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Hydrazone-Linked Heptazine Polymeric Carbon Nitrides for 
Synergistic Visible-Light-Driven Catalysis  
Wei Zhang, Congying Xu, Takeshi Kobayashi, Yun Zhong, Zhiyong Guo,* Hongbing Zhan, Marek 
Pruski and Wenyu Huang* 
Abstract: Heptazine-based conjugated polymeric carbon nitrides 
(PCNs) are promising metal-free photocatalysts, yet their synthesis 
is very challenging due to the electron-deficiency and insolubility of 
heptazine units. Indeed, heptazine-containing polymers have only 
been prepared via nucleophilic substitution with amines, using toxic 
cyameluric chloride as the starting material. Herein, we report the 
novel and environmentally friendly method for preparing heptazine-
based mesoporous PCNs with hydrazone links formed via a simple 
Schiff-base condensation of melem-NH2 and aldehydes. Unlike 
cyameluric chloride, melem-NH2 is nontoxic, stable and can be 
readily obtained from melem and hydrazine in solution. We 
demonstrate that the hydrazone linkages and the heptazine units 
synergistically enhance the photocatalytic activity of PCNs in visible-
light-driven aerobic oxidation of benzyl alcohol to benzaldehyde. In 
particular, the polymer constructed from melem-NH2 and p-
phthalaldehyde shows 17 times more activity than graphitic carbon 
nitride (g-C3N4).  

Visible-light-driven photocatalysis attracts increased attention 
because sunlight is a clean and renewable energy source and 
visible light accounts for 45 % of the solar spectrum.[1] Polymeric 
carbon nitrides (PCNs) are of particular interest[2] as low-cost, 
non-toxic, metal-free polymeric semiconductors, which indeed 
have shown promising activity in visible light-driven 
photocatalytic reactions.[3] Chief among those is the family of 
graphitic carbon nitrides (g-C3N4), which can catalyze a variety of 
reactions, including water splitting, carbon dioxide conversion, 
oxidative coupling of amines, and degradation of Rhodamine 
B.[4] The photocatalytic activity of g-C3N4 is attributed to the s-
heptazine unit (melem, 2,5,8-triamino-tri-s-heptazine, see 
Scheme 1a).[5] Typically, g-C3N4 is prepared by the pyrolysis of 
nitrogen-rich precursors including urea, thiourea, melamine, 
cyanamide, and dicyandiamide.[6] However, the catalytic 
efficiency of the resulting g-C3N4 is restricted by low specific 
surface area and high electron-hole recombination rate.[7]  

Numerous strategies have been reported to improve the 
surface area, dispersion, thermal/chemical stability, and 

chemical tunability of g-C3N4.[8] These include doping with 
heteroatoms, nanocasting with hard templates, and introducing 
heterojunctions.[9] However, these top-down approaches are 
typically uncontrollable and time-consuming, giving low-quality 
g-C3N4 with low yields.[10]  

The alternative, bottom-up, methods to synthesize PCNs from 
heptazine monomers offer better structural control but are 
challenged by the insolubility of most heptazine precursors in 
common organic solvents.[11] Moreover, the electron deficiency 
of heptazine rings hinders their reactivity.[12] Thus far, cyameluric 
chloride (C6N7Cl3, also known as trichloroheptazine) is the only 
reactive heptazine precursor used for the preparation of 
heptazine-based PCNs.[13] Cyameluric chloride is typically 
synthesized from melem in two steps (Scheme 1b), which use 
deleterious PCl5 as the chlorinating reagent and release toxic 
POCl3 byproduct.[14] Therefore, developing heptazine precursors 
that are environmentally friendly and suitable for the facile 
design of versatile heptazine-based PCNs is highly desired.[15] 

 

 
Scheme 1. (a) The representative structures of g-C3N4 and heptazine-based 
PCNs. (b) Previous and (c) our strategies for the synthesis of PCNs using two 
different heptazine precursors. 

