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The methodology of in situ thermal synthesis has been developed for the semiconductors based 

on graphitic carbon nitride (g-C3N4) doped by benzo[c][1,2,5]chalcogenadiazoles (chalcogen Ch = 
O, S, Se). Benzo[c][1,2,5]chalcogendiazoles were obtained by methods previously presented in the li-
terature. The purity of the resulting organic structures was confirmed by 1H and 13C NMR, GC-MS, IR-
spectroscopy, elemental analysis, and the melting point determination. The technique for obtaining g-
C3N4 samples consists in sintering melamine and the required acceptor block mixture at 550 °C in 
a neutral atmosphere. For pure and doped g-C3N4 its structure formation fact was confirmed by PXRD, 
IR-spectroscopy and 13C NMR. Semiconductor and other properties of carbon nitride materials were 
studied by UV-spectroscopy, PL-spectroscopy, cyclic voltammetry technique, SEM conbined with 
EDS, as well as by plotting nitrogen sorption-desorption isotherms. A series of photocatalytic water-
splitting experiments under the UV-light (λ = 365 nm) action in the presence of samples of pure and 
doped carbon nitride as a photocatalyst, hexachloroplatinic acid as a co-catalyst, and triethanolamine as 
a electron-sacrificial agent was carried out. The amount of hydrogen formed during the water-splitting 
experiment was determined for every hour using the GC-method. It was found that all three dopants 
positively affected photophysical and catalytic properties of the materials. Quantum chemical calcu-
lations confirmed that the benzo[c][1,2,5]chalcogenadiazoles served as acceptor blocks with accu-
mulation of the most of the HOMO electron density. 

Keywords: carbon nitride, molecular doping, covalent doping, benzochalcogendiazole, accep-
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Introduction  
Due to increasing resource and energy demand of the modern society search for energy efficient and 

resource saving practices becomes priority for the scientific community. The elaboration of semiconduc-
tor photocatalysts, with which pure inexhaustible solar energy could be effectively converted, is a prom-
ising avenue of sustainable development research. Rediscovery of the carbon nitride in the beginning of 
the 21 century as a semiconducting photocatalyst boosted the research in the field with fruitful practical 
and fundamental outcomes. Easy available by simple thermolysis of nitrogen rich precursors carbon ni-
tride is seemed as robust, safe and non-toxic semiconducting platform [1]. 

Most studied carbon nitride allotrope is generally referred to as a graphitic carbon nitride (g-C3N4) 
is a polymeric substance consisting of chains with linearly joined in a zig-zag manner heptazine units. 
These chains are in plane interconnected with hydrogen bonding of residual amino groups and tertiary 
nitrogens of heptazines. Such structural organization has implications in a typical PXRD graph of g-
C3N4 with two major reflexes at 12.8° and 27.7° attributed respectively to the distances between hepta-
zine subunits and polymer chain layers [2]. 
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Heptazine fragment is a stable and robust heterocycle with sp2-hybridized carbons and nitrogens. 
Polymerization of heptazines through secondary aminogroups to linear polymers forms a unique conju-
gated system of π-electrons with increased charge mobility and reduced bandgap. These particular fea-
tures of carbon nitride have become a subject of intensive exploitation in the area of photocatalysis, 
bringing a plethora of examples, alternative to conventionally utilized inorganic photocatalysts.  

The molecular origin of g-C3N4 allows for the bottom-up construction of various carbon nitride pro-
totypes based on structurally similar to melamine surrogates [3, 4]. g-C3N4 layered structure gave rise to 
various exfoliating approaches leading to the delamination of layers, thus increasing specific surface and 
electron mobility [5–13]. Delaminated 2D g-C3N4 nanosheets exhibit favorable band potentials and ex-
posed active sites, reduced surface defects, increased lifetime of charge carriers, and stronger reduction 
potential of the photoexcited electrons. Aside from delamination various intercalation techniques pro-
vided novel materials with increased charge separation and reactivity [12, 14]. Thermal exfoliation aka 
thermal oxo-degradation of g-C3N4 organic network yields material with an increased specific surface, 
something that inorganic semiconductors are not capable of [15–17] Another advantage of the semi-
organic nature of carbon nitride is the ability to form various nano- and micro-structures based on vari-
ous types of templating providing a plethora of mesoporous materials with various applications [18, 19]. 

The purpose of this work is to study the effect of doping of g-C3N4 by electron-acceptor blocks, 
through the introduction of covalently bound benzo[c][1,2,5]chalcogenadiazoles (chalcogen Ch = O, S, 
Se). For this goal, we are going to obtain the corresponding systems via in situ thermal synthesis, to 
study their photocatalytic activity, and to develop a protocol for simulation the structure and electronic 
properties on the base of quantum chemical calculations. 

