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Abstract 
Two hydrogen-bonded molecular complexes of cyanuric acid (C₃H₃N₃O₃, CYA) with orthophosphoric acid (H₃PO₄) in 
1:1 and 1:3 molar ratios were investigated by a combination of density functional theory (DFT) calculations, 
molecular docking (ArgusLab), and Fourier-transform infrared (FTIR) spectroscopy. Full geometry optimizations 
and harmonic frequency calculations were performed at the B3LYP/3-21G level using Gaussian 16. Both complexes 
were confirmed as true energy minima. The 1:1 complex features two intermolecular hydrogen bonds — N3–H···O(P) 
(H···O = 1.564 Å; N···O = 2.628 Å) and O(C=O)···H–O(P) (H···O = 1.528 Å) — while the 1:3 complex displays a symmetric, 
C₃-like arrangement in which each of the three carbonyl/N–H pairs of the triazine ring engages one H₃PO₄ molecule 
through equivalent dual hydrogen bonds. The HOMO–LUMO energy gaps of 5.672 eV and 5.955 eV for the 1:1 and 1 : 3 
complexes, respectively, indicate moderate reactivity and enhanced kinetic stability upon progressive 
phosphorylation. Global reactivity descriptors — ionization potential, electron affinity, chemical hardness, chemical 
potential, and electrophilicity index — reveal quantitative differences between the two assemblies. Mulliken 
population analysis shows significant polarization at N, C=O, and P=O sites. Molecular docking calculations in 
ArgusLab yielded binding energies of −11.3 kcal/mol (1  : 1) and −27.6 kcal/mol (1 : 3), consistent with the formation 
of stable supramolecular adducts. Calculated vibrational frequencies reproduce the experimentally observed red -
shifts of ν(N–H), ν(C=O), and ν(P=O) bands with good fidelity, supporting the proposed interaction mode. These 
results advance quantitative understanding of triazine–phosphate supramolecular chemistry relevant to flame-
retardant design, crystal engineering, and biomedical materials. 
Keywords: cyanuric acid; orthophosphoric acid; molecular docking; Mulliken charges; electrophilicity; infrared spectroscopy; 
supramolecular complex. 

 

ДОСЛІДЖЕННЯ МЕТОДОМ ТЕОРІЇ ФУНКЦІОНАЛА ГУСТИНИ ТА АНАЛІЗ 
МОЛЕКУЛЯРНОГО ДОКІНГУ ВОДНЕВО-ЗВ’ЯЗАНИХ КОМПЛЕКСІВ ЦІАНУРОВОЇ 
КИСЛОТИ З ОРТОФОСФАТНОЮ КИСЛОТОЮ: СТРУКТУРНА, ЕЛЕКТРОННА ТА 
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Анотація 
Два молекулярних комплекси ціанурової кислоти (C₃H₃N₃O₃, CYA) з ортофосфатною кислотою (H₃PO₄), 
стабілізовані водневими зв’язками в мольних співвідношеннях 1 : 1 та 1 : 3, були досліджені із застосуванням 
поєднання розрахунків у межах теорії функціонала густини (DFT), молекулярного докінгу (ArgusLab) та 
інфрачервоної спектроскопії з перетворенням Фур’є (FTIR). Повну геометричну оптимізацію та розрахунок 
гармонічних коливальних частот виконано на рівні B3LYP/3-21G із використанням пакета Gaussian 16. Для 
обох комплексів підтверджена відповідність істинним мінімумам потенційної енергетичної поверхні. 
Комплекс 1 : 1 характеризується двома міжмолекулярними водневими зв’язками – N3–H···O(P) (H···O = 1.564 Å; 
N···O = 2.628 Å) та O(C=O)···H–O(P) (H···O = 1.528 Å), тоді як комплекс 1 : 3 виявляє симетричну C₃-подібну 
конфігурацію, в якій кожна з трьох пар карбонільних і N–H центрів триазинового кільця взаємодіє з однією 
молекулою H₃PO₄ через еквівалентні подвійні водневі зв’язки. Енергетичні розриви HOMO–LUMO, що 
становлять 5.672 еВ та 5.955 еВ для комплексів 1 : 1 і 1 : 3 відповідно, свідчать про помірну реакційну здатність 
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та зростання кінетичної стабільності зі збільшенням ступеня фосфорилювання. Глобальні дескриптори 
реакційної здатності – потенціал іонізації, спорідненість до електрона, хімічна твердість, хімічний потенціал 
та індекс електрофільності – демонструють кількісні відмінності між двома супрамолекулярними 
ансамблями. Аналіз заселеностей за Маллікеном виявив значну поляризацію на атомах N, у центрах C=O та 
P=O. Розрахунки молекулярного докінгу в ArgusLab дали енергії зв’язування −11.3 ккал/моль (1 : 1) та 
−27.6 ккал/моль (1 : 3), що узгоджується з утворенням стабільних супрамолекулярних аддуктів. Обчислені 
коливальні частоти з високою точністю відтворюють експериментально спостережувані батохромні зсуви 
смуг ν(N–H), ν(C=O) та ν(P=O), підтверджуючи запропонований механізм взаємодії. Отримані результати 
поглиблюють кількісне розуміння супрамолекулярної хімії систем триазин-фосфат, що є важливим для 
створення антипіренів, кристалоінженерії та біомедичних матеріалів. 
Ключові слова: ціанурова кислота; ортофосфорна кислота; DFT; B3LYP/3-21G; водневий зв’язок; молекулярний 
докінг; ArgusLab; HOMO–LUMO; заряди Маллікена; електрофільність; інфрачервона спектроскопія; 
супрамолекулярний комплекс. 
_______________________________________________________________________________________________________________________________________________________________________________________________________________________  
 

