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ABSTRACT:  

A [2+2] Schiff base type condensation between 5, 10, 15, 20-tetrakis(4-aminophenyl)porphyrin 

(TAP) and 1,3,6,8-tetrakis (4-formylphenyl) pyrene (TFFPy) under solvothermal condition 

yields a crystalline, quasi-two dimensional covalent organic framework (SB-PORPy-COF). The 

porphyrin and pyrene units are alternatively occupied in the vertex of 3D triclinic crystal having 

permanent micro-porosity with moderately high surface area (~869 m2g-1) and promising 

chemical stability. The AA stacking of the monolayers give a pyrene bridged conducting 

channel. SB-PORPy-COF has been exploited for metal free hydrogen production to understand 

the electrochemical behavior using the imine based docking site in acidic media. SB-PORPy-

COF has shown the onset potential of 50 mV and the Tafel slope of 116 mV dec-1. We expect 

that the addendum of the imine based COF would not only enrich the structural variety but also 

help to understand the electrochemical behavior of these class of materials.  

KEYWORDS: Covalent organic framework, Porosity, Hydrogen evolution reaction, 

Electrochemical, Metal free, Porphyrin based. 

1. INDRODUCTION 

Covalent organic frameworks (COFs)1-6 constructed from organic building blocks via covalent 

bonds are a unique kind of crystalline porous material with structural periodicity and inherent 

porosity of uniform topology. Besides them, recently some unique strategy has been developed 

to obtain morphologically tunable crystalline highly porous carbon materials by controlled 

thermal annealing of crystalline MOFs.7-9  Due to the atomically precise pore apertures, resulting 

from strong and rigid covalent linkages between light elements (H, B, C, N and O) through the 

thermodynamically controlled reversible bond formation, COFs often show excellent and unique 

properties such as gas storage and separation,10-14 molecular catalysis,15-19 drug delivery 20-22 etc. 
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The two-dimensional COFs are more promising than the three-dimensional COFs because of two 

factors. The first factor is due to the inherent stacking between the two adjacent layers (π-π 

interaction). Because of the stacking phenomena, 2D COFs expedite the charge carrier 

mobility22-24 through the multi-stacked columnar channel which results in promising 

optoelectronic phenomena, conductivity25-28 and electroactivity29-32 etc. The connectivity of the 

selected organic building blocks plays an important role on COFs’ geometry33, 34 which may lead 

to the formation of two dimensional (2D) or three dimensional (3D) crystalline networks having 

different pore apertures. Selecting and comprising some electro-active molecular unit such as 

porphyrin35, 36, phthalocyanine, pyrene,37 tetrathiafulvalene and thiophene38, 39 derivatives, the 

stacking pattern may be tuned to different extent such as AA (eclipsed), AB (staggered), serrated 

and inclined arrangements which results in the different extent of electronic coupling between 

two layers. The second factor is the degree of lateral conjugation from π orbitals present 

throughout the individual 2D layer. The molecular assembly of alternating donor acceptor 

moiety boosts the charge carrier mobility over the single layer. Electrochemical hydrogen 

production40, 41 from water holds an exceptional promise towards sustainable source of carbon 

free high purity energy at low cost price. The development of productive electrocatalyst mainly 

consists of two factors, (1) the reaction kinetics of hydrogen production and (2) the overpotential 

value. Noble metal containing systems hold maximum hydrogen evolution reaction (HER) 

properties with low overpotential (η) than any other metal based system.42, 43 In the past decades 

many attempts have been made to develop noble metal free system containing electrochemically 

responsive transition metals based Co, Fe, Ni, Mo-complexes. But often metal ions leaches away 

from making the electrocatalytic system toxic. The new challenge requires the invention of metal 

free electro-catalyst to overcome the environmental hazard and facilitate the greener way of 
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production of clean and high purity energy. The π-electronic conjugation, low band gap and 

active side-groups etc. make an organic system electrochemically responsive. So a proper tuning 

of these properties for developing a metal free electrocatalyst by varying molecular architecture 

and assembly makes the process challenging and demanding.  To the best of our knowledge, 

there is no report in literature which describes metal free hydrogen evolution from a covalent 

organic framework. 