We can note that obtaining the experimental information about the structural features of g-C3N4 and 
their changes upon doping by electron-acceptor blocks is a non-trivial and difficult task. However, we 
can evaluate the trends of structural changes, as well as the factors affecting the electronic properties of 
the system upon doping, using quantum chemical modeling.  
 

Experimental 
Melamine of analytical grade, sulphuric and nitric acid were purchased from Lenreactiv JSC. 1,2-

diaminodenzene, hexachloroplatinic acid were purchased from ACROS.  
Synthesis of the dopants was accomplished in a two-step synthesis (in Fig. 1), with nitration of start-

ing benzo[c][1,2,5]chalcogenadiazoles, followed by reduction of nitro-group. Synthesis details are de-
scribed below. 

 
 

Fig. 1. Synthesis of Benzo[c][1,2,5]chalcogendiazol-4-amines (Ch = O, S, Se) 
 

General Procedure for the Synthesis of 4-nitrobenzo[c][1,2,5]chalcogendiazoles (2a-c). 
In a 100 mL Erlenmeyer flask equipped with a Teflon-coated magnetic stir bar, sodium nitrate (41.6 
mmol; 1 eq.) was dissolved in 50 mL of concentrated sulfuric acid. Upon cooling the mixture on an ice 
bath 1 eq. of benzo[c][1,2,5]chalcogendiazole was added so that the temperature of the mixture did not 
exceed 5 °C. The reaction mixture was stirred at ambient (for benzo[c][1,2,5]oxadiazole at 0…5 °C) 
temperature up to 1 h. until completion (TLC control). Then the reaction mixture was poured into cold 
water. The precipitate was filtered, washed with water, and dried in a desiccator. The product was used 
in the next step without purification. 

4-nitrobenzo[c][1,2,5]oxadiazole (2a). Yield, 5.29 g (77 %), yellow solid, mp 96–97 °C (93 [20] [lit]). 
TLC: EtOAc:PE 1:3, Rf, 0.3. 1H NMR (400 MHz, DMSO-d6 ) δ 7.86 (dd, J = 9.0, 7.2 Hz, 1H), 8.61 (dd, 
J = 9.0, 0.7 Hz, 1H), 8.71 (dd, J = 7.2, 0.7 Hz, 1H); MS (EI, 70 eV), m/z (I rel (%)): 165 [M] + (74), 
75 (100), 62 (92), 105 (67), 40 (63).  
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4-nitrobenzo[c][1,2,5]thiadiazole (2b). Yield, 5.95 g (79 %), yellow solid, mp 107–108 °C 
(109 [21] [lit]). TLC: EtOAc:PE 1:3, Rf, 0.5. 1H NMR (400 MHz, DMSO-d6 ) δ 7.95 (dd, J = 8.8, 
7.5 Hz, 1H), 8.57 (dd, J = 8.7, 1.0 Hz, 1H), 8.68 (dd, J = 7.5, 1.0 Hz, 1H); MS (EI, 70 eV), m/z (I rel (%)): 
181 [M] + (100), 123 (78), 151 (68), 64 (64), 135 (58).  

4-nitrobenzo[c][1,2,5]selenadiazole (2c). Yield, 8.16 g (86 %), yellow solid, mp 215 °C (227 [22] [lit]). 
TLC: EtOAc:PE 1:3, Rf, 0.4. 1H NMR (400 MHz, DMSO-d6 ) δ 7.76 (dd, J = 8.9, 7.3 Hz, 1H), 8.30 (dd, 
J = 9.0, 1.1 Hz, 1H), 8.47 (dd, J = 7.3, 1.1 Hz, 1H); MS (EI, 70 eV), m/z (I rel (%)): 228 [M] + (86), 76 
(100), 103 (78), 52 (47), 198 (47).  

Benzo[c][1,2,5]oxadiazol-4-amine (3a). In a 250 mL Erlenmeyer flask was equipped with Teflon-
coated magnetic stir bar and a reflux condenser, a 4-nitrobenzo[c][1,2,5]oxadiazole (18.2 mmol, 1 eq.) was 
mixed with concentrated hydrochloric acid (0.145 mol, 8 eq.), SnCl2·2H2O (90.9 mmol, 5 eq.), 70 mL of 
ethanol, and 30 mL of distilled water. The mixture was stirred at 45…50 °C up to 1 h. until completion 
of reaction (TLC control). The reaction mixture was cooled to r.t., diluted with water and extracted with 
DCM (350 mL). The organic layer was isolated, washed with NaHCO3 solution and brine, dried over 
Na2SO4, and concentrated in vacuo. The crude product was purified by flash column chromatography 
with petroleum ether-ethyl acetate as the eluent. 

