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Abstract 

Development of crystalline porous materials with luminescent properties have gradually attracted attention for their potential applications in 

drug delivery, bioimaging, photoelectronic and so on. To date, it is a formidable challenge to rationally design porous phosphorescent 

materials. Herein, we have reported a chemical strategy of breaking π-conjugated structures of phosphorescent molecules by alkyl chain to 

achieve supramolecular organic framework (SOFs) with visible ultralong phosphorescence (lifetime > 600 ms). The molecules having 

broken π-conjugation by flexible alkyl chain will be beneficial to produce short-range π-π stacking for forming luminescent SOFs. Effective 

π-π stacking between chromophores stabilized triplet excitons to contribute to ultra-long phosphorescence. This work demonstrates a new 

approach to design porus materials with ultralong phosphorescence and will expand the potential applications of organic phosphorescent 

crystals with diverse pores.  
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1. Introduction 

Organic porous luminescent materials, mainly including metal organic frameworks (MOFs) [1-3], covalent organic frameworks 

(COFs) [4,5] and supramolecular organic framework (SOFs) [6,7], have triggered considerable interests due to their potential 

applications in sensing [1,8-12], drug delivery [13,14], bioimaging [15], lighting [16-18] and so on [19-22], which mainly emit 

fluorescence. As compared to fluorescence, phosphorescence, especially ultralong phosphorescence, shows long emission lifetime 

and high exciton utilization [23-26], which makes phosphorescent materials as good candidates in bioimaging [27,28], data 

encryption [29,30], sensors [31], etc [32-36]. For example, taking advantage of the long-lived emission, the time-gated optical 

techniques, such as time-resolved emission spectra and florescence lifetime imaging microscopy, can be utilized to eliminate the 

inference from the background florescence, and thus enhancing the signal-to-noise ratio greatly in biosensing or bioimaging [28]. 

Therefore, the development of porous materials with phosphorescence is of great significance. For MOFs, both fluorescence and 

phosphorescence could be realized due to the facilitated spin-orbital coupling (SOC) by metal elements and aromatic ligands 

[37,38]. However, scarce resources and high biotoxicity of metals [39], promote researchers to divert their attention towards COFs 

and SOFs. Nevertheless, due to the inefficient SOC and rapid non-radiative decay of triplet excitons, it is difficult to achieve 

phosphorescence in COFs and SOFs. Although the COFs have high chemical and thermal stability, the harsh preparation 

conditions, uncertain structural characterization and low crystallinity [39,40] make construction of phosphorescent COFs more 

challenging. In view of the mild preparation conditions, easy purification and recyclability of the SOFs, we reason that it is more 

practicable to develop metal-free SOFs with phosphorescent emission, or even ultralong organic phosphorescence (UOP). 

Traditional SOFs without phosphorescence can be constructed by directional hydrogen bonding or host-guest molecular system 

and so on, having hydrogen bond donor and acceptor sites to form strong hydrogen bonding for generating pores, such as carboxyl 

group, amide group, pyridine and so on [41-43]. We believe that molecules with groups that can simultaneously form hydrogen 

bonds and produce phosphorescence are favourable to construct SOFs with UOP. Recently, our group has reported the first 

carbazole derivative that showed three types of hydrogen-bonded organic aromatic frameworks with the longest phosphorescence 

life-time of 79.8 ms by the short-range π-π stacking [44]. Inspired by this concept, we deduced that the control of π-π stacking of 

UOP crystals plays an important role in the construction of SOF structures. 

The typical phosphorescent chromophores, DMCz and DPCz exhibited yellow ultralong phosphorescence due to the perfect H-

aggregation of coplanar molecules with long-range π-π stacking (Fig. 1a) [29,45]. To break the planarity as well as long-large π-

conjugated structures into short-range π-π stacking to construct HOFs, a flexible alkyl chain with appropriate length is introduced 

in the typical phosphorescent chromophores, because of their effects on twisting molecular configuration and controlling 

molecular steric hindrance [46,47]. 

 
Fig. 1. (a) Typical ultralong phosphorescent molecules and schematic representation of their molecular stacking in crystal. (b) 
Target molecules for the construction of supramolecular organic framework (SOFs) and schematic diagram of the SOFs. 
 