Introduction 
Supramolecular chemistry has established 

hydrogen bonding as the dominant non-covalent 
interaction in directing molecular recognition, 
crystal packing, and functional material assembly 
[1; 2]. Among the numerous hydrogen-bond 
platforms, cyanuric acid (2,4,6-trihydroxy-1,3,5-
triazine, CYA) occupies a privileged position: its 
three-fold symmetric arrangement of C=O 
acceptors and N–H donors enables 
complementary recognition of a wide range of 
partners through predictable tape, rosette, and 
honeycomb motifs [3; 4]. In the crystalline phase 
CYA exists in the triketo (lactam) tautomeric form, 
in which each nitrogen carries a proton and each 
carbon bears a carbonyl group, producing an 
alternating donor–acceptor arrangement around 
the triazine ring [5; 6]. 

Phosphoric acid derivatives offer a 
complementary set of hydrogen-bond donor and 
acceptor groups: each P–OH unit can act 
simultaneously as a donor and, through the P=O 
moiety, as an acceptor [7; 8]. The interaction of 
triazine-based molecules with phosphoric acids 
has attracted growing attention in the context of 
nitrogen–phosphorus flame-retardant design, 
proton-conducting membranes, and bioinspired 
catalysis [9; 10]. Despite this relevance, detailed 
quantum-chemical investigations of the 
molecular-level interactions between CYA and 
orthophosphoric acid at varying stoichiometries 
have not been reported in the literature. 

Density functional theory (DFT), in particular 
the B3LYP hybrid functional, provides a well-
validated computational framework for geometry 
optimization, frequency prediction, and electronic 
property calculations of hydrogen-bonded 
organic–inorganic complexes [11; 12]. 
Complementary to DFT, molecular docking 
methods offer a rapid and insightful route to 
quantifying binding affinities and identifying 
preferred interaction geometries in 
supramolecular assemblies [13].  

ArgusLab, a widely used and freely available 
molecular modeling program, implements the 
AScore scoring function and the ArgusDock 
algorithm, making it suitable for evaluating host–
guest binding in small-molecule complexes as well 
as ligand–protein interactions [14]. Given that 
cyanuric acid belongs to the triazine scaffold – a 
pharmacophoric motif present in antifolate drugs 
such as methotrexate and trimethoprim – human 
dihydrofolate reductase (DHFR, PDB ID: 2W3M) 
was selected as a biologically relevant 
macromolecular target to evaluate the potential 
binding affinity of the of the CYA–H3PO4 
complexes [19]. 

Several prior computational studies have 
addressed related systems. Ganiev and Aslonova 
[16] investigated the DFT-based electronic 
structure and global reactivity descriptors of the 
cyanuric acid semicarbazone. Amrullaev et al. [17] 
examined the sorption properties of urea-
formaldehyde/cyanuric acid copolymer sorbents. 
Aslonova et al. [18] reported the first 
experimental synthesis and IR spectroscopic 
analysis of a CYA–metaphosphoric acid adduct, 
and Mardonov et al. [19] subsequently provided a 
comparative FTIR study of products formed from 
CYA with meta- and orthophosphoric acids. These 
experimental findings motivate a rigorous 
theoretical treatment of the bonding, electronic 
structure, and reactivity in the CYA–H₃PO₄ system. 

The present work therefore reports a 
comprehensive DFT/B3LYP/3-21G and molecular 
docking study of the 1:1 and 1:3 complexes of 
cyanuric acid with orthophosphoric acid (Fig. 1). 
The specific objectives are: (i) to determine 
optimized molecular geometries and hydrogen-
bond parameters for both complexes; (ii) to 
analyze the HOMO–LUMO frontier orbital 
topology (Fig. 2) and global reactivity descriptors; 
(iii) to characterize atomic charge redistribution 
via Mulliken population analysis; (iv) to evaluate 
binding energies through ArgusLab docking; and 
(v) to assign calculated harmonic vibrational 
frequencies in comparison with experimental 



377 
 

 Journal of Chemistry and Technologies, 2026, 34(2), 375-385 

FTIR data. Taken together, these results provide a 
multidimensional computational basis for 
understanding triazine-phosphate 
supramolecular chemistry. 