Yield, 0.79 g (32 %), orange crystals, mp 108–110.5 °C (109–110 [23] [lit]). TLC: EtOAc:PE 1:3, 
Rf, 0.4. IR, ν/cm–1: 3460, 3360, 3225 (NH), 1635 (NH), 1560, 1530 (C=N-O), 1438, 1390 (N-O), 1315, 
1200, 1150, 1000, 889, 875, 845, 785, 730, 685, 615, 595, 530, 475. 1H NMR (400 MHz, DMSO-d6 ) 
δ 7.28 (dd, J = 8.9, 7.3 Hz, 1H), 6.98 (d, J = 8.9 Hz, 1H), 6.52 (s, 2H), 6.31 (d, J = 7.3 Hz, 1H); 
13C NMR (100 MHz, DMSO-d6) δ 150.0, 144.7, 137.1, 135.2, 104.3, 99.6. MS (EI, 70 eV), 
m/z (I rel (%)): 135 [M] + (100), 51 (36), 52 (35), 78 (28), 117 (27). Anal. Calcd for C6H5N3O: C, 53.33; 
H, 3.73; N, 31.10; O, 11.84. Found: C, 53.29; H, 3.58; N, 30.57. 

Benzo[c][1,2,5]thiadiazol-4-amine (3b). In a 250 mL Erlenmeyer flask was equipped with Teflon-
coated magnetic stir bar and a reflux condenser, 4-nitrobenzo[c][1,2,5]thiadiazole (16.6 mmol, 1 eq.) 
was mixed with iron powder (58.0 mol, 3.5 eq.), 5 mL of concentrated acetic acid, and 100 mL of dis-
tilled water. The mixture was stirred at 55…60 °C up to 2 h. until completion of reaction (TLC control). 
The reaction mixture was cooled to r.t., diluted with water and extracted with DCM (350 mL). The or-
ganic layer was isolated, washed with NaHCO3 solution and brine, dried over Na2SO4, and concentrated 
in vacuo. The crude product was purified by column chromatography with petroleum ether-ethyl acetate 
as the eluent. 

Yield, 1.68 g (67 %), yellow crystals, mp 67–67.5 °C (65.1–66.3 [21] [lit]). TLC: EtOAc:PE 1:3, 
Rf, 0.6. IR, ν/cm–1: 3355, 3295, 3185 (NH), 1630, 1605, 1545, 1490, 1430, 1370, 1345, 1290, 1275, 
1150, 1075, 1020, 960, 900, 875, 850, 835, 800, 740, 610, 565, 515, 475, 460. 1H NMR (400 MHz, 
DMSO-d6 ) δ 7.40 (dd, J = 8.6, 7.4 Hz, 1H), 7.13 (dd, J = 8.7, 0.7 Hz, 1H), 6.58 (dd, J = 7.4, 0.7 Hz, 
1H), 6.20 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 155.6, 147.3, 141.0, 132.1, 106.6, 104.8. MS (EI, 
70 eV), m/z (I rel (%)): 151 [M] + (100), 124 (22), 92 (16), 66 (9), 152 (9). Anal. Calcd for C6H5N3S: 
C, 47.66; H, 3.33; N, 27.79; S, 21.21. Found: C, 47.53; H, 3.00; N, 27.70. 

Benzo[c][1,2,5]selenadiazol-4-amine (3c). In a 250 mL Erlenmeyer flask was equipped with Tef-
lon-coated magnetic stir bar and a reflux condenser, a 4-nitrobenzo[c][1,2,5]selenadiazole (13.2 mmol, 
1 eq.) was mixed with iron powder (0.105 mol, 8 equiv), ammonium chloride (65.8 mmol, 5 equiv), 
80 mL of ethanol, and 20 mL of distilled water. The mixture was stirred at 60…65 °C up to 2 h until 
completion of reaction (TLC control). The reaction mixture was cooled to r.t., diluted with water and 
extracted with DCM (350 mL). The organic layer was isolated, washed with brine, dried over Na2SO4, 
and concentrated in vacuo. The crude product was purified by column chromatography with petroleum 
ether-ethyl acetate as the eluent. 

