of the full 

small crystal (Figure 2d). The FWHM is narrower (2.3 ns), which indicates less variation 

in the lifetimes with the position of observation in this crystal, and very similar emitters 

when compared to the situation of longer crystals. All the investigated T12 crystals are 

characterized by a long fluorescence lifetime (36-41 ns), Figures S2a’-2c’ and S3a’-3c’. 

To summarize this part, no difference between large and small crystal emission 

spectra were found; while, they exhibit a well resolved vibrational structure, contrary to 

the absorption spectrum. Moreover, the fluorescence lifetime distribution centred on 38 

ns displays a value between 36 and 41 ns. In the following, we present and discuss the 

results of T12-Ester crystals, where the molecular unit has methoxycarbonylphenyl 

groups surrounding the DBA core that can make richer the photodynamics of T12-Ester 

in comparison to that of T12. 

3.2.2. Crystals of 5,6,11,12,17,18-hexadehydro-2,3,8,9,14,15-hexakis(4-

methoxycarbonylphenyl)tribenzo[a,e,i]cyclododecene (T12-Ester) 

We have performed emission experiments on large (> 40 µm) and small (~ 0.5 

µm) crystals of T12-Ester (Figure 3a and 3b). The emission spectra of both, the large and 

small, are not very different, displaying a vibrational progression with maxima at 494 and 

530, suggesting a priori no significant changes in the luminescence properties with the 

size of the crystals (more examples are given in Figure S4a-S4c and S5a-S5d). For the 

small ones, the spectrum also exhibits a shoulder located at 550 nm. Moreover, a close 

look at the peaks at 494 and 530 nm shows that the ratio (I530/I494=Ratio) of their 

intensities depends on the crystals size. While the ratio for the small crystals is 2.2, in the 

larger ones it is 3.0. This fact suggests the presence of a non-radiative process controlled 

by the size of the material. On the other hand, compared to the well-resolved emission 
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band of T12 crystals (Figure 2a and 2b), the one of T12-Ester is not so well resolved, 

which suggests that the outer benzoate branches provide more flexibility to the building 

blocks of this material, and thus affecting the vibrational energy redistribution in the 

excited crystals. This suggestion is supported by the IR spectra, in which T12-ester 

spectrum shows more peaks than the one of T12, reflecting the motion of the 

methoxycarbonylphenyl groups of T12-ester (Figure 1A). This kind of movement may 

affect the π-π interactions of the central core in the T12 crystals. Lifetime measurements 

will provide more information about this behaviour. 

 

Figure 3. Emission spectra of (a) large and (b) small crystals of T12-Ester. The insets 

exhibit the FLIM images of the crystals. Fluorescence emission decays of (c) large and 

(d) small crystals of T12-Ester. The excitation wavelength was 390 nm and the decays 

were recorded over the whole spectral range using a 430-nm long-pass filter. The solid 

lines are from the best-fit using a mono- or multiexponential function. The insets show 

the lifetime distribution histograms. 
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Thus, we carried out picosecond time-resolved emission experiments on several 

large and small crystals (Figure 3c-3d). More examples are shown in supporting 

information (Figures S4a’-S4c’ and S5a’-S5d’). Contrary to the lack of dependence of 

the observed emission lifetimes of T12 crystal on their sizes, for T12-Ester we observed 

a clear dependence of the photodynamical behaviour on the crystal size. While the 

emission decays of large crystals (5-20 μm) are monoexponential (giving a mean time 

constant of ~ 25-28 ns), the smaller ones (<1 μm) decay bi-exponentially with time 

constants of τ1 ≈ 4.5-5.5 ns (pre-exponential factor, a1 ~20-45%) and τ2 ≈ 17-20 ns (pre-

exponential factor, a2 ~80-55%) (Figure 3c-3d, respectively). 

The lifetime distribution histogram (Figure 3c) for the whole large crystals is 

centred on 28 ns, similar to the one obtained from the representative emission decays, 

with FWHM of 8.34 ns, reflecting a more heterogeneous distribution of the emitters when 

compared to the crystals of T12 (FWHM≈3 ns, Figure 2c). Because the value of the 

lifetime is close to that of T12 crystals lacking the phenyl ester groups, we ascribe the 25-

28 ns component to the fluorescence of the T12-Ester core, without much influence of 

the substituents on their decays.  