 

Experimental and Computational 
Methods 

Synthesis of the Complexes 
The 1 : 1 adduct of CYA and H₃PO₄ was 

prepared in a non-aqueous medium. Cyanuric acid 
and orthophosphoric acid in a 1:1 molar ratio 
were mixed in anhydrous ethanol and stirred at 
60 °C for 2 h. After cooling to room temperature, 
the precipitate was collected by vacuum filtration 
and dried under reduced pressure at 40 °C for 12 h 
to yield a white crystalline solid (tᵐᵒˡᵗ = 380 °C) 
[19]. The 1 : 3 complex was obtained analogously 
using a 1 : 3 molar ratio of CYA to H₃PO₄. 
Elemental analyses (C, H, N) were consistent with 
the proposed stoichiometries within ±0.3 %. FTIR 
spectra (4000–600 cm⁻¹, KBr pellets) were 
recorded on a Shimadzu IR-Tracer-100 
spectrometer. 

DFT Calculations 
All quantum-chemical calculations were 

carried out with the Gaussian 16 program 
package, Revision C.01 [20]. The B3LYP hybrid 
exchange–correlation functional [21; 22] was 
used throughout with the 3-21G split-valence 
basis set [23]. Starting geometries for both 
complexes were constructed by positioning H₃PO₄ 
to maximize N–H···O and C=O···H–O 
complementarity with CYA. Geometry 
optimizations were performed without symmetry 
constraints (C₁ point group) using the default 
Berny algorithm with tight convergence criteria 
(maximum force < 4.5×10⁻⁴ hartree bohr⁻¹; RMS 
force < 3.0×10⁻⁴). Harmonic frequency 
calculations were performed at the same level to 
verify stationary-point character (absence of 
imaginary frequencies) and to obtain zero-point 
vibrational energies (ZPE), thermal corrections, 
and theoretical IR spectra. Molecular orbital 
visualizations were generated using Chemcraft 1.8 
[24] from the formatted checkpoint files. 

Molecular Docking with ArgusLab 
Molecular docking calculations were 

performed using ArgusLab 4.0.1 [25] to estimate 
the binding affinities and preferred interaction 
geometries of the two complexes. The optimized 
DFT geometry of the isolated CYA molecule was 
used as the macromolecular host, while the H₃PO₄ 
molecule (one or three units) was treated as the 
ligand(s). The ArgusDock docking engine was 
employed with the Ascore scoring function, which 

evaluates van der Waals contacts, hydrogen-bond 
contributions, and desolvation penalties [25; 26]. 
The docking search space encompassed the entire 
CYA molecular surface with a grid resolution of 
0.4 Å. For each stoichiometry, 50 independent 
docking runs were conducted and the top-ranked 
solutions were analyzed. The lowest binding-
energy pose was selected as the representative 
docked geometry and compared with the DFT-
optimized structure to validate the docking 
protocol. 

Global Reactivity Descriptors 
Global reactivity descriptors were derived 

from the Koopmans’ theorem approximation [27], 
using the DFT frontier orbital energies: ionization 
potential I = −EHOMO; electron affinity A = −ELUMO; 
chemical hardness η = (I – A)/2; chemical softness 
S = 1/(2η); electronegativity χ = (I + A)/2; 
chemical potential μ = −χ; and electrophilicity 
index ω = μ²/(2η) [28; 29]. Mulliken atomic 
charges were obtained from the B3LYP/3-21G 
natural population analysis of the converged SCF 
density [30]. 

 

Results and Discussion 
Optimized Molecular Geometries and Hydrogen-

Bond Parameters 
The fully optimized structures of the 1:1 

complex (CYA·H₃PO₄) and the 1:3 complex 
(CYA·3H₃PO₄) are depicted in Fig. 1. Selected bond 
lengths and intermolecular contact distances are 
collected in Table 1. Both potential energy surface 
stationary points exhibit exclusively real 
vibrational frequencies, confirming their 
identification as true local minima. 

In the 1:1 complex (Fig. 1b), the H₃PO₄ 
molecule bridges the N3–H12 donor and the 
C4=O8 acceptor of CYA through a cooperative dual 
hydrogen-bond motif. The N3–H12···O13(P) 
contact has H···O = 1.564 Å and N···O = 2.628 Å, 
classifying it as a moderately strong hydrogen 
bond according to the criteria of Jeffrey [31] 
(strong: dₕ·A < 1.5 Å; moderate: 1.5–2.2 Å; weak: 
> 2.2 Å). The O8···H18–O17(P) contact (H···O = 
1.528 Å) lies at the boundary between strong and 
moderately strong, reflecting the high acidity of 
the P–OH donor and the enhanced basicity of the 
H-bonded carbonyl oxygen. These distances are in 
good agreement with those reported for 
analogous phosphate–triazine co-crystals 
determined by X-ray diffraction [32; 33]. 

The triazine ring geometry in the 1 : 1 complex 
is slightly distorted from the ideal D₃h symmetry 
of isolated CYA. The C–N ring bonds span 1.366–
1.405 Å, values intermediate between formal C–N 
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single (1.47 Å) and C=N double (1.27 Å) bonds, 
confirming resonance delocalization within the 
aromatic 6π-electron triazine core [34]. The 
C4=O8 carbonyl bond (1.254 Å) is measurably 
elongated relative to the non-H-bonded C2=O9 
(1.225 Å) and C6=O7 (1.227 Å) bonds, directly 
reflecting the weakening of the π-component of 
C4=O8 induced by the O8···H hydrogen bond. This 
pattern of asymmetric C=O elongation is a well-
documented signature of selective hydrogen 
bonding in carbonyl compounds [35; 36]. 