Yield, 0.83 g (32 %), dark-red crystals, mp 153–154.5 °C (159–160 [24] [lit]). TLC: EtOAc:PE 1:3, 
Rf, 0.4. IR, ν/cm–1: 3345, 3295, 3185 (NH), 3070, 1710, 1630, 1605, 1525, 1490, 1475, 1435, 1380, 
1345, 1300, 1280, 1155, 1080, 1015, 960, 865, 800, 735, 605, 515, 470, 430. 1H NMR (400 MHz, 
DMSO-d6 ) δ 7.26 (dd, J = 8.8, 7.3 Hz, 1H), 6.94 (d, J = 8.9 Hz, 1H), 6.35 (d, J = 7.2 Hz, 1H), 6.01 (s, 2H); 
13C NMR (100 MHz, DMSO-d6) δ 160.8, 153.8, 141.8, 132.1, 109.2, 102.9. MS (EI, 70 eV),  
m/z (I rel (%)): 198 [M] + (7), 92 (100), 119 (97), 199 (75), 197 (38). Anal. Calcd for C6H5N3Se:  
C, 36.38; H, 2.54; N, 21.21; Se, 39.86. Found: C, 36.29; H, 2.22; N, 21.06.  
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Synthesis of doped g-C3N4 samples  
Molecular doping of g-C3N4 was considered as an in-situ conjugation of 4-

aminobenzo[c][1,2,5]chalcogenadiazol core through side-amino group of heptazine unit with upon 
thermal treatment of melamine. Melon chain is supposed to be formed simultaneously, with each hepta-
zine unit requiring 2 melamine molecules, according to the scheme. Thus, each doping level 5 would 
require 5 moles of dopant and (200–2*5) moles of melamine, according to Fig. 2. 

Melamine was grinded with corresponding benzo[c][1,2,5]chalcogendiazol-4-amine. The mixture 
was calcined at 550 °C for 9 h in closed alumina crucible in argon atmosphere. The pristine g-C3N4 was 
obtained similarly, without adding the dopant. Each sample doped with oxygen-, sulfur- and selenium- con-
taining heterocycle was assigned as BODX, BTDX, BSDX, respectively, where X is a doping level in %. 

 
Fig. 2. Stoichiometry of the graphitic carbon nitride formation 

 
Characterization of precursors and carbon nitride samples  
Morphology of materials was studied with Scanning electron microscopy (SEM) using JEOL JSM 

7001F. Porosity characteristics were evaluated by N2 adsorption at 77K using an ASAP 2020 Microme-
ritics apparatus. X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultima IV diffractometer 
working at Cu Kα radiation (λ = 0.154 nm). A Jeol JEM-2100F transmission electron microscope 
(TEM) equipped with a field emission gun (FEG) was applied for TEM observations. CHN elemental 
analysis was performed on a 2400 Elemental Analyzer (PerkinElmer Inc.). Sulfur content was deter-
mined with IR-absorption analyzer LECO CS-230. Fourier transform infrared (FTIR) spectra were col-
lected using a Shimadzu IR Affinity spectrometer. UV-spectra recorded with Shimadzu UV-vis 2700 
spectrophotometer. The X-ray photoelectron spectroscopy (XPS) measurements were performed using 
monochromatic X-ray source XM1000 mounted on OMICRON ESCA+ spectrometer (Omicron Nano-
Technology, Taunusstein, Germany) with the Al-anode (the radiation energy 1486.6 eV and power 
300 W (15 kV, 20 μA)). Photoluminescence spectra of the investigated samples were obtained at am-
bient temperature with an Shimadzu 6000-RF spectrometer sensitive within 200–900 nm. A 365 nm CW 
LED laser was employed as the excitation source. 1H and 13C NMR spectra were recorded on a Bruker 
Avance 600 spectrometer at 400 and 125 MHz respectively. The electrochemical and electrophysical 
characteristics of the C3N4, ABOD, ABSD, and ABTD samples were studied by electrochemical imped-
ance spectroscopy (EIS) using a pulse potentiostat-galvanostat P-40X (“Electrochemical Instruments”) 
with an FRA-24M frequency analyzer. For EIS measurements, a three-electrode electrochemical cell 
(volume 50 mL) was used. The cell includes a platinum counter electrode, a saturated silver chloride 
reference electrode (ESR-10101-4.2) and a carbon-paste working electrode (CPE, working surface d = 2 mm, 
S = 0.0314 cm2). The material of the working electrode is a paste of the mixture graphene/sample = 
50/50 mg/mg and paraffin oil (0.25 mL). The CPE electrode was filled with the test material using a spa-
tula, followed by pressing with a current lead of the working electrode. The electrodes were immersed in 
a KCl solution (0.05 M), the distance between the electrodes was 1 cm. 