As expected, we have constructed metal-free SOFs with ultralong phosphorescence by breaking large π-conjugated structures 

into two parts using a flexible alkyl chain (Fig. 1b). The porosity of SOFs has been generated by the combination of short-range π-

π stacking and the introduced flexible alkyl chains. Both SOFs having driving forces (weak polar π-π and C-H…π interactions), 

remain their ultralong phosphorescence property, with lifetime over 600 ms. We have achieved the longest phosphorescence 

lifetime in the reported SOFs so far and provided a feasible strategy for the construction of SOFs with improved phosphorescence 

lifetime. 

 

2. Material and methods 

                  



2.1 Synthesis and Characterizations 

To verify our hypothesis, we designed and synthesized a pair of SOFs 9-(2-((4,6-diphenyl-1,3,5-triazin-2-yl)oxy)ethyl)-9H-

carbazole (PTOCz) and 9-(2-((4,6-dimethoxy-1,3,5-triazin-2-yl)oxy)ethyl)-9H-carbazole (MTOCz) via covalently attached 

carbazole units with triazine core by alkyl alcohol, respectively (Scheme 1). The chemical structures and purity of products were 

fully characterized by NMR spectroscopy (Fig. S1-S5), high resolution mass spectra, single-crystal and powder X-ray diffraction 

(Fig. S6) as well as high performance liquid chromatography HPLC (Fig. S7).  

 
Scheme 1. Synthetic routes of the target molecules. 

2.2 Synthesis of PTOCz and MTOCz compounds 

2-(9H-carbazol-9-yl)ethan-1-ol (TOCz): Dissolved carbazole (1 g, 5.97 mmol), potassium iodide(0.49 g, 2.98 mmol) and 

potassium hydroxide (2.01 g, 35.82 mmol) with dimethylformamide (DMF) (20-30 mL) in a 100 mL round-bottom flask equipped 

with a stirring bar, then 2-bromoethan-1-ol (0.37 g, 2.98 mmol) was injected into the round-bottom flask slowly and stirred the 

mixture at 35oC for 3 h. 1H NMR (400 MHz, CDCl3): δ 8.13 (d , 2H), 7.54-7.45 (m, 4H), 7.32-7.27 (m, 2H), 4.48 (t, 2H), 4.05 (q, 

2H). 

9-(2-((4,6-diphenyl-1,3,5-triazin-2-yl)oxy)ethyl)-9H-carbazole (PTOCz): Mixed sodium hydride (0.087 g, 2.13 mmol) and 2-

(9H-carbazol-9-yl)ethan-1-ol (0.3 g, 1.42 mmol) were added in a 10 mL round-bottom flask equipped with a stirring bar, then dry 

tetrahydrofuran (THF) (2-3 mL) was injected into the round-bottom flask and the mixture was stirred at room temperature for 0.5 

h. 2-chloro-4,6-diphenyl-1,3,5-triazine (0.38 g, 1.42 mmol) was dissolved with dry THF (35 mL) in a 100 mL round-bottom flask 

equipped with a stirring bar. Above mixture solution was added in 2-chloro-4,6-diphenyl-1,3,5-triazine solution dropwise at 35 oC. 

After stirring at 35 oC for 10 h, THF was removed by rotary evaporation. Then extracted it with CH2Cl2 and water for three times, 

the organic layers were collected and dried over sodium sulfate. Solvent CH2Cl2 was removed by rotary evaporation and the 

product was purified by flash column chromatography to give white powder. 1H NMR (400 MHz, CDCl3): δ 8.55 (d, 4H), 8.08 (d, 

2H), 7.65-7.48 (m, 10H), 7.25 (d, 2H), 5.04 (t, 2H), 4.86 (t, 2H). 13C NMR (100 MHz, CDCl3): δ 173.67, 171.20, 140.34, 135.38, 

132.80, 129.08, 128.59, 125.93, 123.14, 120.50, 119.41, 108.56, 64.31, 41.71. LCMS-TOF (m/z): calcd for C29H22N4O1 442.52. 

Found: 443.19147. 

