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Abstract: Ab initio methods were used to study the binding energies of non-bonded
complexes formed by melamine and cyclotrione, with the STO-3G, 3-21G and 6-31G
(d) basis sets. The electronic spectra were computed using the INDO/CIS method, and
the IR spectra, Raman and NMR spectra with the RHF/6-31G (d) method. It was dem-
onstrated that the complexes could be formed because of the negative binding ener-
gies, which were changed with the change in the electronic properties of the mono-
mers. A red-shift of the first absorptions in the electronic spectra and the vibrational
frequencies of the N–H bonds in the IR and Raman spectra of the complexes, com-
pared with those of the monomers, occurred; simultaneously, the 1H and 13C chemical
shifts were altered, due to the non-bonded interaction.
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INTRODUCTION

Self-assembly is of great significance in the synthesis of polymers. As an impor-

tant way of self-assembly, weak molecular interactions have attracted a great deal of

the attention of scientists. The melamine system , due to its widespread application,

has been and active topic in this field. Non-bonded interactions between the six reac-

tive hydrogen atoms on melamine and the electron-drawing groups in another mole-

cule can exist. Melamine has several isomers, but the isomer with Cs symmetry is the

most stable one.1 As the starting material, melamine can be used to synthesize

polycyclic compounds such as melem.2 As a proton donor, melamine can be coordi-

nated with metals or other molecules to form miscellaneous non-bonded comple-

xes.3–5 Especially, there are very many reports on the compexes formed by melamine

and cyanuric acid due to the weak interaction between the hydrogen atoms and the ni-

trogen atoms in the two monomers.6,9 Also, the effect of non-bonded steric interaction

between two large substituents on melamine on the arrangement of the complex

formed with cyanuric acid was discussed.7,8 Still, just a few reports have focused on
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non-bonded compexes formed by melamine and other molecules. Cyclotrione is such

a suitable monomer which can be associated with melamine to form non-bonded com-

plexes. In this theoretical study the non-bonded dimers formed by melamine and

cyclotrione with different substituents located on the molecular skeleton were investi-

gated. First the geometries of the complexes were opotimized using several basis sets

of RHF and B3LYP. Then their spectra were computed. The effect of the substituents

on the binding energies and spectra are also discussed in this paper.

CALCULATIONAL METHODS

The 1:1 complex formed by cyanuric acid and melamine is arranged in a linear form when the sub-
stituents on the melamine are small.7,8 Based on this, the linar non-bonded complex 1 composed of mel-
amine and cyclotrione was built. Then complexes 2, 3 and 4 were constituted by replacing the X atoms in
the cyclotrione with other groups, and changing the degree of polymerization N, as shown in Fig. 1. In
order to simplify the computation, the AM1 method and several basis sets of B3LYP and RHF in the
GUASSIAN 03 program were used, step by step, to optimize the structures of the non-bonded dimers
(complexes 1, 2 and 3) and tetramer (complex 4) to achieve binding energies and relative enthalpies of
formation. In view of the overestimation of the hydrogen bonding and an inadequate Hamiltonian for ni-
trogen atoms at distances that are common for intermolecularr interaction using AM1 method,10–12 the
AM1 optimized results are not shown here. The basis set superposition error (BSSE) rectification was
performed using the RHF and B3LYP methods with different basis sets.

On the basis of the optimized geometries, the configuration interactions for the complexes
were studied by the INDO/CIS method as in the ZINDO program using the original parameters. 197
single electronic transition states including the ground state, generated by exciting electrons from
the 14 highest occupied molecular orbitals to the 14 lowest unoccupied molecular orbitals, were
produced in this calculation. The IR, Raman and NMR spectra of the dimers were computed at the
RHF/6-31G (d) level based on the RHF/6-31G (d) optimized geometries.

RESULTS AND DISCUSSION

Structures and stability of the complexes

The bond lengths of the C–N bonds in melamine, calculated by RHF/6-31G (d) and

B3LYP/6-31G (d), were within the range 0.1327–0.1341 and 0.1343–0.1364 nm, which
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Complex 1: X=O, R=H, N=1; Complex 2: X=CH2, R=H, N=1; Complex 3: X=S, R=H, N=1;
Complex 4: X=O, R=H, N=2.