Here, we discovered a new, scalable, and environmentally 
friendly heptazine precursor, 2,5,8-trihydrazino-s-heptazine 
(melem-NH2), which could react with aldehydes by a simple 
condensation to form heptazine-based PCNs connected through 
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hydrazone linkages (Scheme 1c and Figure 1a). Melem-NH2 is a 
nontoxic and stable compound that is readily prepared from 
melem and hydrazine in solution. Hydrazone, a trinuclear 
azomethine group (‒N‒N=C‒), has been previously incorporated 
into covalent organic frameworks to improve their hydrolytic and 
oxidative stability as well as charge carrier mobility.[16] 
Particularly, we found p-phthalaldehyde to be the optimal 
aldehyde precursor that reacted with melem-NH2 to yield a 
mesoporous organic polymer (MelonHP) featuring a high 
specific surface area, and thus more accessible active sites. 
Most importantly, the cross-linked hydrazone-heptazine 
repeating units in MelonHP synergistically enhanced its activity 
in the visible-light-driven oxidation of benzyl alcohol to 

benzaldehyde with O2 under mild conditions. MelonHP showed a 
mass-specific activity enhancement factor of 17 compared to g-
C3N4. To the best of our knowledge, this is the first report of 
synthesis and photocatalysis studies on such hydrazone-
heptazine PCNs.   

Figure 1a briefly outlines the synthesis of hydrazone-linked 
heptazine PCNs using 2,5,8-trihydrazino-s-heptazine (melem-
NH2) and aldehydes as starting materials via a Schiff-base 
condensation reaction (see the supporting information for 
details). We initially chose p-phthalaldehyde, m-phthalaldehyde, 
and trimesaldehyde as the aldehyde precursors, and the 
resulting polymers are denoted as MelonHP, MelonHM, and 
MelonHT, respectively. 

 
Figure 1. (a) Schematic illustration of the synthesis of hydrazone-linked heptazine PCNs via melem-NH2 condensation with different aldehydes. (b) 13C{1H} 
CPMAS SSNMR spectra of MelonHP, MelonHM, and MelonHT (see supporting information for NMR experimental details); (c) FTIR spectra of MelonHP and the 
precursors (melem-NH2 and p-phthalaldehyde). 

For all three polymers, the powder X-ray diffraction (PXRD) 
patterns did not show peaks from Melem-NH2; instead, a broad 
peak was observed at 2θ ~ 27° in line with (002) reflection of g-
C3N4 (Figure S1).[17] These observations suggest the formation 
of disordered heptazine networks with partly layered 
structures.[15] The transmission electron microscopy (TEM) 
images in Figure S2 show the representative morphology of 
MelonHP with the ultrathin and lamellar feature, upholding the 
XRD results. 

We then studied the porous properties of the PCNs using 
nitrogen adsorption-desorption measurements (Figure S3 and 

Table S1). Among all samples, only MelonHP showed a typical 
type-IV isotherm with an H4 hysteresis loop at relative pressures 
(P/P0) from 0.7 to 0.9, indicating the presence of mesopores.[18] 
The specific Brunauer−Emmett−Teller (BET) surface area and 
pore volume were calculated to be 120 m2/g and 0.44 cm3/g, 
respectively. By comparison, MelonHT gave a specific BET 
surface area of 25 m2/g, while MelonHM was non-porous. These 
results indicate that the type of aldehyde precursor plays a vital 
role in the pore formation of the hydrazone-heptazine-based 
organic network. Thermogravimetric analysis (TGA, Figure S4) 
in an N2 flow showed the high thermal stability of MelonHP up to 
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350 °C. Additionally, the exact elemental compositions of these 
polymers were confirmed by X-ray photoelectron spectroscopy 
(XPS, see Figure S5). 

 

 

Figure 2. Indirectly-detected 2D 1H{15N} through-space HETCOR spectra of 
melem-NH2 and derivative polymers. Experimental conditions are given in the 
supporting information.  

