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A three-dimensional (3D) porous aromatic frameworks (PAF-14) with high fluorescence quantum yield 

was  synthesized through synthesizing the luminescent monomer of tetra(4-

dihydroxyborylphenyl)germanium (TBPGe) as the building blocks. The powder X-ray diffraction 

(PXRD) analysis of the experimental and simulated patterns display the high crystallinity of PAF-14 with 

ctn topology. The Argon sorption measurement indicates that PAF-14 possesses high surface area 

(Brunauer Emmet Teller surface area: 1288 m2 g-1 ). Significantly, the introduction of germanium into 

PAF-14 skeletons may bring about a low-lying Lowest Unoccupied Molecular Orbital (LUMO) and the 

crystalline polymeric backbones enhance the sensitivity of electron delocalization. Therefore the designed 

PAF-14 is exhibiting high fluorescence quenching ability for hazardous explosives, such as nitrobenzene, 

2,4-DNT (2,4-dinitrotoluene) and TNT (2,4,6-trinitrotoluene). 

Introduction 

Porous materials have experienced rapid progress in the past few 

decades and have been widely explored for various applications, 

particularly in gas storage, separation and catalysis.1 Besides the 

well-investigated inorganic porous materials2 and hybrid metal-

organic frameworks,3 porous organic frameworks (POFs)4,5 

recently emerged as a new class of porous materials attracting 

escalating interests. A number of different types of POFs, such as 

covalent organic frameworks (COFs),6-15 conjugated microporous 

polymers (CMPs),16-21 polymers of intrinsic microporsity 

(PIMs),22-25 element organic frameworks (EOFs),26-27 triazine-

based organic frameworks (CTFs),28-31 benzimidazole-linked 

polymers (BILP)32, Porous Polymer Networks (PPN)33, covalent 

organic polymers (COP)34 and porous aromatic frameworks 

(PAFs), 35-40 have been reported. Owing to the robust covalent 

bonds, high stability and adjustable pore sizes, POFs afford 

themselves as novel functional materials with great potential for 

different applications. One possibility is the detection of 

explosive molecules, which is very important in tackling national 

security and environmental pollution.41-43 As current detection of 

explosives exclusively relies on the instruments that are either 

quite expensive or difficult to operate.41 Fluorescence quenching 

used for sensing is a much simpler yet very sensitive technique, 

which has been investigated in the field of fluorescent MOFs.45-47 

It is well-known that commercial explosives, such as 2,4-DNT 

and TNT, possess electronegative group of –NO2. It is expected 

that electron donating POFs could attract the electronegative -

NO2 group through coulombic interactions and the crystalline 

polymeric skeletons of POFs may facilitate efficient exciton 

migration to enhance quenching sensitivity.48 All these features 

should make POFs promising candidates for the detection of the 

hazardous explosives. However, this possibility has rarely been 

explored due to the difficulty to achieve high fluorescence 

quantum yield in crystalline POFs materials for quenching. 

On the basis of our previous success of designing highly 

porous PAFs,37,40 we selected the luminescent monomer,49,50 

tetra(4-dihydroxyborylphenyl)germanium, as the building block 

to construct the highly fluorescent PAF-14 (Fig. 1). Introduction 

of germanium into the PAFs skeletons may bring about a low 

reduction potential and low-lying LUMO, due to σ*-π* 

conjugation arising from the interaction between σ* orbital of 

germanium and π* orbital of phenyl rings.51,52 Electron 

delocalization in the crystalline polymeric backbones provides 

one means of amplification, because interaction of an analyte 

molecule at any position might quench an excited state or exciton 

delocalized along the frameworks.53 



 

 

Fig. 1 TBPGe was chosen as the building unit (a). Condensation reaction 

of boronic acids afforded PAF-14 (b), with model structure of crystalline 

products PAF-14 (c) 

Experimental 

Materials. 

All starting materials were purchased from commercial suppliers 

and used without further purification unless otherwise noted. 

tetra(4-dihydroxyborylphenyl)germanium was prepared 

according to the previously reported method. All reactions were 

performed under a purified nitrogen atmosphere. 