9-(2-((4,6-dimethoxy-1,3,5-triazin-2-yl)oxy)ethyl)-9H-carbazole (MTOCz): Following the similar synthetic procedure of 

PTOCz. 2-(9H-carbazol-9-yl)ethan-1-ol (0.3 g, 1.42 mmol), sodium hydride (0.087 g, 2.13 mmol) and 2-chloro-4,6-dimethoxy-

1,3,5-triazine (0.38 g, 1.42 mmol) were reacted to produce 0.1 g white powder. 1H NMR (400 MHz, CDCl3): δ 8.07 (d, 2H), 7.51-

7.44 (m, 4H), 7.26-7.21 (m, 2H), 4.85-4.65 (m, 4H), 3.90 (s, 6H).13C NMR (100 MHz, CDCl3): δ 173.44, 172.78, 140.33, 125.89, 

123.08, 120.41, 119.36, 108.58, 65.22, 55.33, 41.71. LCMS-TOF (m/z): calcd for C19H18N4O3 350.38. Found:351.14490. 

2.3 The preparation of crystals: 

Prepared powders of PTOCz (10 mg) were dissolved in CH2CH2 (1 mL) and let stand until no solid can be observed by naked 

eyes. Then hexane (1-2 mL) was slowly added into above solution as a poor solvent. The mixture was kept in an undisturbed 

environment about 25oC for two days for crystal formation and rod-like crystals were obtained. The narrow sheet MTOCz crystals 

were cultivated under the same conditions as PTOCz. As shown in Figure S8, it is found that both PTOCz and MTOCz crystals 

show rod-like crystals. 

                  



 
Fig. 2. Molecular stacking of (a) PTOCz and (b) MTOCz in crystal viewed from c axis. 

 

3. Results and discussion 

3.1 Porous Properties. 

Both molecules (DPCz and DMCz) are densely packed in their crystals due to the planar structures (Fig. 1a, S9), which makes 

them difficult to generate porosity in crystalline state. In this work, the planar configurations of the selected molecules have been 

broken by the introduction of flexible oxoalkyl chains between the triazine and the carbazole cores. As shown in Fig. 1b, the 

triazine and the carbazole cores have retained their planar configurations, but they are oriented almost perpendicular to each other 

to form a three-dimensional (3D) structure with empty space (Fig. S10). The dihedral angles between triazine and carbazole cores 

are different in PTOCz and MTOCz, and they were found to be 68.48o and 82.95o, respectively. We rationalized that the alkoxyl 

chain with appropriate length could pro-vide enough distance between two planar parts to eliminate steric hindrance as well as 

planarity of their original molecules, which further develop new cubical structures. Various intermolecular interactions along with 

π-π stacking have tightly fixed the above cubical structures, which plays a critical role to generate ordered pores. 

The crystal packing analysis shows that PTOCz crystal has rectangular pores with the dimension of 6.706 X 9.075 Å around 

with four molecules in different layers (Fig. 2a) and MTOCz crystal has hexagonal pores with a diameter of 5.724 Å (Fig. 2b) 

around with six molecules in different layers. The hexagonal shape of the MTOCz pore can be clearly seen from Fig. S11, where 

three pairs of interlocked molecules in the same layer form a triangle and such two triangles of two different layers are staggered 

and arranged in a hexagonal shape. 

                  



 
Fig. 3. Photophysical properties of PTOCz and MTOCz molecules. (a) Absorption (black lines) and steady-state 

photoluminescence (PL, blue dotted lines) spectra in CHCl3 solution (1 × 10-5 M) under ambient conditions, as well as 

phosphorescence (red lines) spectra of PTOCz and MTOCz in solution (2-methyl tetrahydrofuran, 1 × 10-5 M) at 77 K. (b), (c) PL 

spectra of PTOCz and MTOCz in different solvents, respectively. (d) Steady-state PL (blue or purple lines) and phosphorescence 

(orange lines) spectra of crystalline PTOCz and MTOCz under ambient conditions. The phosphorescence spectra were collected 

with a delay time of 8 ms. Insets show photographs of PTOCz and MTOCz crystals under 365 nm UV light on (left) and off 

(right), respectively. (e) Lifetime decay profiles of PTOCz and MTOCz crystals at different emission peaks under ambient 

conditions. (f) Excitation-phosphorescence mapping of PTOCz and MTOCz crystals under ambient conditions. 

 

3.2 Photophysical Properties of PTOCz and MTOCz. 

Subsequently, we have systematically investigated the photophysical properties of PTOCz and MTOCz in solution as well as in 

crystalline states. As shown in Fig. 3a, PTOCz and MTOCz displayed absorbance peaks at 262, 293, 328 and 342 nm in dilute 

CHCl3 solution, which is similar to their corresponding molecular structures, but with different absorption intensities. 