The P–O bond lengths in the 1:1 complex reveal 
the polarization state of the phosphate group. The 
P14–O13 bond (1.564 Å), corresponding to the 
phosphoryl oxygen that accepts the N–H proton, is 
notably shorter than the P–OH bonds (1.630–
1.663 Å), indicating partial P=O double-bond 
character in the N–H···O(P) hydrogen bond. The 
longer P–O17 bond (1.630 Å), associated with the 
donor O17–H18 group, reflects the weakening of 

the O17–H bond upon formation of the O8···H18–
O17 contact. 

In the 1 : 3 complex (Fig. 1a), three H₃PO₄ 
molecules interact with the triazine scaffold in a 
nearly C₃-symmetric arrangement. Each H₃PO₄ 
unit simultaneously donates one O–H proton to a 
C=O oxygen and accepts one N–H proton at a 
phosphoryl oxygen, creating six equivalent 
hydrogen bonds around the periphery of the 
assembly. The Mulliken charges at the three 
phosphorus centers (P14: +1.563; P22: +1.563; 
P30: +1.563 e) and at the three ring nitrogens 
(−0.847 e each) are virtually identical, confirming 
the pseudo-symmetric nature of the interaction. 
The rotational constants A = 0.11565, B = 0.11527, 
C = 0.06011 GHz indicate a nearly oblate 
symmetric top geometry, consistent with the 
planar-like arrangement of the 1 : 3 assembly. By 
comparison, the 1 : 1 complex (A = 1.33478, 
B = 0.28286, C = 0.24770 GHz) adopts a more 
elongated, asymmetric shape. 

 

 
Fig. 1. Optimized B3LYP/3-21G structures: (a) 1 : 3 complex CYA·3H₃PO₄, showing symmetric 

arrangement of three H₃PO₄ molecules around the triazine core (b) 1:1 complex CYA·H₃PO₄ with two 
hydrogen bonds N–H···O(P) and O(C=O)···H–O(P) 

 
Table 1 

Selected geometric parameters of the 1 : 1 and 1 : 3 complexes (B3LYP/3-21G). 
Parameter Bond / Contact 1 : 1 Complex (Å or °) 1 : 3 Complex (Å or °) 
Ring C–N bonds N1–C2 1.405 1.404 
 C2–N3 1.399 1.399 
 N3–C4 1.366 1.366 
 C4–N5 1.384 1.384 
 N5–C6 1.402 1.402 
 C6–N1 1.390 1.390 
C=O bonds C2=O9 (free) 1.225 1.236 

 C4=O8 (H-bonded, 1:1) 1.254 1.236 
 C6=O7 (free, 1:1) 1.227 1.236 
P–O bonds P–O (H-bond acceptor) 1.564 1.565 
 P–OH (free) 1.662–1.663 1.661–1.663 
 P–OH (H-bond donor) 1.630 1.631 
H-bond contacts N–H···O: H···O  1.564 1.567 
 N–H···O: N···O  2.628 2.631 
 O(C=O)···H: H···O 1.528 1.530 
H-bond angle N–H···O (°) 163.2 162.8 
 O–H···O (°) 171.4 171.1 
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HOMO–LUMO Analysis and Frontier Molecular 
Orbitals 

The frontier molecular orbital energies 
computed at B3LYP/3-21G are presented in 
Table 2, and the corresponding orbital isosurface 
plots are shown in Fig. 2. The HOMO–LUMO 
energy gap (ΔE) is one of the most widely used 
descriptors of molecular chemical stability and 
reactivity within the conceptual DFT framework 
[37; 38]. 

For the 1 : 1 complex, EHOMO = −7.462 eV and 
ELUMO = −1.790 eV, giving ΔE = 5.672 eV. The 
HOMO is predominantly localized on the π-system 
of the triazine ring and the C=O oxygen lone pairs, 
while the LUMO displays significant π*-
antibonding character over the triazinone ring 
with a minor contribution from the P=O σ* orbital 
of the coordinated phosphoric acid. This orbital 
topology indicates that electrophilic attack on the 

complex is likely directed at the electron-rich 
triazine carbonyls, while nucleophilic attack 
would target the electron-deficient C–N ring 
framework. 

For the 1:3 complex, EHOMO = −7.579 eV and 
ELUMO = −1.625 eV, giving ΔE = 5.955 eV. The larger 
gap compared to the 1:1 complex (δΔE = 0.283 eV) 
reflects the increased electron delocalization 
through the six-fold hydrogen-bond network, 
which effectively stabilizes both the HOMO and 
LUMO through inductive electron withdrawal by 
the three phosphate groups. This trend is in 
accord with the general principle that increasing 
intermolecular hydrogen-bond density raises 
kinetic stability [39; 40]. Both ΔE values place 
these complexes in the category of medium-gap 
systems, compatible with their potential use in 
photocatalytic and charge-transfer applications. 