Synthesis of PAF-14.  

Tetra(4-(dihydroxy)borylphenyl)germanium (56.1 mg, 0.10 

mmol) and 1.0 mL of a 1:1 v:v solution of mesitylene/dioxane 

was mixed in a pyrex tube. Then the tube was flash frozen at 77 

K (Liquid N2 bath), evacuated to an internal pressure of 150 

mTorr and flame sealed. The reaction mixture was heated at 

85 °C for 72 h to afford a white precipitate which was isolated by 

filtration over a medium glass frit and washed with anhydrous 

tetrahydrofuran (10 mL). The product was immersed in 

anhydrous tetrahydrofuran (10 mL) for 4 h, during which the 

activation solvent was decanted and freshly replenished four 

times. The solvent was removed under vacuum at room 

temperature to afford PAF-14 as a white powder (29.1 mg, 65 %). 

Physical measurements. 

TG analysis was performed using a Netzch Sta 449c thermal 

analyzer system at the heating rate of 10 °C min-1 in air 

atmosphere. Fourier Transform Infrared Spectroscopy (FTIR) 

spectra (film) was measured using a Nicolet Impact 410 Fourier 

transform infrared spectrometer. The Ar adsorption isotherm was 

measured on a Quantachrome Autosorb-iQ. PXRD was 

performed by a Riguku D/MAX2550 diffractometer using CuKα 

radiation, 40 kV, 200 mA with scanning rate of 0.3 °/min (2θ). 

SEM and energy-dispersive X-ray spectroscopy (EDS) analyses 

were performed on a JEOS JSM 6700. The solid-state 13C and 11B 

cross polarization magic angle spinning nuclear magnetic 

resonance (CP MAS NMR) spectra were recorded on a Bruker 

AVANCE III 400 WB spectrometer. The absolute quantum yield 

of fluorescence (ΦFL) was recorded on a Edinburgh FLSP920. 

Results and discussion 

Fourier Transform Infrared Spectroscopy (FTIR) and cross 

polarization magic angle spinning nuclear magnetic resonance 

(CP MAS NMR) were employed to confirm the bonding and 

structural features in polymeric materials. The condensation 

reaction for PAF-14 can be evaluated by FTIR spectra. The 

appearance of the expected B3O3 boroxine [B3O3 (707 cm-1)] (Fig. 

2), confirmed the almost completeness of the cross-coupling 

reaction. The structural assignments of PAF-14 was revealed by 

CP MAS NMR spectroscopic studies. The solid-state 11B CP 

MAS NMR spectra of the activated product is highly sensitive to 

the immediate bonding environment of boron. In addition, 13C 

solid-state NMR experiment was also performed to reveal the 

local structures of PAF-14, which strongly indicate the 

environments of respective atoms. As shown in Fig. 3, all the 

expected signals are matched with the predicted chemical shift 

values. 

 
Fig. 2 FT-IR spectrum of PAF-14 (red) and TBPGe (black).  

  
Fig. 3 Solid-state 13C and 11B NMR spectras for PAF-14 (a and b).  

The experimentally PXRD pattern displays narrow line widths, 

indicative of the high crystallinity of PAF-14 (Fig. 4). According 

to the criteria by O’Keeffe, fitting tetrahedral and triangular 

building units can expediently generate ctn or bor nets.54 The 

consistence between the experimental PXRD pattern and 



 
simulated ones based on the ctn topology validates the structural 

models for PAF-14. The optimal simulation reveals the space 

group of I-43d with the cell parameters of a = 28.69 Å. The 

topology of PAF-14 is the same as that of COF-102 and COF-

105.6  

 
Fig. 4 PXRD profiles for PAF-14 including patterns calculated with the 

use of Material Studio 5.0, with observed profiles in black, calculated 

patterns in red. 