For the smaller crystals, the lifetime distribution histogram shows two different 

emitters having lifetimes of 5 and 20 ns (Figure 3d). The origin of the longest component 

is similar to the one observed for larger crystals. We explain the 5-ns lifetime observed I 

the small crystals, in terms of the effect of conformation of the phenyl ester groups on 

their photobehaviour. This component is not observed in larger ones probably due to a 

closed packing of the constituent molecular units. Previously, we have reported on the 

occurrence of a photoinduced intramolecular charge transfers (ICT) reaction in T12-

COOMe units in DMF solutions.36 We have found a 4.5-ns component, which we 

assigned to the emission of a different species undergoing a charge transfer process 
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involving the external benzoate moieties. After photoexcitation, T12-COOMe in DMF 

solution experiences a fast electronic redistribution from the benzoate groups to the inner 

core, producing a charge transfer species emitting with a lifetime of 4.5 ns. This 

assignment was further supported by theoretical calculations.36 Additionally, it is well 

known that porous materials (like MOFs and COFs) are prone to contain defects in their 

structure which may raise important changes in their luminescence properties.43-46 The 

presence of these defects can be relevant to the photocatalytic activity and lighting 

performance of the MOF based OLEDs.19  Here, we suggest that defects formed during 

the formation of small crystals, associated with the flexibility of the 

methoxycarbonylphenyl groups adopting different conformations, favouring the ICT 

process from the phenyl ester groups to the inner core.  Thus, we ascribe the 5-ns 

component in the decays of the small crystals to the emission of species that have 

experienced an ICT reaction from the methoxycarbonylphenyl groups to the core of the 

unit. 

To conclude this part, small differences in the emission spectra of large and small 

crystals were found. While large ones show a single emission lifetime of in the range 20-

28 ns; for smaller ones, we recorded an additional short fluorescence lifetime (5 ns) 

assigned to the relaxation from CT excited state.  

 3.2.3. Crystals of 5,6,11,12,17,18-hexadehydro-2,3,8,9,14,15-hexakis(4-

carboxyphenyl)tribenzo[a,e,i]cyclododecene (T12-apo) 

T12-apo crystals are of particular interest because the molecular building blocks 

contain benzoic acid units as outer branches that can be involved in the crystallization 

through H-bond interactions, and thus inducing HOF formation.37 Thus, in addition to the 

crystallization owing to π-π interactions between the central cores, as observed for T12 

and T12-Ester, H-bond interactions may act as the driving force to stabilize the crystalline 
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structure of T12-apo, HOF (Scheme 1). One can expect that the emission properties of 

T12-apo based HOF may change reflecting the effect of the H-bonds between the units 

within the crystal. This behaviour has been reported recently for a carbonyl 

difluoroboron-β-diketone derivative, DBF-Ester [3-(4-(methoxycarbonyl)phenyl)-1-(4-

methoxyphenyl)propane-1,3-dione (3)], which displays two different crystal packings 

and an amorphous form.47 The fluorescence decays recorded for each system exhibit 

different lifetimes: 4.5 and 7.6 ns for crystalline structures, and 12.3 ns for the amorphous 

ones.47 

Thus, aiming a deeper knowledge on the photobehaviour of T12-apo HOF, we 

have recorded the emission spectra of several small (~0.3 - 1 µm) and large (>30 μm) 

crystals (Figures 4 and 5 and Figure S6a-S6d). To begin with the smaller ones, we 

observed a clear dependence of the emission spectra on their shape and size. Some of 

them exhibit emission spectra similar to those observed for T12-Ester (Figure 3) with 

peaks having intensity maxima at 434 and 557 nm (Figures 4a-4b and S6a-S6b), while 

others emit at longer wavelengths, displaying the intensity maxima at 585 and 640 nm 

(Figures 4c-4d and Figures S6c-S6d). Because, the first type of crystals present 

photobehaviour comparable to the T12-Ester ones; thus, we suggest that their structure is 

governed by π-π interactions. The emission of the second family in the 500-550 nm region 

is weaker, contrary to the one in the reddest zone. These spectra are comparable to those 

of the building T12-COOH units when interacting with DMF molecules, where a strong 

H-bond interactions lead to a red shift in the emission spectrum as a result of the formation 

of T12-COO- anion.36 Therefore, the driving force for the formation of this type of 

crystals is based on H-bond interactions between the units owing to the presence of the 

benzoic acid branches. Thus, the red emission of the HOF crystals comes from species 
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having an experienced a photoinduced proton-transfer character between two H-bonded 

carboxylic groups. 

