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This study introduces a time-dependent solvothermal synthesis of hydrogen-bonded melamine
cyanurate and melamine diborate at 180 °C, offering precise control over their framework compositions
and structures through reaction time. The selective formation of melamine diborate and melamine
cyanurate is achieved using the same set of precursors with cyanuric acid generated in situ from
melamine hydrolysis. The phase composition varies with the reaction time, as confirmed by Fourier
transformed infrared (FTIR) and X-ray photoelectron spectroscopy (XPS), which reveal the structural
progression of these frameworks. Our synthesis method allows melamine cyanurate to nucleate or grow
on melamine diborate crystals adopting a more crystalline rod-like morphology with clearer texture.
Density functional theory (DFT) enhances the understanding of their electronic structures, highlighting
core-level binding energy shifts (N 1s and B 1s) and the chemical activity of lone pair electrons, with the
mixture of © and o bonds playing a key role in determining the bandgaps. This proposed synthesis
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method enables precise tuning of hydrogen-bonded framework compositions providing valuable
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1. Introduction

Melamine-based complexes, such as melamine diborate and
melamine cyanurate, are hydrogen-bonded supramolecular
architectures."”” These materials can be synthesized through
controlled methodologies that exploit the robust hydrogen bond-
ing and coordination interactions.>* The crystalline hydrogen-
bonded architectures exhibited superior mechanical and thermal
stability making them suitable for integration into functional
materials. Typically, these materials are employed as precursors
in the synthesis of materials, such as g-C;N, and A-BCN.>®
Despite numerous studies on melamine diborate and melamine
cyanurate, limited efforts have been made to the systematic
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insights for material synthesis and structural design.

control of their crystallinity. Moreover, it is essential to elucidate
how slight modification in synthesis conditions affects the
structural features and resultant properties of these materials.
The synthesis of melamine diborate is generally achieved
using melamine and boric acid as starting precursors, whereas
melamine cyanurate is typically synthesized using melamine and
cyanuric acid.”® Some reports have suggested that melamine
itself undergoes partial hydrolysis to form cyanuric acid and
subsequently melamine cyanurate under controlled pH condi-
tions such as strong acidic or alkaline medium.>° The choice of
solvent significantly influences the morphology of the synthe-
sized melamine diborate and melamine cyanurate."* Over the
years, researchers have developed different methods employing
varied reaction conditions which resulted in products with vary-
ing degrees of crystallinity, morphology, and purity. Kawaski et al.
synthesized single-crystal melamine diborate using the same
precursors and determined its crystal structure via X-ray
diffraction."”> The molecules are arranged in a monoclinic
crystal system with the space group P24/c, connected through
a network of hydrogen bonds. Prior et al. reported the crystals of
melamine cyanurate (monoclinic, space group 12/m) which were
grown by a hydrothermal method by partial acid hydrolysis of
melamine in aqueous solution.'® As a result, significant efforts
have been directed towards developing less toxic synthesis
routes that do not require an acid or a base to improve
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scalability and environmental compatibility. In this regard, we
present a time-controlled solvothermal synthesis approach for
producing highly crystalline melamine diborate and melamine
cyanurate using the same set of precursors without any external
acid/base additives. This method enables precise control over
the phase composition and crystallization behavior leading to
selective formation of melamine diborate and melamine cyanu-
rate depending on the reaction duration.

Behavior of hydrogen bonds is key to unlocking the supra-
molecular structures, including melamine diborate and mela-
mine cyanurate, which triggers a lot of experimental and
theoretical research studies for hydrogen bonds such as molecule
self-assembly synthesis."* Therefore, clarifying the evolution of
hydrogen bond structures under thermodynamic parameters
(pressure and temperature) as a function of time is essential.
For example, a reversible pressure-induced amorphization (PIA)
of melamine diborate was discovered, where the red shift of
Raman modes of N-H and O-H stretching vibrations with
increasing pressure was clarified using DFT calculations.'® And,
melamine cyanurate undergoes a phase transition from C2/m to
P2,/m with supramolecular rearrangements under pressure.'®
Moreover, charge redistributions of hydrogen bonds between
melamine and cyanuric acid were investigated using X-ray photo-
emission (XPS) and near edge X-ray absorption fine structure
(NEXAFS) spectroscopies combined with DFT calculations, which
enhanced the understanding of chemical bonding in supramo-
lecular materials."”