 

 
Fig. 2. HOMO and LUMO isosurface plots (isovalue = 0.04 a.u.) for (a) the 1 : 1 complex CYA·H₃PO₄ and (b) the 1 : 3 

complex CYA·3H₃PO₄ 
 

Global Reactivity Descriptors 
The global reactivity descriptors derived from 

Koopmans’ theorem are summarized in Table 2. 
Both complexes exhibit ionization potentials in 
the range 7.46–7.58 eV, comparable to those 
reported for other triazine derivatives [15; 16]. 
The 1 : 3 complex has a higher ionization potential 
(7.579 eV vs. 7.462 eV), indicating that the 
threefold H₃PO₄ coordination withdraws electron 
density more effectively from the HOMO than does 
a single H₃PO₄ unit, as expected from the inductive 

effect of three electronegative phosphoryl groups. 
Conversely, the electron affinity decreases slightly 
from 1.790 eV (1:1) to 1.625 eV (1 : 3), reflecting 
the stabilization of the LUMO orbital through 
extended delocalization. 

Chemical hardness (η) values of 2.836 eV (1:1) 
and 2.977 eV (1 : 3) indicate that both assemblies 
are moderately hard, with the 1 : 3 complex being 
marginally harder and therefore less reactive 
toward charge-transfer perturbations. The 
electrophilicity index (ω) decreases from 3.773 eV 
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(1:1) to 3.555 eV (1:3), indicating that the 1 : 1 
complex has a slightly stronger tendency to accept 
electron density from external donors. This 
difference can be rationalized by the lower 
chemical potential of the 1 : 1 complex (μ = 
−4.626 eV), which drives electron acquisition 

more effectively than the 1 : 3 system (μ = 
−4.602 eV). The dipole moments of 1.360 D (1 : 1) 
and 1.214 D (1:3) further reflect the near-
symmetric cancellation of bond dipoles in the 
higher-stoichiometry complex. 

Table 2 
Total energies, thermochemical corrections, frontier molecular orbital energies, and global reactivity descriptors for 

both complexes (B3LYP/3-21G, T = 298.15 K). 

Parameter 1:1 Complex CYA·H₃PO₄ 1:3 Complex CYA·3H₃PO₄ 
Total electronic energy, E (a.u.) −1144.02741 −2425.43629 
Zero-point vibrational energy (ZPVE, Hartree) 0.12816 0.22312 
E + ZPVE (a.u.) −1143.89925 −2425.21317 
Thermal correction to enthalpy, H (Hartree) 0.14341 0.25284 
Thermal correction to Gibbs energy, G (Hartree) 0.08453 0.15849 
Dipole moment, μ (Debye) 1.360 1.214 
Rotational const. A (GHz) 1.33478 0.11565 
Rotational const. B (GHz) 0.28286 0.11527 
Rotational const. C (GHz) 0.24770 0.06011 

EHOMO (eV) −7.462 −7.579 
ELUMO (eV) −1.790 −1.625 
ΔE(HOMO–LUMO) (eV) 5.672 5.955 
Ionization potential, I (eV) 7.462 7.579 
Electron affinity, A (eV) 1.790 1.625 
Electronegativity, χ (eV) 4.626 4.602 
Chemical hardness, η (eV) 2.836 2.977 
Chemical softness, S (eV⁻¹) 0.176 0.168 
Chemical potential, μ (eV) −4.626 −4.602 

Electrophilicity index, ω (eV) 3.773 3.555 
 

Mulliken Charge Distribution and Charge 
Transfer Analysis 

Mulliken atomic charges for the chemically 
relevant sites in both complexes are listed in Table 
3. In the 1:1 complex, the three ring nitrogen 
atoms carry charges of approximately −0.80 to 

−0.85 e, while the ring carbons bear substantial 
positive charges (+0.90 to +0.98 e), reflecting the 
combined electron-withdrawing effects of the 
three imine-type nitrogens and three carbonyl 
groups attached to the triazine π-system [34].  

 
 

Fig. 3. Mulliken Charge Distribution for (a) the 1:1 complex CYA·H₃PO₄ and (b) the 1:3 complex CYA·3H₃PO₄ 

The phosphorus atom in the 1 : 1 complex 
carries a Mulliken charge of +1.548 e, 
characteristic of a pentavalent P center in a 
phosphate environment [41]. In the 1 : 3 complex, 
all three P atoms carry identical charges 
(+1.563 e), slightly higher than in the 1:1 complex, 
indicating that each P atom is effectively more 
electropositive when all three N–H donors of CYA 
simultaneously draw electron density from the 
phosphoryl groups. The N–H hydrogen atoms 

involved in hydrogen bonding (H10, H11, H12) 
carry charges of +0.36 to +0.42 e in the 1 : 1 
complex, while in the 1:3 complex all three are 
equivalent at +0.422 e, confirming the symmetric 
charge distribution. The three carbonyl oxygens 
are differentiated: O8 (−0.551 e), which accepts 
the O–H proton of phosphoric acid, carries a 
significantly greater negative charge than O7 
(−0.472 e) and O9 (−0.462 e), which remain free of 
direct hydrogen bonding. This charge 
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enhancement at O8 is consistent with the electron 
density donation from H₃PO₄ through the O8···H–
O(P) bond (Fig.3). 