Fig. 1. The optimized geometri-
es of complexes 1–4 at the
RHF/6-31G (d) level.



are in good agreement with X-ray experimental results of 0.1333–0.1357 nm.1 As can be

seen in Table I, the �E values of the complexes 1–4 after revision of BSSE using the

counterpoise method are very close to the uncorrected calculation. The values of BSSE

were less than 0.0369, 0.0581 and 0.0560 eV at B3LYP/STO-3G, B3LYP/3–21G and

B3LYP/6–31G (d) levels; whereas they were not greater than 0.0860, 0.0133 and 0.0054

eV at the RHF/STO-3G, RHF/3-21G and RHF/6-31G (d) levels, respectively. These er-

rors are less than the value of 0.1037 eV, given in the literature.13 The distance between

H(8) and O(22) at the RHF/6-31G (d) level was 0.2320 nm and that of H(12) and O(23)

was 0.3160 nm in complex 1. These values are consistent with the distance of H and O in

other melamine complexes determined by Goodgame et al.3 ysing the XRD technique

and computed by Zhou et al.14 Hence it can be concluded that the complex could be

formed by the two monomers via non-bonded interaction.

TABLE I. Binding energies �E/eV of complexes 1–4

B3LYP/STO-3G B3LYP/3-21G B3LYP/6-31G (d)

Calculation Revision Calculation Revision Calculation Revision

Complex 1 –0.5638 –0.5822 –0.7835 –0.7823 –0.4336 –0.4385

Complex 2 –0.8937 –1.0207 –0.9542 –1.0123 –0.4493 –0.5052

Complex 3 –0.4378 –0.4380 –0.4740 –0.4728 –0.2079 –0.2202

Complex 4 –1.7838 –1.8207 –2.4487 –2.4472 –1.3011 –1.3100

RHF/STO-3G RHF/3-21G RHF/6-31G (d)

Calculation Revision Calculation Revision Calculation Revision

Complex 1 – 0.2695 –0.2924 –0.6177 –0.6177 –0.4118 –0.4064

Complex 2 –0.2795 –0.3655 –0.7461 –0.7594 –0.3687 –0.3640

Complex 3 –0.1749 –0.1749 –0.3197 –0.3197 –0.2873 –0.2819

Complex 4 – – – – – –

The values of �E and � �Hf (see Table II) of complex 4 were apparently larger than

those of complex 1, indicating that the non-bonded interaction became stronger with the

extension of the system. Other factors affecting the non-bonded interaction include elec-

tronic properties and deformability of the atoms. The carbon atom on the methylene

group in cyclotrione in complex 2 has an electron-donating effect, which retained the

high electron density on the carbonyl groups at the neighboring sites. Thus, the non-bon-

ded interaction between the oxygen atoms of the carbonyl groups on cyclotrione and the

hydrogen atoms on melamine was strenghtened. Therefore, the values of �E and � �Hf

for complex 2 were basically bigger than those of complexes 1 and 3. The sulfur atom

posessed the larger radius, greater deformability and lower electronegativity than the ox-

ygen atom, leading to complex 3 being less stable than complex 1.

The dipole moment of complex 1 optimized at the RHF/6-31G (d) level was 3.4610

while those of melamine and cyclotrione were 0;0003 and 3.2347, respecitively. The

charges on melamine and cyclotrione in complex 1 were –0.0083 and 0.0083, showing

that the electrons were totally transferred from cyclotrione to melamine with the forma-
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tion of the complex. The Mulliken charges for H(8) and H(12) were 0.4402 and 0.3956,

respectively, while those of O(22) and O(23) were –0.5272 and –0.4886 respectively. It

was indicated that strong electrostatic interactions within a certain distance exist between

the hydrogen atoms on melamine and the oxygen atoms on cyclotrione.

TABLE II. Relative enthalpies of formation � �Hf/eV complexes 1–4

B3LYP/STO-3G B3LYP/3-21G B3LYP/6-31G (d)

Complex 1 –0.4879 –0.7105 –0.3699

Complex 2 –0.8143 –0.8798 –0.3907

Complex 3 –0.3641 –0.4011 –0.1450

Complex 4 –0.9564 –2.2226 –

RHF/STO-3G RHF/3-21G RHF/6-31G (d)

Complex 1 –0.2051 –0.5371 –0.2562

Complex 2 –0.2028 –0.7332 –0.1955

Complex 3 –0.1062 –0.3030 –0.1647

Complex 4 – – –

Electronic absorption spectra

The strongest absorption peak of melamine computed by the INDO/CIS15–21
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Fig. 2. The electronic spectra of complexes 1–4 calculated by the INDO/CIS method.



method was 216.4 nm, which is in agreement with the experimental data.5 The first ab-

sorption at 328.2 nm of complex 1 in Fig. 2 resulted from the electronic transition from

(43) to (50). This transition is symmetry-allowed and the contribution coefficient of

0.6534 was the biggest of all the configurations. This absorption was red-shifted compa-

red with those (264.3 and 178.3 nm) of the monomers A and B because LUMO–HOMO

enegry gap of complex 1 (13.04 eV) was less than those of the monomers Aand B (14.77

and 15.74 eV), optimized by the RHF/6-31G (d) level. Meanwhile, the absorptions in

the electronic spectrum of complex 4 were split in constrast to those of complex 1, owing

to the extension of the system via non-bonded interaction. The first absorptions of com-

plexes 2 and 3 appearing at 382.0 and 374.8 nm, respectively, were red-shifted compared
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Fig. 3. The IR (left) and Raman (right) spectra of the complexes 1–3 at the RHF/6-31G (d) level.



to that of complex 1, also resulting from their lower LUMO–HOMO energy gaps

(12.25 and 12.11 eV, respectively) compared to that of complex 1.