 
Photocatalytic experiment 
Photocatalytic decomposition of water with the production of hydrogen in the presence of the sa-

crificial agent was carried out in accordance with the standard methodology. A weighed portion of car-
bon nitride (50 mg) was suspended in 35 mL of a 10 vol % aqueous solution of triethanolamine. Plati-
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Results and discussion 
All synthesized samples PXRD peaks appeared at 2θ values of 12.8° and 27.7°, attributed to the 

(100) and (002) diffraction planes of the typical g-C3N4 motif composed of tri-s-triazine building blocks. 
The most intensive at 27.7 2θ degrees corresponds to the stacking distance 3.20 Å, while the weaker one 
at 12.8 degrees is the evidence of in-plane regularity with a period of 6.87 Å nm, and is attributed to a 
melon polymer chain motif [28] (Fig. 5a). 

All g-C3N4 samples FTIR spectra display three strong bands around 805 cm–1, 887 cm–1, 1100–
1700 cm–1, and 3000–3600 cm–1, ascribed to ring-sextant out-of-plane bending vibration of triazine 
units, the characteristic bending vibration of tri-s-triazine units [29], the stretching mode of aromatic CN 
heterocycles, and the N-H stretching vibration, respectively [30] (Fig. 5b). NMR spectra of the sulfuric 
acid dissolved carbon nitride samples are presented in Fig. 5c. All 13C peaks matches previously re-
ported spectra of g-C3N4 [31]. Three peaks at 152–160 ppm correspond to a heptazine corner atoms of 
melon and four peaks at 142–146 ppm are denoted to the bay atoms. 

 

  
 

a)            b)  
 

 
 

c) 
 

Fig. 5. Spectra of pristine carbon nitride and carbon nitride doped with 4-amino benzo[c][1,2,5]chalcogenadiazoles: 
a) PXRD; (b) FTIR; c) 13C NMR (where CN = pure C3N4; BOD5 = C3N4 doped by 5% BOD; BTD5 = C3N4 doped by 5% BTD; 

BSD = C3N4 doped by BSD) 
 

SEM microscopy did not reveal significant morphological differences between carbon nitride 
batches. Samples presented rock-like morphology without a certain pattern or hierarchical structure. He-
teroelemental doping was confirmed with SEM EDS microscopy (Fig. 6) with even distribution of chal-
cogens. Specific surface measured in all three series of samples slightly deviated from average value of 
30 m2·g–1 for pristine g-C3N4. 
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Fig. 6. SEM microphotographs and elemental mapping of the pristine carbon nitride (a), BOD5 (b),  
BTD5 (c), BSD5 (d) 
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Optical properties and photocatalytic activity of pristine and doped g-C3N4 
Optical properties of g-C3N4, including bandgap and optical absorption, were characterized to evaluate 

its capability of harvesting and utilizing visible photons. g-C3N4 is an indirect bandgap photocatalyst, UV-
spectra of carbon nitride samples doped at 5 % level, presented in Fig. 7a and Fig. 7b show major absorption 
cutoff below 450 nm. Heteromolecular doping significantly widened the absorption spectrum. The major 
absorption edge was considered for the bandgap calculation.[32, 33]. Pristine carbon nitride bandgap values 
are close to the previously identified bandgap (2.7 eV [34]), whereas doping with oxygen, sulfur and sele-
nium containing heterocycles lowered bandgap down to 2.41, 2.00 and 1.88 eV, respectively. 

            
      a)                          b) 

 
c) 

Fig. 7. UV-reflectance spectra (a), Tauc plot (b) and PL-spectra (c) of the doped samples  
(where A = pure C3N4; B = C3N4 doped by 5% BOD; C = C3N4 doped by 5% BTD; D = C3N4 doped by 5% BSD) 

 
Improved charge separation may enhance the photocatalytic activity of g-C3N4 because of an in-

creased amount of charge carriers for photocatalytic reactions. Room temperature photoluminescence 
(PL) spectra depicted in Fig. 7c show a significant difference in radiative recombination of photosepa-
rated charge carriers in pristine carbon nitride and doped samples. Stabilization of charge carriers is im-
portant for heterogeneous photocatalytic reactions as it facilitates their migration to the surface. Ben-
zo[c][1,2,5]thiadiazole doped sample demonstrated the best charge stabilization among chalcogens. 

Electrochemical Mott–Schottky plots of carbon nitride and doped samples show typical n-type cha-
racter (Fig. 8a). The obtained flat band potentials and bandgap energies provide the band structures 
(Fig. 8b). The levels of the band potentials were calculated relative to the potential of a standard hydro-
gen electrode (SHE) and vacuum. Molecular doping with 4-aminobenzo[c][1,2,5]chalcogenadizoles al-
most did not affect the LUMO level, and so the most of the bandgap shortening occurred due to HOMO 
level upshift. 
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            a) b) 

 
Fig. 8. Mott-Schottky plot (a) and energy band diagrams (b) for g-С3N4, BOD5, BTD5 and BSD5 versus vacuum scale 

and standard hydrogen electrode (where A = pure C3N4; B = C3N4 doped by 5% BOD; C = C3N4 doped by 5% BTD; 
D = C3N4 doped by 5% BSD) 