 The atomic-level structures of the three newly derived PCNs 
were examined by solid-state (SS)NMR and Fourier-transform 
infrared (FTIR) spectroscopy (Figure 1b-c). The 13C{1H} cross-
polarization magic-angle-spinning (CPMAS) SSNMR spectra of 
MelonHP, MelonHM and MelonHT displayed a distinct signal at 
150 ppm, that can be assigned to the hydrazone carbon, 
−NHN=CH−.[19] The signals at 120-140 ppm and 155-165 ppm 
were attributed to the carbons in the phenyl and heptazine 
moieties, respectively. These assignments are in agreement 
with the resonances observed in a reference non-polymeric 
compound MelonB, prepared via condensation reaction between 
Melem-NH2 and benzaldehyde (the synthesis details are given in 
the supporting information along with NMR spectra, Figure S6 
and S7), and with the results of a previous study.[20] To further 
confirm the formation of hydrazone linkages, we performed 
indirectly-detected 2D 1H{15N} heteronuclear correlation 
(HETCOR) experiments (Figure 2),[21] which showed that cross 
peaks assigned to ‒NH‒NH2 and ‒NH‒NH2 of melem-NH2 
disappeared after the reaction between melem-NH2 and 
aldehydes. Instead, new signal appeared at δN ≈ ‒220 ppm and 
δH ≈ 11 ppm, which can be assigned to the hydrazone linkages ‒
NH‒N=CH‒ (note that non-protonated nitrogen was not 
observed due to the inefficient polarization transfer under the 
present experimental conditions).[22]  

The FTIR results are consistent with SSNMR. As shown in 
Figure 1c, the MelonHP polymer combines the characteristic 
signals of the heptazine unit and phenyl ring of its melem-NH2 

and p-phthalaldehyde precursors. Additionally, the FTIR spectra 
of MelonHP showed a vibration of the C=N bond at 1554 cm-1,[23] 
accompanied by the disappearance of the C=O stretching (1659 
cm-1, cf. p-phthalaldehyde) and amine signals (3220 cm-1, cf. 
melem-NH2).[24] This indicates the formation of hydrazone 

linkages (‒NH‒N=CH‒) through condensation of aldehyde and 
amine.[25]  

Taken together, the above SSNMR and FTIR results 
definitively show that all three samples consist of polymeric 
heptazine units cross-linked by hydrazone formed via 
condensation between melem-NH2 and different aldehydes. The 
structural differences among MelonHP, MelonHM, and MelonHT 
derive from the locations of the formed imine bonds (or 
hydrazone) at either the para or meta position of the phenyl 
rings. The MelonHP shows the highest specific surface area, 
possibly due to a reduced steric hindrance between melem units 
connected via the para sites of aldehydes.  

Notably, we were unable to prepare the PCNs using the 
abovementioned melem as precursor instead of melem-NH2 

(Scheme S1, see the supporting information).[26] Evidently, 
melem cannot react with aldehyde due to the electron-deficient 
heptazine ring that makes the ‒NH2 groups inert to electrophilic 
attack.[13c] This was clearly confirmed by SSNMR; indeed, the 
only resonances observed in the 13C{1H} CPMAS spectrum of 
the melem-based product represented unreacted melem (Figure 
S8).  

 

 

 
Figure 3. (a) Comparisons of benzyl alcohol conversion and benzaldehyde 
selectivity over various photocatalysts for visible-light-induced photocatalytic 
aerobic oxidation to benzaldehyde. (b) The mass-specific activity for benzyl 
alcohol oxidation under visible light irradiation calculated at <10% conversion; 
the apparent quantum yield (AQY) of these catalysts is measured at ca. 540 
nm visible light irradiation conditions.  