Herein we have developed a 2D COF named SB-PORPy by the selection of two monomer units 

with specific geometry under a homogeneous solution phase Schiff base condensation reaction. 

The [2+2] condensation of D2h and D4h (Figure 1) type building blocks is geometrically and 

topologically strained but the as synthesized material would be obtained in a crystalline form 

with uniform pore size which is confirmed from the PXRD pattern. For the first time we have 

focused on the electrochemical response of this pyrene-porphyrin comprised conjugated imine 

based covalent organic framework (SB-PORPy) in order to understand the charge carrier 

mobility of the metal free system having extensive π conjugation, pyrene core stimulated π-π 

stacking and durability, coming from reticular assembly.  

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

All reagents were supplied from commercial source and used without further purification. 

5,10,15,20-Tetrakis(4-aminophenyl) porphyrin (TAP) was synthesized by previously reported 

procedure44 which is described in supporting information (ESI Section S1). 1,3,6,8-tetrakis(4-

formylphenyl) pyrene (TFFPy)  was synthesized via new synthetic route for better yield. 1,3,6,8-

tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (Py-bpin4) was synthesized 
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following the previously reported procedure45.Tetrakis (triphenylphosphine) palladium (0), [1,1′-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II) was received from sigma Aldrich. 4-

fromyl phenyl boronic acid, Dimethyl acetamide, o-dichlorobenzene etc. were purchased from 

Spectrochem, India. Other solvents, acid, bases were supplied from local commercial source.  

2.2. Instrumentation. 

1H and 13C NMR were carried out using Bruker DPX-300 NMR spectrometer. Carbon, hydrogen 

and nitrogen contents of SB-PORPy-COF by Perkin Elmer 2400 Series II CHN analyzer. X-Ray 

powder diffraction patterns of the samples were obtained with a X’Pert PRO of PANalytical 

diffractometer using Cu Kα (= 0.15406 nm) radiation. Volumetric Nitrogen 

adsorption/desorption analysis, Brunauer-Emmett-Teller (BET) specific surface area, pore 

volume and  micropore size etc were carried out at 77 K using Autosorb 1 (quantachrome,USA). 

Prior to adsorption measurement the samples were outgassed in vacuum at 150 0C for 10 h. 

NLDFT pore-size distribution was obtained from the adsorption/desorption isotherms by using 

the carbon/slit-cylindrical pore model. The 13C cross-polarization magic angle spinning (CP-

MAS) NMR spectrum was obtained from 500MHz Bruker-Avance II spectrometer at a mass 

frequency of 8 kHz. Thermogravimetry analysis (TGA) and differential thermal analyses (DTA) 

of the samples are carried out in a TGA Instruments thermal analyzer TA-SDT Q-600. A Hitachi 

S-5200 field-emission scanning electron microscope was used for the determination of the 

morphology of the particles. Transmission electron microscopy (TEM) images were obtained by 

a JEOL JEM 2010 transmission electron microscope operating at 100 kV. The samples were 

prepared by dropping a colloidal solution onto the carbon-coated copper grids followed by 

drying under high vacuum. The 1H and 13C NMR spectra were obtained from Bruker AVANCE 

III-400 MHz spectrometer. 1H NMR spectra were collected at 400 MHz with chemical shift 
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referenced to the residual peak in CDCl3 (δ: H 7.26ppm. Multiplicities are written as s (singlet), 

d (doublet), t (triplet), m (multiplet) and br (broad).  

All the electrochemical measurements were performed on a CHI 760E electrochemical work-

station with three electrode channels at room temperature. Three electrode set-up consists of a 

glassy carbon (GC) as working electrode, platinum wire as counter and saturated calomel 

electrode (SCE) as reference electrodes. The potentials measured were then corrected to the 

reversible hydrogen electrode (RHE) using the following equation (ERHE = ESCE+0.241 +0.059 

pH) V at room temperature. The electrolyte solution was deaerated by purging nitrogen gas into 

the solution at least 30 min before each experiment. The scan rate used for all linear sweep 

voltammetry study is 1 mV s-1. The stability of the catalyst was determined by cyclic 

voltammetry (CV) carried out between 0.2V and -0.5V (vs. RHE) at a scan rate of 100 mVs-1 for 

500 cycles. AC data obtained at -0.15V vs RHE with 5 mV ac amplitude in 0.5 (M) H2SO4. The 

frequency range used for the impedance measurement is 100 kHz to 10 mHz. 