 
Hydrogen evolution rates in the photocatalytic reaction of water splitting on the pristine carbon ni-

tride and its doped derivatives are given in Fig. 9, where sample modified with ben-
zo[c][1,2,5]selenadiazole demonstrates superior activity. This high hydrogen productivity is in agree-
ment with the bandgaps developed upon molecular doping. A somewhat surprising suppression of pho-
tocatalytic activity is also observed for the samples doped with the oxa- and thia-derivatives. Derived 
hydrogen evolution rate for BSD5 was found to be 72 μmol/h. This level of hydrogen production is be-
low previously reported maximum production (see Table 1) and require further development to optimize 
electronic structure of the photocatalytic material. 

 
 

 
Fig. 9. Photocatalytic hydrogen evolution 

 
Table 1  

Hydrogen evolution rates for various catalysts based on molecular doped carbon nirtide 

Hydrogen evolution rate, μmol*h–1 Weight of the catalyst, mg Ref. 
131 100 [35] 
226 100 [36] 
278 100 [37] 
29,4 100 [38] 
317 100 [39] 
229 100 [40] 
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Table 1 (end)  

Hydrogen evolution rate, μmol*h–1 Weight of the catalyst, mg Ref. 
31 20 [41] 
15 50 [42] 

535 50 [43] 
106.2 100 [44] 
436 100 [45] 
31  50 (A – CN) 

This work 25  50 (B – BOD) 
18  50 (C – BTD) 
72  50 (D – BSD) 

 

Calculated structural and electronic features of pristine and doped g-C3N4 
We chose the fragment consist of three heptazine units, which initially has a flat structure, for the 

simulation of isolated melon molecule and its doped derivatives. The frontier molecular orbital’s energy 
differences (ΔEG) for isolated melon molecules substituted by one of benzo[c][1,2,5]chalcogenadiazoles 
are given in the Table 2.  

 
Table 2  

Calculated properties for doped g-C3N4 structures and experimental bandgap values, BG5% 

№ Name of compound 
Fragment 

of molecular 
structure 

ΔEG, 
eV 

E(HOMO), 
eV 

E(LUMO), 
eV 

BG5%, 
eV 

0 M/non dopant 

 

3.57 –6.32 –2.75 2.56 
(2.70*) 

1 BOD/benzo[c][1,2,5] 
oxadiazole 

 

3.23 –6.40 –3.16 2.41 

2 BTD/benzo[c][1,2,5] 
thiadiazole 

 

3.13 –6.23 –3.10 2.00 

3 BSD/benzo[c][1,2,5] 
selenadiazole 

 

2.93 –6.13 –3.20 1.88 

* Experimental BG, according to [34]. 
 
Electron-acceptor dopants based on benzo[c][1,2,5]chalcogenadiazoles replace the H atom of the 

primary amino group, i. e. locate in one of the vertices of the heptazine ring of M, while being in the 
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same plane with the bound heptazine fragment of melon. The pseudo planar arrangement of these fra
ments is associated with the effects of conjugati
supported by the possible formation of N…H

 

 
a) 

Fig. 10. Optimized doped melon structure with benzo[c][1,2,5]chalcogenadiazoles:

 
The degree of planarity or the atomics protrusion was determined as the maximum deviation of 

atomic positions that make up the melon fragment, along the Z coordinate from the XY M
ity of the melon molecule is a substantial 
system. Recent report on differently distorted carbon nitride molecular models demonstrated a planar 
system having the lowest bandgap
frontier orbital’s energies and the degree of planarity of the systems, r
molecule, the maximal atomic bulging from the M
tron-acceptor units containing benzo[c][1,2,
tine melon, particularly with Ch = Se as the best flattening dopant. Noteworthy, that the models of cov
lently doped melon, constructed taking into account the effect of the solvent (PCM model), 
flat structure. In these cases, the atomics protrusion from the M
(Fig. 11b).  
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Fig. 11. a) Correlation between the differences frontier orbital’s energies, 
b) Planarity, or out of М-plane atom bulging (in Å) for melon molecule and its covalently doped analogs

 
Modification of the structure with any dopants naturally affects the change in the E

Fig. 12b depicts the energy of frontier orbitals given relatively to the E
equal to – 6.32 eV. Dopant containing benzo[c][1,2
LUMO than those benzo[c][1,2,5]chalcogenadiazoles containing S and O. Overall substitution by ele
tron-acceptor molecules, increases the HOMO level and decreases LUMO level, which is in agreement 
with previous investigation of similary benzothiadiazole
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same plane with the bound heptazine fragment of melon. The pseudo planar arrangement of these fra
ments is associated with the effects of conjugation between the dopants and the heptazine ring, which is 
supported by the possible formation of N…H–C hydrogen bonds (Fig. 10). 