 

Figure 4. Emission (a-d) spectra and decays (a’-d’) of small T12-apo crystals. The 

excitation wavelength was 390 nm and the decays were recorded over the whole spectral 

range using a 430-nm long-pass filter. The solid lines are from the best-fit using a 

multiexponential function. The insets in Figures (a-d) show the FLIM images of the 

samples, and those in Figures (a’-d’) give the lifetime distribution histogram. 

Crystal 
τ1 (ns) 

±0.2 
a1 

τ2 (ns) 

±0.3 
a2 

τ3 (ns) 

±0.3 
a3 

1 4.5 38 - - 21 62 

2 4.1 48 - - 20 52 

3 1.5 25 8.8 75 - - 

4 1.4 23 8.5 77 - - 
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Table 1. Values of time constants (τi) and normalized (to 100) pre-exponential factors 

(ai) obtained from the fit of the emission decays of four samples of T12-apo shown in 

Figure 4. The decays were recorded over the whole spectral range using a 430-nm long-

pass filter. 

 

Figures 5 and S7 show the emission spectra of several larger crystals (>30 µm in 

length) of T12-apo. Firstly, the spectra are remarkably different from those of smaller 

ones (Figures S4 and S6). Secondly, they are comparable to those described for T12-Ester 

and T12 (Figure 2 and 3). Thirdly, the spectra present well-resolved vibrational structure 

with maxima at 494, 528, 550 and 590 nm. This feature is not observed in the emission 

bands of the smaller crystals (Figure 4). Comparing the spectra to the one obtained for 

T12-ester large crystals, we observe a better vibrational structure. While the shape and 

position of the emission spectra of small T12-apo crystals show a great variation, these 

of the larger one does not show important variation changes.  
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Figure 5. Emission (a-d) spectra and decays (a’-d’) of the large T12-apo crystals. The 

excitation wavelength was 390 nm and the decays were recorded over the whole spectral 

range using a 430-nm long-pass filter. The solid lines are from the best-fit using a 

multiexponential function. The insets in Figures (a-d) show the images of the studied 

large crystals. 

 

To explore the photodynamics of small and large crystals, we also investigated 

their emission decays (Figures 4, 5, S6 and S7). Remarkably, and in agreement with the 

steady-state behaviour, from the photodynamical behaviour (Figure 4a’-4d’), we can 

clearly distinguish two families of small crystals T12-apo. The first class shows longer 

decays, in similarity to the T12-Ester ones. The decays were fitted using a biexponential 
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function with time constants of 4.1-4.5 and 20-21 ns (Figure 4a and 4b and table 1). The 

lifetime distribution histogram for the whole crystal displays two different distributions 

centred on the same values as those obtained from the emission decays (Figure 4a and 

4b). Both components of the histograms are homogeneously distributed along the crystal 

(Figure S6a-S6b gives more examples). In similarity with the explanation given for the 

T12-Ester decays, we assign the 20-ns component to the fluorescence of species not 

strongly affected by the H-bonds between the carboxylic groups, while the 4.1-4.5-ns one 

is due to emitters that have experienced an ICT reaction. 

The second type of small crystals exhibits a biexponential behaviour with time 

constants of 1.4-1.5 and 8.5-8.8 ns (Figure 4c and 4d and Table 1). The lifetime 

distribution show two different populations of emitters (Figure 4c and 4d). More 

examples are given in ESI (Figure S6c-S6d). The short (1.5 ns) component is comparable 

to the one described for the charge transfer process (~1 ns) of the molecular building 

blocks of T12-apo in DMF (in addition to the 4.5 ns one).36 We suggest that the H-bond 

interactions make this component faster in comparison with the one observed for T12-

Ester (~5 ns). The value of the 8.8-ns component also becomes smaller when compared 

to the 20-ns one observed for the fluorescence of the first class of T12-apo crystals. The 

shortening also reflects the effect of the H-bonds in these structures that may lead to a 

proton-transfer reaction in the building blocks in agreement with the photobehaviour of 

T12-COOH molecules in DMF solution,36 giving rise to the observed difference in the 

photobehaviour of the two families of small T12-apo crystals. 

The photodynamics of the T12-apo large crystals of the HOF is similar to that of 

the first class of small T12-apo and that of the T12-Ester ones. It shows a biexponential 

behaviour with time constants of 4-6.5 and ~17-22 ns (Figures 5 and S7). The longest 

component is comparable to that observed in T12-ester (28 ns), and thus is assigned to 
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species not affected by the presence of the H-bonds in the HOF. However, we attribute 

the shortest component to species undergoing an ICT reaction. In contrast to the 

photobehaviour of the large T12-Ester crystals, for small and large ones of T12-apo we 

got the contribution of the component assigned to ICT process in their emission decays. 