2.3. Synthesis of 1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (Py-

bpin4) (2) 

A schlenk tube was charged with 1.5 g 1,3,6,8-tetrabromopyrene 1 (2.9 mmol), bis (pinacolato) 

diboron (4.4 g, 17.35 mmol), Pd(dppf)Cl2 (0.175 g, 0.25 mmol) and potassium acetate (1.75 g, 

17.85  mmol) in  15 ml anhydrous DMSO. The the mixture was backfilled with N2 three times 

and heated the reaction mixture at 90 ͦ C for 48 h under stirring condition. The reaction mixture 

was cooled to room temperature and extracted with Dichloromethane (DCM). The crude product 

was isolated by solvent evaporation as a yellow solid. The crude was then purified by using flash 

column chromatography on silica gel (60-120 mesh) using dichloromethane/toluene as an eluent. 

The tetra borylated product 2 was isolated as grey solid (1.5 g, yield 76 %). 
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Mp: >300°C NMR: 1H NMR (400 MHz, CDCl3, ppm) 9.15 (s, 4H); 8.98 (s, 2H); 1.54 (s, 24H); 

1.50 (s, 24H). ESI HRMS calcd (M+) 706.42115, found 706.419135. FTIR νmax (neat/cm-1): 

2928, 1552, 1341, 1210, 1142, 1086, 1018, 961,858, 660.  

 

2.3. Synthesis of 1,3,6,8-tetrakis(4-formylphenyl) pyrene (TFFPy)  (3) 

A mixture of 1,3,6,8-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (1.4 g, 2 mmol) 

2, 4-bromo benzaldehyde (2.22 g, 12 mmol), palladium tetrakis(triphenylphosphine) (0.138 g, 

0.12  mmol),  and  K2CO3 (1.6 g, 12 mmol) were placed in  20 ml dioxane/water mixture (16: 4). 

The mixture was backfilled with nitrogen three times and stirred under nitrogen for 3 days at 90 ͦ 

C. The orange suspension reaction mixture was poured into ice water mixture. Then the yellow 

solid was filtered, and washed with dilute HCl. The product was repeatedly washed with diethyl 

ether (100 ml) and the product was dried in vacuum to give the 1,3,6,8-tetrakis(4-formylphenyl) 

pyrene (TFFPy) 3 as  yellowish-orange solid (1.11 g, 90%).  

Mp: >300°C. NMR: 1H NMR (400 MHz, CDCl3, ppm) 10.16 (s, 4H); 8.18 (s, 4H); 8.09 (d, J = 

8.0 Hz, 8H); 8.04 (s, 2H); 7.86 (d, J = 8.0 Hz, 8H). ESI HRMS calcd (M+) 618.18103, found 

618.18010. FTIR νmax (neat/cm-1): 3429, 2926, 2814, 2723, 1697, 1600, 1306, 1208, 831, 734.  

2.4. Synthesis of SB-PORPy-COF 

An  dimethyl acetamide  (DMAc)/ o-dichlorobenzene(o-DCB) (3.0/1.0 ml) mixture was added to 

the mixture of  5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (0.1 mmol, 67 mg) and  1,3,6,8-

tetrakis(4-formylphenyl) pyrene  (0.1 mmol, 61 mg) using an acetic-acid catalyst (6 M, 0.5 ml) 

in a schlenk tube (50 ml) and sonicated for 1h . Then the tube was degassed via three freeze–

pump–thaw cycles and flame sealed under vacuum and heated statically in oven at 120 °C for 7-

8 days. The greenish-brown precipitate was collected via centrifugation, washed Several times 
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 8

with THF to remove the trapped guest molecules. The powder was collected and dried at 120 °C 

under vacuum overnight to produce SB-PORPy-COF in an isolated yield of 76 %. 