  
b) 

 
Optimized doped melon structure with benzo[c][1,2,5]chalcogenadiazoles:

Сh = O (a), Сh = S (b) and Сh = Se (c)  

The degree of planarity or the atomics protrusion was determined as the maximum deviation of 
atomic positions that make up the melon fragment, along the Z coordinate from the XY M
ity of the melon molecule is a substantial prerequisite for a full p-electron overlapping in delocalized 
system. Recent report on differently distorted carbon nitride molecular models demonstrated a planar 
system having the lowest bandgap [46], Fig. 11a shows a linear relationship between the 
frontier orbital’s energies and the degree of planarity of the systems, r2 = 0.99. For an undoped melon 
molecule, the maximal atomic bulging from the M-plane is 2.35 Å. Melon molecules doped with ele

acceptor units containing benzo[c][1,2,5]chalcogenadiazoles in their structure are flatter that pri
tine melon, particularly with Ch = Se as the best flattening dopant. Noteworthy, that the models of cov
lently doped melon, constructed taking into account the effect of the solvent (PCM model), 
flat structure. In these cases, the atomics protrusion from the M-plane increases by 0.02 Å on average 

M

2,33 2,34 2,35

M

 
                b) 

Fig. 11. a) Correlation between the differences frontier orbital’s energies, ΔEG and the degree of planarity of systems; 
plane atom bulging (in Å) for melon molecule and its covalently doped analogs

with and without solvation 

Modification of the structure with any dopants naturally affects the change in the E
depicts the energy of frontier orbitals given relatively to the EHOMO of undoped melon, which is

6.32 eV. Dopant containing benzo[c][1,2,5]selenadiazole, have stronger effect on HOMO and 
LUMO than those benzo[c][1,2,5]chalcogenadiazoles containing S and O. Overall substitution by ele

acceptor molecules, increases the HOMO level and decreases LUMO level, which is in agreement 
ious investigation of similary benzothiadiazole-doped system [34]. 
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same plane with the bound heptazine fragment of melon. The pseudo planar arrangement of these frag-
on between the dopants and the heptazine ring, which is 

 
c) 

Optimized doped melon structure with benzo[c][1,2,5]chalcogenadiazoles: 

The degree of planarity or the atomics protrusion was determined as the maximum deviation of 
atomic positions that make up the melon fragment, along the Z coordinate from the XY M-plane. Planar-

electron overlapping in delocalized 
system. Recent report on differently distorted carbon nitride molecular models demonstrated a planar 

shows a linear relationship between the differences 
99. For an undoped melon 

plane is 2.35 Å. Melon molecules doped with elec-
5]chalcogenadiazoles in their structure are flatter that pris-

tine melon, particularly with Ch = Se as the best flattening dopant. Noteworthy, that the models of cova-
lently doped melon, constructed taking into account the effect of the solvent (PCM model), have a less 

plane increases by 0.02 Å on average 

 

and the degree of planarity of systems; 
plane atom bulging (in Å) for melon molecule and its covalently doped analogs 

Modification of the structure with any dopants naturally affects the change in the EHOMO and ELUMO. 
of undoped melon, which is 

,5]selenadiazole, have stronger effect on HOMO and 
LUMO than those benzo[c][1,2,5]chalcogenadiazoles containing S and O. Overall substitution by elec-

acceptor molecules, increases the HOMO level and decreases LUMO level, which is in agreement 
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    a)                       b) 

 
Fig. 12. a) Energy gap between the HOMO and LUMO, ΔEG; b) Frontier MOs energy 

 
Covalent doping of melon with benzo[c][1,2,5]chalcogenadiazoles molecules localizes HOMO 

(Fig. 13) mainly on the accepting molecule, and LUMO – simultaneously both on the acceptor fragment 
and on the joint heptazine fragment. Selenium as an acceptor pulls the electron density of the conjugated 
electron system onto itself more strongly, increasing the delocalization of electrons, while the polariza-
bility of the system increases and forms planar structures. The maximum flattening of the structures and 
a change in the configuration of the energy bands leads to a specific localization of the MO’s and effec-
tive narrows the differences energies between frontier orbital’s. 