 Scanning electron microscopy (SEM) was performed to probe 

the shape of PAF-14. As shown in Fig. S2a, PAF-14 is 

agglomerated nanoparticles with size around 100 nm. In addition, 

energy-dispersive X-ray spectroscopy (EDS) analysis of the 

various elements confirmed the compositions of PAF-14 derived 

from modelled structure (Fig. S2b) and the result was 

corresponded to formulations predicted from modeling. The 

thermal stability of PAF-14 was assessed by thermogravimetric 

analysis (TGA), which reveals it can stabilize up to 230 ℃ (Fig. 

S3). 

To characterize the nature of the pores, a fresh PAF-14 sample 

was fully activated at 100 oC under dynamic vacuum for 24 h to 

remove the guest solvent molecules, and Argon sorption of PAF-

14 (110 mg) was measured at 87 K from 0 to 760 torr. It exhibits 

a typical type I isotherm featured by a sharp uptake at the low-

pressure region between P/P0 = 1 × 10−5 to 1 × 10−2, where P is 

gas pressure and P0 is saturation pressure (Fig. 5). The apparent 

surface area is 1288 m2 g-1 from BET model and the apparent 

surface area calculated from Langmuir model is 1345 m2 g-1. The 

pore size distribution (PSD) obtained from non-local density 

functional theory (NLDFT) gave a narrow distribution in 

microporous region. 

 
Fig. 5 Reversible argon gas adsorption isotherms for PAF-14 measured at 

87 K. STP, standard temperature and pressure. Pore size distribution for 

PAF-14 (insert) calculated by NLDFT method. 

 The absolute quantum yield of fluorescence (ΦFL) value of 

PAF-14 was as high as 37.53 % in CH2Cl2 at 25 °C was evaluated 

using the integrating sphere method.55 The delocalized π electrons 

in the systems increased the electrostatic interaction between 

PAF-14 and analytes. The photoluminescence (PL) spectra of 

PAF-14 uniformly dispersed in CHCl3 showed maximum 

emission at 371 nm (excited at 250 nm). As expected, the 

addition of 150 ppm common aromatic compounds such as 

benzene, toluene, chlorobenzene, bromobenzene, phenol and 

aniline basically does not affect the luminescence intensity (Fig. 

6). However, quenching effect with different levels could be 

observed upon the addition of nitroaromatics such as 

nitrobenzene, 2,4-DNT (2,4-dinitrotoluene) and TNT (2,4,6-

trinitrotoluene) when dispersed PAF-14 in CHCl3. 

 
Fig. 6 PL spectra of the CHCl3 solutions of PAF-14 with different 

analytes (excited at 250 nm). Benzene, toluene, chlorobenzene, 

bromobenzene, phenol, aniline, nitrobenzene, 2,4-DNT, and TNT are 

represented as red, green, blue, cyan, magenta, yellow, navy, purple and 

wine, respectively. 

As shown in Fig. 7, after the addition of nitrobenzene, 2,4-

DNT and TNT with different concentrations in the samples 

respectively, high luminescence quenching ability can be observe 

for PAF-14, which is much more significant than the MOF-156 

and Zn(II)-MOF57. The strong quenching might be explained by 

the interaction between the host and guest interaction that the 

great amount of electron donor conjugated groups with 

delocalized π electrons facilitate the electrostatic interaction 

between PAF-14 and electron deficient compounds.58,59 It is 

worth noting that detection limit among the best for porous 

materials-based sensors, high-light its potential as a new type of 

sensor materials.60 



 

 
Fig. 7 PL spectra of the CHCl3 solutions of PAF-14 (a, b and c) with 

different analytes concentration (excited at 250 nm). 

Conclusions 

In summary, we have selected the luminescent monomer, 

tetra(4-dihydroxyborylphenyl)germanium (TBPGe), as the 

building block to construct new PAFs. The three-dimensional 

(3D) crystalline PAFs material, PAF-14, was successfully 

designed and synthesized with high fluorescence quantum yield. 

Experimental results indicate that PAF-14 is highly crystalline 

with ctn topology. Particularly, owing to the introduction of 

germanium into the crystalline skeletons, PAF-14 exhibits high 

luminescence quenching ability for nitroaromatics compounds, 

making this PAF materials promising for the detection of 

hazardous explosive compounds. 
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