    The MelonHM, MelonHT and MelonHP polymers were then 
tested in the visible-light-driven oxidation of benzyl alcohols with 
O2 (1 atm) to benzaldehyde, using a 26 W white LED lamp as 
the light source (see the supporting information for details). As 
shown in Figure 3a, control experiments confirmed that the 
reaction did not proceed in the absence of catalysts or without 
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light, whereas g-C3N4 gave only 3% conversion. All three 
polymers proved to be active with > 99% selectivity. MelonHP 
with the highest surface area exhibited the best photocatalytic 
performance among all the catalysts tested in this study, giving a 
much higher conversion of 36% than MelonHM/g-C3N4 (3%) and 
MelonHT (7%).  

The mass-specific activities of these catalysts, calculated as 
millimole of benzaldehyde produced per gram of catalyst per 
hour under identical conditions, are shown in Figure 3b. The 
catalytic performance in this series increased as follows: 
MelonHP >> MelonHT > MelonHM ≈ g-C3N4. Note that MelonHP 
outperformed g-C3N4 by a factor of 17, which indicates a strong 
synergistic effect between the hydrazone linkers and the 
heptazine units in MelonHP. The apparent quantum yield (AQY) 
of this light-driven process is consistent with the optical 
absorption (see the supporting information for details). In our 
case, the AQY was measured as a function of incident light 
wavelength using bandpass filters with central wavelengths of 
540 nm, which is close to the maximum absorbance of the 
Melon-samples determined from the UV-vis analysis (see below). 
MelonHP gave the highest AQY of 1.12%, showing a remarkably 
high activity for benzaldehyde production under this visible light 
irradiation.  

To confirm the synergistic effect between the hydrazone 
linkers and heptazine units in MelonHP on the photocatalytic 
oxidation, we prepared a previously reported heptazine-based 
porous polymer without hydrazone linkages using cyameluric 
chloride and p-phenylenediamine as starting materials (Scheme 
S2).[13c] The resulting polymer, denoted as MelonP (Figure 4a), 
was indeed hydrazone-free, as confirmed by SSNMR (Figure 
4b) and FTIR (Figure S9) (see the supporting information for 
details). The BET surface area of MelonP is 150 m2/g (Figure 
4c), higher than that of MelonHP (120 m2/g). For the latter, the 
hydrazone linkages in the heptazine-derived network lead to a 
flexible structure, and thus lower crystallinity and porosity.[27] 
Intriguingly, in spite of a higher surface area, MelonP gave much 
lower benzaldehyde conversion (14%) than MelonHP (36%). 
Figure 4d shows that the area-specific activity for MelonHP is 
four times higher than that of MelonP. The higher activity of 
MelonHP over Melon P supports the synergistic effect between 
the hydrazone linkages and the heptazine units in MelonHP.  

Based on the above results, it is reasonable to expect that the 
catalytic performance of hydrazone-linked PCNs correlates well 
with the amount of exposed hydrazone-heptazine pairs. To 
substantiate this inference, we plotted, in Figure 4e, the mass-
specific activities of the studied polymers (MelonHM, MelonHT, 
MelonHP, MelonP, and g-C3N4) against their BET surface areas. 
Indeed, the activities of hydrazone-linked PCNs show a strong 
linear correlation with their specific surface areas (R2 = 0.97), 
which corroborates the synergistic effect between hydrazone 
and the heptazine units. Notably, g-C3N4 and MelonP, which do 
not feature the hydrazone linkages, are two exceptions with 
relatively high surface area (see Table S1) but low activity. 

Inspired by this finding, we explored the possibility to further 
increase the catalytic activity by preparing materials with higher-
surface-area than MelonHP. First, we synthesized another PCN 
catalyst with hydrazone-heptazine sites, denoted as MelonHBP 
(see Scheme S3 and Figure S10), using a larger dialdehyde 
precursor molecule (4,4'-biphenyldicarboxaldehyde). Although 
the resulting product had the surface area of only 40 m2/g, its 
catalytic activity followed exactly the trend discussed above (see 

Figure 4e). Secondly, we attempted the preparation of high-
surface-area covalent organic frameworks (COFs) composed of 
hydrazone linkages. However, we tested various synthesis 
conditions and found that we could not obtain hydrazone-linked 
COFs, possibly due to the flexible hydrazone linkage with a sp3 
N.  