 

    
    a)                b)        c) 

 
Fig. 13. Localization of HOMO on melon doped by benzo[c][1,2,5]chalcogenadiazoles 

 а – BOD; b – BTD; c – BSD 
 
 
In this study, we have continued researches in the area of graphitic carbon nitride electronic struc-

ture modification for better photocatalytic performance. Inspired with the burst of organic semiconduc-
tor developments driven by donor-acceptor approach, we have introduced three ben-
zo[c][1,2,5]chalcogenadiazoles as acceptors into the carbon nitride scaffold in order to study the effect 
in a systematic manner. As expected, introduction of the molecular dopants positively affected photo-
physical properties of the modified materials: it increased the fraction of spectrum absorbed by the ma-
terial, and stabilized the photo-separated charges. Although selenium-containing dopant shortened band-
gap of the carbon nitride better, than other chalcogens, photo-separated charge stability of ben-
zo[c][1,2,5]thiadiazole doped sample was higher.  

Although hydrogen production with studied samples of doped carbon nitride showed a somewhat 
average activity, benzo[c][1,2,5]selenadiazole-doped sample demonstrated superior photoactivity toward 
hydrogen evolution reaction, possible due to lowest bandgap. 

The cluster calculation of the electronic and structural characteristics of the systems under study 
overestimates the values of differences frontier orbital’s energies. The calculated ΔEG and experimental 
BG5 % values have the same narrowing trend when g-C3N4 is modified with ben-
zo[c][1,2,5]chalcogenadiazoles. We have made sure that all considered dopants serves as electron-
acceptor blocks localizing most of the HOMO and partially LUMO electron density. Also, ben-
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zo[c][1,2,5]selenadiazole was found a geometry improving dopant, as it fixed the planarity of naturally 
curved melon structure better than other dopants. 

 
This work was financially supported by the Russian Foundation for Basic Research 

(Grant № 20-43-740024).  
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КОВАЛЕНТНОЕ ДОПИРОВАНИЕ g-C3N4 АКЦЕПТОРНЫМИ 
СТРУКТУРАМИ НА ОСНОВЕ 2,1,3-БЕНЗОХАЛЬКОГЕНДИАЗОЛОВ: 
ФОТОКАТАЛИЗ И ЭЛЕКТРОННАЯ СТРУКТУРА 
 
А.С. Чернуха1, Г.М. Зирник1, К.Э. Мустафина1, Н.С. Некорыснова1, 
А.Д. Абрамян1, Е.А. Григорьева1, O.И. Большаков1,2 
1 Южно-Уральский государственный университет, г. Челябинск, Россия 
2 Институт органической химии им. Н.Д. Зелинского, РАН, г. Москва, Россия 

 
Разработана методика термического синтеза in situ полупроводников на основе графитопо-

добного нитрида углерода (g-C3N4), допированного бензо[c][1,2,5]халькогендиазолами (халько-
ген Ch = O, S, Se). Бензо[c][1,2,5]халькогендиазолы получены ранее представленными в литера-
туре методами. Чистота полученных органических структур подтверждена методами ЯМР 1Н 
и 13С, ГХ-МС, методами ИК-спектроскопии, элементного анализа и установлением точки плав-
ления вещества. Методика получения образцов нитрида углерода заключается в спекании 
смеси меламина и требуемого акцепторного блока при 550 °С в нейтральной атмосфере со-
гласно специальной программе нагрева. Факт образования структуры для чистого и допиро-
ванного нитрида углерода был подтверждён методами порошковой дифрактометрии, 
ИК-спектроскопии и спектроскопии ядерного магнитного резонанса ядер 13С. Полупроводни-
ковые и иные свойства нитридно-углеродных материалов были исследованы методами 
УФ-спектроскопии, сканирующей электронной микроскопии со вспомогательной функцией 
рентгеноспектрального микроанализа, спектроскопией фотолюменисценции, циклической 
вольт-амперометрией, а также методом построения изотерм сорбции – десорбции азота. Про-
ведена серия фотокаталитических экспериментов по разложению воды под действием УФ-
излучения (λ = 365 нм) в присутствии образцов чистого и допированного нитрида углерода в 
качестве фотокатализатора, гексахлорплатиновой кислоты в качестве сокатализатора и три-
этаноламина в роли жертвенного агента для поглощения образующихся в ходе реакции «ды-
рок» (h+). Количество образовавшегося в ходе реакции разложения воды водорода определяли 
с использованием метода газовой хроматографии. Отбор проб производили каждый час. Ус-
тановлено, что все три допанта положительно влияют на фотофизические и каталитические 
свойства материалов. Квантово-химические расчеты подтвердили, что бен-
зо[c][1,2,5]халькогендиазолы играют роль акцепторных блоков, накапливающих большую 
часть электронной плотности ВЗМО. 

Ключевые слова: нитрид углерода, молекулярное допирование, ковалентное допирование, 
бензохалькогендиазолы, акцепторные блоки, фотокатализ, разложение воды, получение во-
дорода 
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