This difference might be explained in terms of the presence of H-bonds in T12-apo, that 

on one hand, stabilize the conformation of the carboxylic groups and on the other, modify 

the electronic charge distribution within the building units of the HOF. 

As commented above, the intensity of some peaks changes with the nature of the 

crystals, hence, we recorded the emission decays of in selected parts of the emission 

spectrum: 480-520 nm region and from 530 nm to the end of the spectrum, (Figure S7). 

For the same crystals, the obtained result recording at both regions are very similar 4.6-5 

ns (28-30%) and 19-20 ns (70-72%). Therefore, the emitters display overlapping and 

similar emission bands, generating the observed spectrum. From the spectroscopic and 

photodynamical behaviour of the large T12-apo crystals, we suggest that in addition to 

the role played by the H-bonds between the building blocks of this HOF, the π-π stacking 

interactions contribute relevantly in the process of crystallization. 

To summarize this part, we conclude that two different crystals can be formed, 

depending on the predominant type of interactions between the T12-apo units involving 

π-π stacking interactions or intermolecular H-bonds. The first family displays a 

photobehaviour similar to that of T12 and T12-Ester, and thus π-π interactions play the 

main role in their structures. The second one, the H-bonds dictate their crystallinity and 

shape. The last ones exhibit a red-shifted emission spectrum and a shorter lifetime (9-11 

ns), assigned to species having experience a proton-transfer reaction within the HOF. 

However, without the contribution of the H-bonds between the units, the crystalline large 

structure cannot be formed. 
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3.2.4. Emission Anisotropy of Large T12-Ester and T12-apo Crystals 

The action of different driving forces in the crystallization process of T12-apo to 

build the corresponding HOF suggests also variation in the anisotropic properties of the 

crystals emission. Thus, we performed anisotropy measurements at two different crystal 

orientations. Firstly, we recorded the FLIM image of a crystal, and then, we 90° rotate 

the sample holder with respect to the previous position, and again recorded the FLIM. For 

simplicity, we label the first and second position as 1 and 2, respectively. Using the static 

anisotropy, we build the anisotropy histogram, as described in the experimental part. 

Figure 6 shows a representative image of two large crystal (>20 m) and representative 

histograms of the steady-state anisotropy values distribution at two crystal orientations (1 

and 2 with respect to the observation plane, respectively). Additional examples are given 

in Figure S8. Moreover, the studies crystal in Figure 6 (a) and (a’) has a smaller crystal 

(~5×5 m2) attached to its surface. 

 

Figure 6. Histograms of the emission anisotropy of T12-apo crystals observed at position 

1 for (a) and (b) and position 2 for (a’) and (b’). The solid lines represent Gaussian fits to 

the anisotropy histograms. The insets show images of the crystals. 
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The histograms show a clear evidence for the presence of two different crystal 

types that differ in their emission anisotropy behaviour. The histograms for all the crystals 

at both orientations are fitted by two Gaussians. The first distribution (distribution I) that 

has the larger contribution, demonstrates strong dependence of the anisotropy value on 

the crystal orientation (Table S1, Figures 6 and S8). For the 1 crystal orientation, the 

anisotropy is centred on positive values between 0.19 and 0.48 that shifts to strongly 

negative values for the 2 orientations (the crystal rotated 900 with respect to the 1 

orientation) between -0.19 and -0.36 (Table S1). The strong dependence of the anisotropy 

value for this type of crystals suggests preferential orientation of the molecular units 

inside the crystal structure. The second distribution (distribution II), which is broader and 

has a smaller contribution to the overall histogram, has the maximum of the anisotropy 

value close to zero (between -0.24 and 0.24), and shows little dependence on the crystal 

orientation. Additional analysis of discrete regions corresponding to the interrogated 

small and the large crystals shown in Figure 6 allows for the correct assignment of the 

two Gaussian distributions (Figure S9). The Gaussian distribution centred on -0.18 and -