The steady-state photoluminescence (PL) spectra of both compounds have also recorded in dilute CHCl3 solution under ambient 

conditions, MTOCz showed well-split emission peaks at 310 and 330 nm, which was attributed to emission of fine structure in 

local excited (LE). In comparison to MTOCz, PTOCz exhibited a broad and redshifted emission band around 450 nm, which may 

be due to the charge transfer (CT) emission.[48] In order to verify the surmise, we have conducted a series of spectra of PTOCz 

and MTOCz in various solvents with different polarity. As shown in Fig. 3b, with increasing of polarity of solvent, the PL peaks of 

PTOCz were gradually redshifted from 437 to 525 nm according to the intrinsic characteristics of CT emission[49,50]. In contrast, 

the PL spectra of MTOCz solutions did not show any shift (Fig. 3c) on in-creasing polarity of the solvent. Above results 

demonstrated that PL emission of MTOCz was ascribed to LE emission. 

Additionally, we have also performed phosphorescence spectroscopy of PTOCz and MTOCz in dilute 2-methyltetrahydrofuran 

solution at 77 K, showed similar emission peaks at 413, 440 and 462 nm, which demonstrated the single molecular phosphorescent 

emission (Fig. 3a). As expected, both SOFs have obvious UOP under ambient conditions. In crystalline state, PTOCz showed blue 

emission at 437 nm (τ= 16.46 ns) under 365 nm excitation; while MTOCz exhibited purple emission with the emission peaks at 

377 nm (τ= 3.74 ns), 416 nm (τ= 17.56 ns) and 437 nm (τ = 17.76 ns) (Fig. 3d and S12, Table S1). It is attributed to the different 

molecular packing of PTOCz and MTOCz crystals. After removing the exciting light source, orange ultralong luminescence from 

both SOFs can be observed by naked eyes lasting for several seconds. For PTOCz, its phosphorescent spectrum with a delay time 

of 8 ms under ambient conditions exhibited obvious peaks at 418, 559 and 602 nm with ultralong lifetimes of 607.56 ms (Fig. 

S11a), 762.56 and 751.52 ms, respectively (Fig. 3d and e, Table S1). Similarly, MTOCz crystal also showed phosphorescent 

spectrum with emission peaks at 443 nm (τ = 137.04 ms), 559 nm (τ = 637.25 ms) and 602 nm (τ = 628.19 ms). The quantum 

yields of the phosphorescence for PTOCz and MTOCz are 0.33% and 0.057%, respectively (Table S2). Among these, emission 

bands at around 418 nm of PTOCz and 443 nm of MTOCz in their phosphorescent spectra with ultralong life-times belong to 

triplet-triplet annihilation (TTA) emission due to the larger π-π overlaps of triazine units and carbazole groups between their 

neighbouring molecules [51,52], respectively (Fig. S13). The emission peaks at 559 and 602 nm appeared in their phosphorescent 

                  



spectra belonged to phosphorescent emission. In addition, we found that the phosphorescent emission of PTOCz and MTOCz 

crystals under ambient conditions were different from those in dilute solution at 77 K. It indicates that the UOP of these SOFs 

were originally generated from aggregated molecules rather than the single molecular state. Notably, the UOP lifetimes of two 

SOFs are pretty longer than the previous work [44]. From Fig. S14, the UOP intensities of the HOF crystals have decreased in 

oxygen obviously compared to that in vacuum. These results demonstrate that the SOFs in this work have potential as oxygen 

sensors. Additionally, from the excitation-phosphorescence mapping ranged from 280 to 400 nm, UOP of PTOCz and MTOCz in 

crystal can be optimally excited by 360 and 380 nm, respectively. 