 

2.5. Catalyst Preparation:  

Vulcan supported SB-PORPy-COF catalyst has been prepared by mechanical grinding with 

Vulcan in 1:1 weight ratio. The catalyst ink was prepared by dispersing 2 mg of the composite 

catalyst in 1 mL of mixed solvent solution (IPA: H2O=1:1 v/v) and 20 µL of 0.5 wt% nafion 

binder. The nafion binder (5 wt%) was diluted to 0.5 wt% with isopropyl alcohol (IPA). From 

the prepared catalyst ink 10 µL was drop-casted on GC electrode (3 mm diameter) and dried 

overnight in air. Before depositing the catalyst, the GC electrode was polished with 0.05 µm 

alumina slurry, washed several times with distilled water. 

 

3. RESULT AND DISCUSSION 

In order to construct the crystalline SB-PORPy-COFs, we have selected tetra-armed 5,10,15,20-

tetrakis (4-aminophenyl) porphyrin (TAP) (ESI Section S1)  of D4h symmetry  and 1,3,6,8-

tetrakis(4-formylphenyl) pyrene (TFFPy) (compound 3, Figure 1A)  of D2h symmetry as the 

starting building block. The acid catalyzed reversible solvothermal condensation between TAP 

and TFFPy (Figure 1B) in the solvent mixture of dimethylacetamide/ o-dichlorobenzene (3:1 by 

vol.) using 6(M) acetic acid under static heating at 120 ͦ C for 7 days produced SB-PORPy-COF 

as a greenish-brown powder which is insoluble in common organic solvents and even in strong 

inorganic acids and bases such as aqueous H2SO4 and NaOH. At first the COF synthesis had 

been optimized using different solvent system such as Mesitylene/Dioxane, dimethyl formamide, 

o-dichlorobenzene, Dioxane/n-Butanol and N,N dimethyl acetamide/o-dichlorobenzene 
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maintaining same molar ratio (1:1) of two monomers. Among those, the N,N dimethyl 

acetamide/o-dichlorobenzene solvent system was the best trial for obtaining the moderate surface 

area along with significant crystallinity. The extensive formation of imine linkage was detected 

by Fourier transform Infrared (FT-IR) and 13C cross polarized (CP) solid state MAS NMR 

spectroscopic methods. It has been clearly seen that In FT-IR spectra (Figure 2A) the absorption 

band near 1601 cm-1 for the C=N bond stretching modes which states about the existence of 

imine functionality between the pyrene and porphyrin moiety. The structural integrity of the 

framework was confirmed by solid state CP-MAS NMR which displays the resonance signal 

around 159.7 ppm for the carbon of C=N bond (Figure 2B). The resonance peak around ~147.1 

ppm can be assigned to the quaternary carbon of the organic framework. The peak around ~119.6 

ppm is indicative of the methine carbon of the porphyrin macrocycle and at ~114.1 ppm for β-

pyrrolic carbon. The biggest resonance peak around ~131.1 ppm is mainly due to the pyrenyl 

phenyl moiety of the covalent organic framework. The X-ray photo-electron spectroscopy (XPS) 

of SB-PORPy-COF had shown the broad peak centered around 399 eV which can be attributed 

to the N1S and the peak around 284 eV which is for C1S. The connectivity between the pyrene 

and porphyrin moiety via C=N bond formation, is directly reflected to deconvoluted N1s spectra 

which is composed of three component peaks. The first, second and third component peaks are at 

398, 399 and 400 eV respectively. The first peak (398 eV) is mainly due to presence pyrrolic 

nitrogen and pyrrolic -NH peak is present at the slight shifted higher binding energy region (400 

eV) (Figure 2C&D). The ‘N’ atom associated with Schiff base bond (C=N) has shown the peak 

at 399 eV. The morphological analysis and porosity of SB-PORPy-COF has been investigated 

using scanning electron microscopy (SEM) (figure 4D) and high resolution transmission 

electron microscopy (HRTEM) respectively. Those revealed that SB-PORPy is composed of 80-
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150 nm sized porous thin platelets with granular morphology respectively which has been shown 

in Figure 2E & 2F (HRTEM). The SB-PORPy COF has shown promising thermal stability upto 

400  ͦ C which was confirmed by the thermo gravimetric (TGA) analysis (ESI, Fig S1). 