IR and Raman spectra

The IR and Raman spectra for melamine, computed with RHF/6-31G (d), were

compatible with the experimental ones.22 The IR absorptions for complexes, 1, 2 and 3

in Fig. 3 can be divided into three regions. The first region ranged from 2500 to 4000

cm–1, mainly corresponding to the stretching vibrations of N–H bonds. The second re-

gion extended from 1000 to 2000 cm–1, generally caused by stretching vibrations of

C=C, C=N and C=O bonds. The last region below 1000 cm–1 was formed by a few
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Fig. 4. The 1H NMR (left) and 13C NMR (right) spectra of complexes 1–3 at the RHF/6-31G
(d) level.



flexural vibrations and ring-puckering vibrations. There were several characteristic

peaks with high intensity in the area of 1500–2000 cm–1, nearly stationary with the

formation of the complexes. The stretching vibration of the N–H bond with the highest

frequency in complexes 3, 1 and 2 were located at 3996, 3993 and 3981 cm–1, respec-

tively, showing that the vibrational frequencies of the N–H bonds were gradually

red-shifted and these vibrational bands were simultaneously broadened with the stren-

gthening of the non-bonded interaction and the weakening of the N–H bonds. There

was a similarity of the absorption peaks, ranging from 3500 to 4000 cm–1, betwen the

Raman spectra and IR spectra of complexes 3, 1 and 2 in Fig. 3.

NMR Spectra

The NMR spectra of complexes 1, 2 and 3, computed by the GIAO method at

the RHF/6-31G (d) level in the GAUSSIAN 03 program,23 are illustrated in Fig. 4.

It can be seen that the chemical shift � of protons in the 1H-NMR of the melamine

was 10.3 ppm, agreeing with the experimental values between 5 and 10 ppm re-

ported by Damodaran.24 As the non-bonded interaction is affected by many fac-

tors, the � values of the protons on the –NH2 groups would change widely. Com-

pared with those of melamine, the � values of H(8) and H(12) in complex 1 were

increased by 3.2 and 1.2 ppm, respectively. The reason is that the proton shield was

decreased due to the strengthening of the non-bonded interaction. The � value of

the proton with the largest chemical shift in complex 2 was larger than that of the

proton in complex 1, while that of the proton in complex 3 was less.

The � values of the 13C atoms in complex 2 were diminished compared with

those of complexes 1 and 3. The � values of C(16) and C(18) in complex 1 were

both high field shifted by about 11 ppm. This is due to the influence of the

non-bonded interaction on the electronic properties of O(22) and O(23). In this sit-

uation, the deshielding effect of the electrons on neighboring atoms was decrewed

and the resonance absorptions of these 13C atoms were high field shifted.

CONCLUSION

The calculation results for the monomers using different theoretical methods were

in good agreement with the experimental data. The binding energies were increased

with extension of the system. The electronic properties of the atoms and substituents

had a great influence on the stabilities of the complexes. The LUMO–HOMO energy

gaps of the complexes were decreased and a red-shift of the absorptions in the elec-

tronic spectra of the complexes relative to those of the monomers resulted. The vibra-

tion frequencies of the N–H bonds and the chemical shifts of the protons were changed

due to the non-bonded interaction.
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I Z V O D

Ab initio PROU^AVAWA KOMPLEKSA MELAMINA I CIKLOTRIONA

LIANGLIANG ZHU, QIWEN TENG i SHI WU

Department of Chemistry, Zhejiang University, Hangzhou 310027, People's Republic of China

Ab initio metode su kori{}ene za prou~avawe energija vezivawa u nevezivnim

kompleksima koje grde melamin i ciklotrion, sa skupovima baznih funkcija STO-3G,

3-21G i 6-31G (d). Elektronski spektri su ra~unati kori{}ewem INDO/CIS metode, a

IR, ramanski i NMR spektri RHF/6-31G (d) metodom. Pokazano je da bi komopleksi

mogli nastati, usled negativnih energija vezivawa, koje se mewaju sa promenom elek-

tronskih svojstava monomera. Pojavio se crveni pomak prvih absorpcija u IR i Raman-

skim spektrima kompleksa u odnosu na monomere; istovremeno, promenili su se i 1H i
13C hemijska pomerawa usled nevezivnih interakcija.

(Primqeno 8. marta, revidirano 15. juna 2006)
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