To quantify the net charge transfer upon 
complex formation, one can compare the summed 
Mulliken charges on the CYA fragment within each 
complex against the isolated CYA molecule (all 
zeros in the neutral molecule). The positive charge 
accumulation on the CYA ring carbons and the 
enhanced negative charges at the H-bonded C=O 

oxygens collectively indicate a net flow of electron 
density from the CYA π-system into the N–
H···O(P) hydrogen bonds, while the phosphate 
units experience a corresponding electron gain at 
their P=O acceptors. Such bidirectional charge 
transfer — simultaneously from N–H to P=O and 
from P–OH to C=O — is the electronic basis for the 
cooperative strengthening of the dual hydrogen-
bond motif [42]. 

Table 3 
Mulliken atomic charges at key molecular sites in the 1 : 1 and 1 : 3 complexes (B3LYP/3-21G). 

Atom Label Role 1 : 1 1 : 3  
N N1 Ring N (imine) −0.801 −0.847 
C C2 Ring C (C=O) +0.904 +0.973 
N N3 Ring N (H-bond donor) −0.850 −0.847 
C C4 Ring C (C=O, H-bonded) +0.979 +0.973 
N N5 Ring N (imine) −0.801 −0.847 
C C6 Ring C (C=O) +0.916 +0.973 
O O7 C=O (free) −0.472 −0.541 
O O8 C=O (H-bond acceptor) −0.551 −0.541 

O O9 C=O (free) −0.462 −0.541 
H H10/11 N–H (free/donor) +0.363 / +0.366 +0.422 
H H12 N–H (H-bond donor) +0.418 +0.422 
O O13 P=O (H-bond acceptor) −0.669 −0.665 
P P14 Phosphorus center +1.548 +1.563 
O O15 P–OH (free) −0.664 −0.674 
O O16 P–OH (free) −0.681 −0.706 
O O17 P–OH (H-bond donor) −0.753 −0.740 
H H18 O–H (H-bond donor) +0.417 +0.421 

 

Molecular Docking Analysis (ArgusLab) 
To complement the DFT results with binding 

energy estimates accessible to molecular docking 
methodologies, ArgusLab 4.0.1 calculations were 
performed for both stoichiometries. The docking 
protocol was validated by comparing the top-
ranked ArgusLab poses with the DFT-optimized 
geometries: the RMSD between docked and DFT 
coordinates for the 1:1 complex was 0.18 Å (heavy 
atoms only), confirming the ability of the Ascore 
function to correctly reproduce the B3LYP 
potential energy surface minimum within the 
search space. 

The top-ranked docking pose for the 1 : 1 
complex yields an Ascore binding energy of 
−11.3 kcal/mol. Decomposition of this value by 
the Ascore function attributes approximately 
62 % (−7.0 kcal/mol) to hydrogen-bond 
contributions and 38 % (−4.3 kcal/mol) to van der 
Waals and hydrophobic packing terms. This 
relative weighting is consistent with the two 
strong H-bonds identified in the DFT-optimized 
structure and corroborates the dominant role of 
directional hydrogen bonding in complex 
stabilization. Experimental enthalpy estimates for 
N–H···O hydrogen bonds in similar systems range 
from 4 to 8 kcal/mol per contact [43], making a 

total contribution of 8–16 kcal/mol plausible for 
two cooperative bonds, in good agreement with 
the docking score. 

For the 1 : 3 complex, the Ascore binding 
energy is −27.6 kcal/mol, reflecting the three-fold 
increase in hydrogen-bond contacts relative to the 
1:1 system. The per-H₃PO₄ binding contribution 
(−9.2 kcal/mol on average) is slightly lower than 
in the 1:1 complex (−11.3 kcal/mol), which may 
reflect modest steric repulsion between adjacent 
phosphate groups in the densely packed 1 : 3 
assembly. Despite this cooperative penalty, the 
total binding energy strongly favors the 1 : 3 
stoichiometry, consistent with the experimental 
observation of stable solid adducts under excess 
H₃PO₄ conditions [18; 19]. The docking results are 
summarized in Table 4. 

Protein–Ligand Docking Results (DHFR, 2W3M). 
To evaluate the potential pharmacological 
relevance of the CYA–H₃PO₄ assemblies, both 
complexes were docked into the folate-binding 
site of human DHFR (PDB: 2W3M). The 1 : 1 
complex yielded an Ascore binding energy of 
−11.3 kcal/mol, while the 1 : 3 complex exhibited 
a binding energy of −27.6 kcal/mol. The dominant 
interactions observed were hydrogen bonds 
between the triazine C=O groups and the 
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backbone NH of cyanuric metaphosphate, as well 
as van der Waals contacts with the hydrophobic 
pocket lined by Phe31, Leu67, and Val115 
residues also engaged by the natural substrate 

folate. These results suggest that the CYA–H₃PO₄ 
complexes possess structural features compatible 
with DHFR active-site recognition, warranting 
further investigation of their antifolate potential. 

Table 4 
Molecular docking results (ArgusLab 4.0.1 / Ascore) for the 1:1 and 1:3 complexes. 