 
Fig. 4. Single crystal data of PTOCz and MTOCz crystals. (a) Intermolecular interactions between layer and column viewed from 

different axis in PTOCz and MTOCz crystal. (b) Natural transition orbitals (NTOs) for the lowest triplet state of molecular π-π 

stacking in PTOCz and MTOCz crystal. (c) The free volume region (cyan isosurface) in single crystal cells of PTOCz and 

MTOCz. (d) The deduced mechanism for the generation of ultralong organic phosphorescence in SOFs.
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3.3 Proposed Mechanism for SOFs with Ultralong Phosphorescence Emission 

To further probe the underlying mechanism of the observed ultralong organic phosphorescence from these SOFs, single crystal 

analysis and theoretical simulations were investigated (Fig. 4, S15-S18, Table S3-S5). Firstly, both PTOCz and MTOCz molecules 

have been fixed by multiple intermolecular and intramolecular interactions including hydrogen bonding, π…π interactions and so 

on. The highly twisted molecules in PTOCz and MTOCz can be efficiently limited by abundant intramolecular hydrogen bonds 

(2.445-2.890 Å) (Fig. 4a and 4b). These hydrogen bonds evenly distributed across the whole molecule to strongly confine 

molecular conformation.  

As shown in Fig. 4a, the single molecule of PTOCz in their crystal lattice has restricted by adjacent two molecules in a column 

as well as in adjacent column also, mainly through C-H…π (2.842 Å and 2.845 Å), π…π (3.370 Å), π-H…π (2.893 Å) and π-

H…N (2.671 Å). Two molecules in adjacent column linked with each other form an interlocked molecular dimer. These dimers 

were staggered with other dimer and extended into three dimensions to generate porous structures. In addition, adjacent molecules 

in a column displayed strong π-π stacking between the triazine parts having a distance of 3.520 Å. Thus, a rectangular hole for 

PTOCz was formed due to its various intermolecular interactions. In MTOCz, a 3D-stereo molecule was interlocked with its 

neighbouring molecules by C-H…π (3.289 Å) interactions. Two adjacent pairs of interlocked molecules in the same layer have 

connected by only strong π-π stacking between the carbazole groups with distance of 3.418 Å without any other interactions. The 

MTOCz molecule was also restricted by several types of intermolecular interactions, including C-H…N (2.685 Å) and π-H…O 

(2.709 Å) with two contiguous molecules in different layers along to c axis (Fig. 4b). Thus, multiple interactions lead to the 

generation of hexagonal holes of MTOCz. The porous structures for both crystalline materials were further verified by the 

stimulated free volume distribution in crystal (Fig 4c). The free volume in PTOCz and MTOCz crystals are 585.99 Å3 and 1406.98 

Å3 (Table S4), respectively.  

Moreover, taking the π-π stacking dimers of PTOCz and MTOCz crystals as the calculated models, it is easily found that the 

natural transition orbitals (NTOs) of the lowest triplet state (T1) in PTOCz dimers were mainly distributed on triazines and their 

connected benzene groups, but those of MTOCz dimers were mainly located on carbazole groups (Fig. 4d and S18). In spite of 

their different phosphorescence chromophores, the energy level of T1 state of PTOCz and MTOCz were similar (Table S5), which 

is consistent with earlier mentioned phosphorescence spectra. These results demonstrated that the phosphorescent chromophore of 

PTOCz molecules was triazine and benzene units, while that of MTOCz was carbazole. In a word, it has noted that phosphorescent 

chromophores in two SOFs all displayed fine π-π stacking. Thus, it was suggested that the effective π-π interactions between 

phosphorescent chromophores and hydrogen bonding restriction played critical roles in generating UOP features for SOFs by 

stabilizing triplet excitons (Fig. 4d).

4. Conclusions 

In conclusion, we have designed and synthesized two SOFs, namely, PTOCz and MTOCz by introducing the alkyl chain into a 

densely packed planar molecule, to generate porosity. The crystals of both SOFs were prepared from the same solvent (di-

chloromethane) at 25oC and both crystals have orange UOP. Surprisingly, we have found that PTOCz showed the longest 

phosphorescence lifetime of 762.56 ms in the reported porous materials. The crystal packing analyses demonstrate that the 

introduction of alkoxyl chain has promoted short-range π-π stacking to generate pores in crystal. Thus, we reasoned that the 

flexible alkoxyl chain played a significant role in the formation of SOFs. Combined the theoretical calculations, it is suggested that 

the phosphorescence emission of two compounds was mainly caused by the strong π-π stacking between their phosphorescence 

chromophores. Various interactions along with strong π-π stacking effectively fixed the molecular frameworks to suppress non-

radiative decay and stabilized triplet excitons for UOP. This work will provide a platform to rationally design SOFs with ultralong 

phosphorescence. 
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