The possible crystal structure of the SB-PORPy-COF was obtained by the experimental XRD 

measurements along with theoretical structural simulations. The molecular assembly will be 

slightly topologically strained due to the geometries (D2h and D4h) of monomers. But the static 

heating of reaction mixture for long time (7 days) has made the SB-PORPy-COF crystalline. The 

strong XRD peaks at the position 2θ= 4.9 ͦ and ~ 22 ͦ which can be assigned to the (020), and 

(202) facets respectively. The hump centered at ~22 ͦ may be attributed to zigzag π-π stacking of 

2D layers. The theoretical PXRD pattern of AA stacking model (black, Figure 3B) of SB-

PORPy monolayers is in perfect agreement with the peak position and the intensity of the 

experimental obtained PXRD (blue, Figure 3A), whereas the AB stacking model (red, Figure 

3C) is totally different. The theoretical quasi 2D eclipse structure (AA) and the staggered 

structure (AB) has shown in the figure 3D & 3E.  The PXRD data obtained after Pawley 

refinement resulted (Figure 3F, blue curve) in a pattern that is exactly matching with the 

experimentally observed pattern (purple scattered asterisk, showing small difference Figure 3F, 

wine plot) giving the Pawley refinement factor (Rp) ~2.79%. A 3D triclinic unit cell (P1 space 

group) having the parameters of a = 37.098 Å, b = 36.8016 Å, c = 8.06797 Å, α = 89.9333  ͦ , γ = 

89.9038  ͦ and β = 90.1005  ͦ was derived from the theoretical optimization of SB-PORPy-COF 

(ESI Section S4). The absence of long range periodicity can be attributed to the fact that 

geometry of two building blocks (D2h & D4h) are slightly topologically overruled to give  a strain 

free periodic structure. The permanent porosity of SB-PORPy-COF has been determined by 

measuring volumetric N2 adsorption/desorption experiment at 77 K which exhibits type-I 
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isotherm which is the characteristic of intrinsic microporosity of COF SB-PORPy (Figure 4A). 

The Brunauer-Emmett-Teller surface area and the total pore volume are ~869 m2 g-1 and 0.51 

cm3 g-1. The sample was activated at 160  ͦ C to remove the solvent molecule from the lattice for 

sorption analysis. The pore size distribution based on non-local density functional theory has 

shown an unimodal porosity having single peak at 1.7 nm (Figure 4B). The stability test of the 

SB-PORPy-COF material had been done by emerging the powder sample in various organic 

solvents such as THF, dioxane, toluene, DMF etc. for 7 days. There was no change of powder 

XRD pattern had been observed after solvent socking for 7 days. The material had shown the 

remarkable stability in aqueous, acidic (0.5 M) or alkaline (0.5 M) solution (Figure 4C). In this 

porous framework, the pyrene core is connected to the porphyrin moiety alternatively through 

the C=N linkage which creates the fluorescent channel in the 2D COF.  The electronic absorption 

spectrum has shown a solid state broad absorption giving three maxima in the visible region. The 

maxima centered at 663 nm may be attributed to the α-Q band, 570 nm for β-Q band and 400 nm 

is for sorbet band of porphyrin unit present in the framework. The COF has the strong 

photoluminescence emission giving maxima at 688 nm (ESI, Figure S2).  