 

 
Figure 4. (a) Schematic illustration of two heptazine-based PCNs: MelonHP 
and Hydrazone-free MelonP. (b) 13C{1H} CPMAS SSNMR spectra and (c) 
nitrogen adsorption-desorption isotherms of MelonP and MelonHP. (d) 
Comparisons of the area-specific activity of MelonP and MelonHP. (e) The plot 
for the correlation between the mass-specific activity of benzyl alcohol 
oxidation on hydrazone-catalysts and their specific surface area, compared 
with porous g-C3N4 and MelonP. 

  The synergistic effect between hydrazone linkages and 
heptazine units was further explored by UV-visible diffuse 
reflectance spectroscopy (UV-vis DRS) and density functional 
theory (DFT) calculations. As shown in Figure S11, the 
hydrazone-free MelonP exhibited an absorption edge at ca. 550 
nm in the visible light region (> 400 nm). Upon introducing 
hydrazone to the heptazine-derived network, the absorption 
band became red-shifted to ca. 700 nm for MelonHP, MelonHM, 
and MelonHT. This indicates that the hydrazone moiety can 
significantly enhance visible light absorption of the PCNs. We 
calculated the bandgap energy (Eg) by the plot of [F (R∞) hν]1/2 
vs. hν, where F(R∞) is the Kubelka–Munk function and hν is the 
photon energy (Figure S12). All of the hydrazone-polymers 
showed a narrower bandgap (2.4-2.5 eV) than that of MelonP 
(3.58 eV, see Figure S12 inset). This is probably due to the 
strong electron-donating effect caused by the lone pair of 
electrons on the hydrazone group, lowering the bandgap of the 
heptazine-based PCNs.[28] 
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Using DFT with the CP2K software package,[29] we studied the 
theoretical highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) energy levels of 
these PCNs. Figure S13 showed that the HOMO of 
representative MelonP models is localized in the heptazine unit. 
For MelonHP, however, the corresponding electron density is 
shifted to the hydrazone moiety with a higher HOMO by 0.4 eV 
in comparison to that of MelonP (Figure S14). The calculated 
band gap of MelonHP is narrower (2.9 eV) than that of MelonP 
(3.8 eV), which agrees well with the UV-Vis DRS results. 
Therefore, the introduction of hydrazone linkages can enhance 
the visible-light absorption and charge separation efficiency in 
MelonHP for the photocatalytic oxidation of benzyl alcohol 
(Scheme 2). Further experiments are needed to elucidate the 
active oxidative species that are responsible for this 
photocatalytic oxidation reaction. 

 

 
Scheme 2. the synergistic effect of hydrazone linkages in visible-light-driven 
aerobic oxidation of benzyl alcohol to benzaldehyde over hydrazone-inked 
heptazine-based mesoporous polymer. 

In conclusion, we have developed a facile method to 
synthesize a series of new heptazine-based PCNs with 
hydrazone linkage via the condensation of melem-NH2 and 
different aldehydes. Our results identified p-phthalaldehyde as 
the optimal aldehyde precursor, giving a robust mesoporous 
polymer (MelonHP) with highly cross-linked hydrazone-
heptazine repeating units. The synthesized MelonHP showed 
high efficiency as a catalyst for visible-light-driven oxidation of 
benzyl alcohol to benzaldehyde with oxygen under mild 
conditions. Control experiments and DFT calculations showed 
that the hydrazone linkages in the PCNs play a vital role in this 
photocatalytic reaction, making MelonHP 17 times more active 
than g-C3N4. This synergistic effect between hydrazone linkers 
and heptazine units is further confirmed by the much lower 
photocatalytic activity of an analogous heptazine-based porous 
polymer without the hydrazone moiety (MelonP). This work 
provides a new approach for designing highly efficient metal-free 
catalysts for photocatalytic aerobic oxidation of alcohols under 
visible light. 
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