0.13 with 18 and 17 % relative contribution, respectively, in both histograms arises from 

the anisotropy behaviour of the smaller crystal, while those centred on 0.10 and -0.31 (1 

and 2, respectively) corresponds to the large crystal. Similar conclusion can be drawn for 

the rest of the studied HOF crystals, where distribution II arises predominantly from 

smaller crystals attached to the surface of the larger crystals, Figure S8. Thus, the lack of 

dependence of the anisotropy value on the orientation (distribution II) for the small ones 

suggests that there is no preferential orientation of the molecular units that form the 

crystal, and thus its behaviour is almost isotropic. It should be noted that certain degree 

of crystallinity is achieved in these small crystals that gives rise to the anisotropy values 
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that are different from the pure isotropic behaviour. This crystallinity is most probably a 

result of H-bonding interactions between the elementary units, as suggested also from the 

photodynamical behaviour of the two families of small T12-apo crystals. The anisotropy 

experiments using large crystals of T12-Ester, and lacking H-bond interactions (Figure 

S10), agree with the above discussion. The overall histogram is centred on 0.05 and 0.04. 

Hence, there is no preferential orientation of the molecular units of T12-Ester suggesting 

that this material is mostly an amorphous solid. 

Thus, to conclude this part, the crystallization of T12-apo is dominated by π-π 

stacking interactions, although stabilized by H-bonds; the molecular units have 

preferential orientation which results in the observed anisotropic behaviour of the HOF. 

Similar anisotropic behaviour has been reported for crystals formed by hexakis(4-

carboxy-phenyl)-hexaazatriphenylene, where the fluorescence microscopy study at single 

crystal level reveals an ordered crystalline structure with a preferential orientation of the 

molecular units.35  

3.2.5. CIE coordinates of T12-apo 

The characterization of new smart materials is essential in order to fabricate new 

efficient devices, free from rare-earth elements, because of the limited amounts and high 

price of these compounds, moreover most of the commercial WLEDs are fabricated using 

YAG:Ce3+ (CIE coordinates= 0.41, 0.56) acts as phosphor.19, 48-55 T12-apo has a CIE 

coordinates of (0.42, 0.55) (Figure S11), which are similar to those of  YAG:Ce3+. T12-

apo could be a good candidate to use in the fabrication of WLEDs, free of any metal. 

Moreover, T12-apo in solid state displays a fluorescence quantum yield of 25%, higher 

than that of T12.31, 37 This relatively high value and its CIE coordinates suggest to use it 

as a material to fabricate WLEDs. The increment in the emission quantum yield and the 

discovery of two kinds of T12-apo crystals of different emission spectra and lifetimes 
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(Figure 4 and 5) suggest further improvements in the crystallization process of the related 

HOF, in order to get a good candidate to fabricate an efficient WLEDs. One can coat a 

blue-LED with this HOF and get a LED with turnable emission wavelength, as it has been 

reported for other materials.51, 54-55 

4. Conclusions 

In this work, we have explored on the spectroscopic and photodynamics properties 

of a series of DBA derivative based materials: T12, T12-Ester and T12-apo. Contrary to 

the observed for the absorption spectra of the molecular building blocks in DMF 

solutions, where the S0S1 transition is forbidden, in the solid state this transition 

becomes allowed, due to a change in the molecular symmetry when the networks are 

formed. Single crystal confocal fluorescence microscopy experiments of T12 show that 

the emission spectra and lifetimes (~38 ns) for both small and large crystals are similar. 

However, large and small crystals of T12-Ester exhibit a different photodynamical 

behaviour. While the emission of the large ones decays monoexponentially (28 ns), the 

small ones show a biexponential behaviour with time constants of ~5 and ~20 ns. The 

shortest component reflects the emission of the species that have undergone an ICT 

process.  Remarkably, T12-apo crystals present different emission spectra and decays. 

Our analysis suggests that crystals exhibiting emission spectra and decays like T12 and 

T12-Ester, are governed mainly by π-π interactions, while others have different behaviour 

where the H-bonds between the building blocks play a role in the crystallization and 

photochemistry. The HOF crystals exhibits (in addition to the S1 and SCT emission) 

emission from species that exhibit a proton-transfer character.  The anisotropy 

experiments on T12-apo suggest that the main driving force for the crystals formation are 

the π-π stacking interactions. However, these interactions directed by H-bonds are making 

preferential orientation of the building units. We suggest that T12-apo could be a potential 
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candidate for an OLED of wide emission spectrum, when coating a blue-LED. The results 

of this work provide new insight for further improvement of this HOF material aiming its 

use in efficient and versatile lighting devices.  
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 T12-apo based HOF shows a dependence of its emission spectra and lifetimes on 

the crystal size, where π-π interactions and H-bonds network are paramount to the crystal 

nature and photobehaviour. 
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