 

3.1. Metal free electrochemical hydrogen evolution 

Electrochemical activities of SB-PORPy-COF catalyst toward HER was investigated in 0.5 (M) 

H2SO4 solution. So, far hydrogen evolution catalyzed by any type of transition metal based 

complexes and materials in previous report, but electrocatalytic hydrogen evolution by any type 

of metal free COF has never been reported. A few cobalt complexes including cobalt porphyrin 

were testified to be an effective electrocatalyst for electrocatalytic HER46-48. However, very high 

overpotentials were required for such systems. In general, only COFs have been used to support 
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the porosity and large surface area for the electrocatalysts 49,50 An efficient electrocatalysts can 

also be developed through rational designing of COFs.51 In the following study, SB-PORPy COF 

had shown to be an efficient metal free electrocatalyst with a remarkably low onset overpotential 

of ~50 mV which is the lowest reported overpotential ever for any types of COFs (Figure 5A) in 

acidic solution. From the linear sweep voltammetry curve, it is clear that the electro-catalytic 

activities of bare glassy carbon (GC) and Vulcan were negligibly small. HER as reflected by low 

current density and very high overpotential for pure Vulcan (red curve, Figure 5A ) whereas 

Vulcan/COF/GC represents a much larger current density with extremely low overpotential for 

HER (black curve, Figure 5A). This was the indication of a pronounced electro-activity of the as 

synthesized SB-PORPy-COF. This result clearly indicates that principal contribution towards 

HER comes from as synthesized SB-PORPy-COF and confirms about it’s electro-activity 

towards hydrogen evolution reaction. The conductive Vulcan carbon has only been used to 

enhance the conductivity of the system. The potential to achieve 1 mA/cm2 was found to be -

0.2V vs RHE which is better than any cobalt based COF systems. More interestingly, 

overpotential required for 5 mA cm-2 exchange current density is as low as 380 mV indicating 

extraordinary activity towards hydrogen evolution reaction in terms of COF based systems. HER 

mechanism can be well-reflected from the Tafel slope involving the following three steps 

occuring on the catalyst surface. 

        Step-1 Volmer: H+ + e-                   Hads 

        Step-2  Heyrovsky: Hads + H+ + e-                  H2 

        Step-3 Tafel: Hads + Hads                    H2 

Step 1 is the adsorption step and desorption step on porous surface of electrocatalyst. H2 

evolution can happen either through Step 2 (Heyrovsky) or Step 3 (Tafel). Therefore, total H2 
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evolution reaction will happen either following Volmer-Heyrovsky or Volmer-Tafel mechanism. 

A Tafel slope value of 30 mV/dec will indicates rate determining step (r.d.s.) to be Tafel whereas 

40 mV/dec and 120 mV/dec will respectively indicate Heyrovsky and Volmer will be the r.d.s.52-

55.The linear nature of the Tafel slope obtained from the polarization curve was ~116 mV.dec-1 

indicating Volmer-Heyrovsky mechanism for the HER on the SB-PORPy COF surface and the 

Volmer step is the rate determining step (Figure 5B). The imine nitrogen sites present in the 

COF (-N=) are considered as free docking sites for HER. In acidic solution, imine nitrogen 

atoms are protonated making the moiety positively charged hyperporphyrinic structure whereas 

SO4
2- maintains the electro-neutrality. On the other hand, H-H combination occurred with the 

help of other adjacent imine nitrogen sites facilitating the hydrogen evolution process from the 

surface (Figure 6). 

 

 

 

 

 

 

A general scheme can be considered from the electrochemical impedance spectroscopy which is 

a useful tool for studying the electrode kinetics in HER. Figure 5C represents Nyquist plot of 

SB-PORPy-COF catalyst in the frequency range 100 kHz to 10 MHz at -0.15V vs RHE in 0.5 M 

H2SO4 solution. As evident from Figure 5C, only one semicircle was observed with no 

prominent Warburg impedance indicating kinetically controlled electrochemical reaction on 

electrode surface due to rapid ionic transportation in the electrolyte. The diameter of the 