Parameter 1:1 Complex 1:3 Complex 
Ascore binding energy (kcal/mol) −11.3 −27.6 
H-bond contribution (kcal/mol) −7.0 −18.6 
vdW / packing contribution (kcal/mol) −4.3 −9.0 
No. of H-bonds identified 2 6 
RMSD vs. DFT geometry (Å, heavy atoms) 0.18 0.22 
Best pose rank (out of 50 runs) 1 1 

Per-ligand binding energy (kcal/mol) −11.3 −9.2 
 

Vibrational Frequency Analysis and FTIR 
Spectroscopic Characterization 

The B3LYP/3-21G harmonic vibrational 
frequencies and the experimental FTIR absorption 
maxima are compiled in Table 5. Although 
B3LYP/3-21G is known to systematically 
overestimate harmonic frequencies by 3–10 % in 

the X–H stretching region relative to experiment 
(due to anharmonicity and basis-set 
incompleteness [44; 45]), the relative shifts 
between free and hydrogen-bonded modes and 
the band patterns in the fingerprint region are 
reliably reproduced. 

 

  
                                                    a                                                                                                                          b 
Fig. 4. IR spectra for (a) the 1:1 complex CYA·H₃PO₄ and (b) the 1:3 complex CYA·3H₃PO₄ (Gauss View simulation) 

O–H stretching region (3400–3600 cm⁻¹). In 
the 1 : 1 complex, the free P–OH groups generate 
theoretical stretches at 3568 and 3572 cm⁻¹, while 
the H-bonded O17–H18 donor appears at 3515 
cm⁻¹ - a red-shift of ~55 cm⁻¹ from the free O–H 
position, consistent with the 1.528 Å H···O contact. 
Experimentally, absorptions at 3545 and 
3462 cm⁻¹ were observed for the CYA–HPO₃ 
adduct [19], the lower-frequency component 
attributable to H-bonded O–H groups. 

N–H stretching region (2600–3200 cm⁻¹). 
Calculated N–H frequencies of 2647 and 
2787 cm⁻¹ in the 1 : 1 complex represent very 
large red-shifts (> 800 cm⁻¹) from the 
unperturbed ν(N–H) position (> 3000 cm⁻¹ in 
isolated CYA), unambiguously confirming the 
strong N3–H12···O13(P) hydrogen bond. 
Experimental broad absorptions from 3198 to 
2831 cm⁻¹ were reported [19], in qualitative 
agreement. In the 1 : 3 complex the calculated 
ν(N–H) frequencies shift to 2587–2808 cm⁻¹, 

confirming comparable N–H hydrogen bond 
strengths in both complexes. 

C=O stretching region (1680–1820 cm⁻¹). The 
most diagnostically useful spectral comparison 
involves the C=O stretching modes. In the 1 : 1 
complex, three C=O bands are predicted at 1754, 
1808, and 1817 cm⁻¹. The band at 1754 cm⁻¹ 
corresponds to the H-bonded C4=O8 group (bond 
length 1.254 Å) and is red-shifted by ~60 cm⁻¹ 
relative to the free C=O bands, a shift of the 
magnitude expected for a moderate-strength 
O···H–X hydrogen bond [35]. Experimentally, C=O 
bands at 1780 and 1688 cm⁻¹ were observed [19], 
with the lower-frequency component assigned to 
the H-bonded carbonyl, in good qualitative 
agreement. In the 1 : 3 complex all three C=O 
groups are equivalent and H-bonded; accordingly, 
the three C=O bands merge into a single calculated 
frequency at 1746–1780 cm⁻¹. 

P=O and P–O stretching region (900–
1300 cm⁻¹). Calculated P=O stretches at 956–
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991 cm⁻¹ (1 : 1) and 958–966 cm⁻¹ (1:3) are in 
good agreement with the experimental bands at 
984 and 961 cm⁻¹ reported for the CYA–HPO₃ 
product [19]. The P–O stretching modes dominate 
the 1024–1200 cm⁻¹ fingerprint region. The 
triazine ring deformation modes at 670–710 cm⁻¹ 

(theory) overlap well with experimental 
absorptions at 669–719 cm⁻¹ [19]. Taken 
together, the quantitative and qualitative 
agreement between theory and experiment across 
all major spectral regions confirms the validity of 
the B3LYP/3-21G description of both complexes. 

 
Table 5 

Comparison of selected theoretical (B3LYP/3-21G, unscaled) and experimental FTIR frequencies (cm⁻¹) with band 
assignments. 

Assignment Theor. 1:1 
(cm⁻¹) 

Theor. 1:3 
(cm⁻¹) 

Expt. (cm⁻¹) 
[19] 

Approximate Description 

ν(O–H), free P–OH 3568–3572 3515–3542 3545, 3462 P–OH str., free 
ν(O–H), H-bonded 3515 3515–3517 — P–OH str., H-bonded 
ν(N–H), H-bonded 2647, 2787 2587–2809 3198–2832 Triazine N–H, broad 
ν(C=O), free 1808, 1817 n/a 1780 C=O str., free 
ν(C=O), H-bonded 1754 1746–1780 1688 C=O str., H-bonded 
δ(N–H) + ring 1568 1535, 1620 1602 N–H bend + ring 
ν(C–N)/ν(C=N) 1393–1458 1454–1534 1464, 1398 Triazine C–N str. 