 N+H++½ SO4
2-

N+H. ½ SO4
2-

N+H. ½ SO4
2- e-+ NHads + ½ SO4

2- …

NHads + N+H  + e- N2 H2+ ……. Heyrovsky reaction

Volmer reaction
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semicircle can be attributed to the charge-transfer resistance (Rct). A low value of Rct 

corresponds to the fast reaction kinetics on the catalyst surface. The SB-PORPy-COF catalyst 

showed a very small value of Rct (~145 Ω) (Figure. 5C). One of the concerns of the HER 

catalysts is stability, many catalysts lose their activity after a few cycles. To evaluate the 

durability of the SB-PORPy-COF catalyst, a potential cycling was conducted in the potential 

range 0.2V to -0.5V vs RHE at a scan rate of 100 mVs-1 for 500 cycles. As shown in Figure 5D, 

there is almost no loss of activity observed in terms of both onset potential and current density at 

different potentials, indicating good stability of the catalyst in acidic solution. The XPS had been 

done for N1s to investigate the chemical state of nitrogen atoms (pyrrolic N and Schiff base N) 

which was remained intact after 500 cycles which accounts about the promising stability in 0.5 

(M) H2SO4 (ESI Figure S3). The Faradaic efficiency (FE) of SB-PORPy-COF was evaluated to 

be 90 % which accounts about the purity of catalyst towards electrochemical hydrogen evolution 

(ESI Figure S4, section S3). The FE value is quite comparable to the other established 

electrocatalysts56. 

CONCLUSION 

In summary, we have designed an imine based conjugated pyrene, porphyrin comprised 

microporous quasi-2D covalent organic framework. The reversibility of imine bond formation 

leads to the formation of thermodynamically controlled crystalline framework in spite of the 

topological restriction from the view point of molecular geometry. A π electronic conjugation 

between pyrene and porphyrin creates a conducting channel (AA stacking). We have 

investigated the charge carrier mobility and metal free hydrogen evolution by imposing some 

short of electrochemical stimulation on SB-PORPy-COF. As far as we know, till date there is no 

COF based catalyst known that enables metal free hydrogen evolution. Such COFs are stable 

Page 14 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 15

even in strongly acidic/alkaline conditions. Furthermore such topologically strained crystalline 

imine based covalent organic frameworks will increase the structural diversity of these (COFs) 

classes of materials and find abundant scope of utility and applicability to understand the 

electrochemical aspects of COFs. 
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Figure. 1                                                                                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) Synthesis of 1,3,6,8-tetrakis(4-formylphenyl) pyrene (TFFPy)  (B) 

Synthetic scheme of the imine based COF (SB-PORPy). (C) Top view (D) Side view 

of AA (eclipsed) stacking of SB-PORPy COF (gray: carbon, blue: nitrogen) 
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Figure. 2                                                                                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  (A) IR spectra of SB-PORPy COF. (B) 13C solid state CP-MAS NMR of SB-

PORPy-COF; (C) N1s peak SB-PORPy-COF and (D) C1s XPS peak. High resolution 

transmission electron microscopy of SB-PORPy-COF at different region (E, F).  
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Figure. 3                                                                                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) Experimental PXRD (blue), (B) Theoretical AA (eclipsed) stacking (black), (C) 

Theoretical AB (staggered) stacking (red); (D) top view of simulated AA stacking and AB 

stacking (E) and Pawley refinement of PXRD (F). 
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Figure. 4                                                                                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (A) N2 adsorption (blue solid circle) /desorption (red solid circle) isotherm at 77K. 

(B) pore size distribution (blue empty circle). (C) Stability of SB-PORPy-COF in aquous, 

acedic and alkaline media. (D) SEM image of SB-PORPy-COF 
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Figure. 5                                                                                                                     
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Figure 5. (A) Polarization curves for the hydrogen evolution reaction on bare GC (blue), 

Vulcan (red) and SB-PORPy-COF (black) electrodes. (B) Corresponding Tafel plot of SB-

PORPy-COF electrode. (C) Impedance spectra (Nyquist Plot) of SB-PORPy-COF catalyst. 

(D)  Linear sweep voltammograms of SB-PORPy-COF catalysts.
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Figure. 6                                                                                                                     

 

 

 

 

 

 

 

 

 
Figure 6. Possible volmar-heyrovsky pathaway of hydrogen evolution reaction on SB-PORPy-
COF 
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