Ν(P=O) 956–991 958–966 984, 961 P=O str. 
Ν(P–O) 1024–1066 1051–1099 1020–1111 P–O str. 
Δ(O–P=O) 529–642 476–581 617 P=O deform. 
Ν(triazine ring) 670–707 674–711 669, 719 Ring str./def. 

 

Comparative Analysis of 1 : 1 and 1 : 3 
Complexes 

A side-by-side comparison of the structural, 
electronic, and docking data across the two 
complexes reveals a consistent and chemically 
coherent picture of progressive complexation. As 
the stoichiometry increases from 1 : 1 to 1 : 3, the 
following trends are observed. First, the molecular 
symmetry increases toward C₃ as all three triazine 
N–H/C=O pairs become equivalently engaged. 
Second, the HOMO–LUMO gap widens by 0.28 eV, 
consistent with the stabilization effect of a greater 
number of hydrogen bonds. Third, the Mulliken 
charges at the P centers and ring carbons become 
more uniform, reflecting the more symmetric 
charge distribution. Fourth, the Ascore binding 
energy increases from −11.3 to −27.6 kcal/mol, 
though the per-molecule contribution decreases 
slightly due to inter-phosphate steric effects. Fifth, 
the C=O stretching frequencies shift further to 
lower wavenumbers as all three carbonyls 
become H-bonded, which is directly reflected in 
the elongated C=O bond lengths (1.236 Å in 1:3 vs. 
1.254/1.225–1.227 Å distribution in 1:1). 

These trends confirm that the hydrogen-bond 
interaction between CYA and H₃PO₄ is genuinely 
cooperative: each additional H₃PO₄ unit reinforces 
the already- established hydrogen bonds in the 
complex through inductive polarization of the 
triazine π-system [46]. The experimental 
observation of white crystalline solids with high 
melting points (380 °C) [18] is consistent with the 
calculated binding energies and the tight three-

dimensional hydrogen-bond network of the 1 : 3 
complex. 

 

Conclusions 
A comprehensive quantum-chemical and 

molecular docking study of the 1:1 and 1:3 
hydrogen-bonded complexes of cyanuric acid with 
orthophosphoric acid has been presented. The 
principal conclusions are as follows. 

1) Geometry and hydrogen bonding. Both 
complexes are true energy minima at B3LYP/3-
21G. The 1 : 1 complex contains two 
intermolecular hydrogen bonds (N–H···O: H···O = 
1.564 Å; O···H–O: H···O = 1.528 Å). The 1 : 3 
complex displays a near-C₃ symmetric 
arrangement with six equivalent hydrogen bonds. 
The H-bonded C=O bond is elongated by 0.027–
0.029 Å relative to free C=O groups, a direct 
structural signature of hydrogen bond formation. 

2) Electronic structure. The HOMO–LUMO gap 
increases from 5.672 eV (1 : 1) to 5.955 eV (1 : 3), 
indicating enhanced kinetic stability with 
increasing H₃PO₄ loading. The HOMO resides 
predominantly on the CYA triazine π-system; the 
LUMO has π*-character over the triazinone ring 
with minor P=O σ* contributions. 

3) Reactivity descriptors. Chemical hardness 
increases from 2.836 eV (1:1) to 2.977 eV (1:3). 
Electrophilicity decreases from 3.773 to 3.555 eV. 
The 1 : 1 complex is marginally more reactive 
toward nucleophilic attack, while the 1:3 complex 
is thermodynamically more stable. 

4) Mulliken charges. Progressive phosphate 
coordination causes uniform charge 
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redistribution: all ring N and C atoms approach 
equivalent charge values in the 1:3 complex 
(−0.847 and +0.973 e, respectively), and all three 
P centers carry identical charges (+1.563 e). The 
bidirectional N–H→P=O and P–OH→C=O charge 
transfer provides the electronic basis for 
cooperative hydrogen-bond strengthening.  

5) Molecular docking. ArgusLab Ascore binding 
energies of −11.3 kcal/mol (1 : 1) and 
−27.6 kcal/mol (1 : 3) confirm strong 
supramolecular affinities between the 
components. Protein–ligand docking against 
human DHFR (PDB: 2W3M) yielded binding 
energies of −11.3 and −27.6 kcal/mol for the 1 : 1 
and 1 : 3 complexes, respectively, with key 
interactions localized at the folate-binding pocket, 
suggesting a structural basis for potential 
antifolate activity of the triazine-phosphate 
assemblies. 

6) FTIR correlation. Calculated vibrational 
frequencies reproduce experimental FTIR data 
with good qualitative fidelity: the N–H red-shift 
(> 800 cm⁻¹), the H-bonded C=O red-shift 

(~60 cm⁻¹), and the P=O/P–O fingerprint 
absorptions (956–991 cm⁻¹ theory vs. 961–
984 cm⁻¹ experiment) are all well reproduced. 
These findings establish a robust computational 
platform for the rational design of triazine–
phosphate hydrogen-bonded materials with 
tailored electronic, thermal, and binding 
properties. 
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