Therefore, in the present work, time-controlled synthesis of
melamine diborate and melamine cyanurate has been explored
using the same set of precursors boric acid, melamine and
sodium citrate in a mixed solvent system of ethylene glycol and
water. The time-dependent formation pathway from melamine
diborate to melamine cyanurate is further supported by ab
initio simulations based on density functional theory (DFT).
The core-level binding energy shifts are evidenced by projected
density of states (PDOS) analysis offering insight into their
electronic structure. Furthermore, the chemical activity of lone
pair electrons on the amine groups in melamine diborate and
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melamine cyanurate was investigated using DFT calculations.
This work offers a comprehensive understanding of the struc-
tural and electronic evolution of these hydrogen bonded mate-
rials, highlighting their functional properties.

2. Methods

2.1. Experimental methods

The samples were synthesized using a solvothermal method."® The
time-controlled synthesis of melamine diborate and melamine
cyanurate was carried out via a solvothermal method using
identical precursors. Boric acid, melamine and sodium citrate
were used as starting precursors with water and ethylene glycol
as a solvent. Different batches were synthesized for different
reaction times of 12, 24 and 36 hours. Boric acid (H3BOs;,
99.5%), melamine (C3NgHg, 99.0%) and sodium citrate dihydrate
(CeHoNa30y, 99.0%) were purchased from Sigma Aldrich. Ethylene
glycol (C,HeO,, 99.8%), which is used as a solvent, was procured
from Acros Organics. The freshly deionized water (18.2 MQ cm)
with a pH of ~6.8-7.0 (at 298.15 K) obtained from Millipore was
used for washing the precipitates and as a solvent. The ethanol
(C,H50H, 99.0%) purchased from Fisher Chemical was used for
washing the precipitates in each synthesis reaction. All the
chemicals utilized were of analytical grade and were used without
further purification. A schematic diagram for the time-controlled
synthesis of melamine diborate and melamine cyanurate is
shown in Scheme 1.

2.2. Theoretical methods

First-principles calculations of structure optimizations were
carried out by density functional theory (DFT) using the Vienna
ab initio simulation package (VASP 6), with the generalized
gradient approximation (GGA) by Perdew, Burke, and Ernzerhof
(PBE) as an exchange-correlation functional."® " The projector
augmented plane wave approximation was used as the pseudo-
potential to describe electron-ion interactions, where valence
electrons 2s”2p", 2s°2p, 2s*2p?, 2s”2p* and 1s" were considered
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Scheme 1 Time-controlled solvothermal synthesis of melamine diborate and melamine cyanurate.
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for elements B, N, C, O and H, respectively.”> The plane wave
cutoff energy was set to 600 eV, and the Monkhorst-Pack
K-spacing value was selected as 0.03 2n/A. For density of states
(DOS) calculation, the Monkhorst-Pack K-spacing value was
increased to 0.015 21t/A. The van der Waals effects were considered
by the DFT-D3 method.>

2.3. Materials characterization

The crystal structure of samples A, B and C was determined using
a Siemens D5000 powder diffractometer (0-20 measurements)
with the Cu K« radiation (4 = 1.5405 A) source using Bragg-
Brentano geometry. The X-ray wavelength and incident angle
satisfied the Bragg condition (n/ = 2dyy; sin 0). The PXRD patterns
of all samples were recorded at a scanning speed of 1.2° min "
with a step size of 0.02° in the angular range (20) range of 5°-65°.
The divergence and antiscattering slits were set to 1. The powder
samples A, B and C were finely ground using a mortar and pestle
separately. Each sample is then spread evenly across the sample
holder to form a uniform layer. Both the samples were lightly
pressed one by one separately to ensure a good contact with the
holder and leveled for proper alignment with the X-ray beam. The
bonding environments of samples A, B and C were analyzed
using an IRTracer-100 Shimadzu spectrometer in the wavelength
range of 400-4000 cm . The IRTracer-100 spectrometer attached
with single reflection attenuated total reflectance (ATR) featured
the highest signal to noise ratio, 0.25 cm™ " resolution, and high-
speed scanning capable of 20 spectra per second. For each
measurement, the powder samples were directly placed on the
cleaned ATR crystal surface and were pressed gently using a
pressure clamp to maximize the interaction of the sample and
ATR crystal. The surface composition was obtained using a Kratos
Axis Supra+ X-ray photoelectron spectrometer, using monochro-
matic Al-Ko excitation. The powder samples A and C were sepa-
rately pressed onto double-sided conductive carbon tape, which
was attached to the XPS sample holder. Any excess loose powder
was carefully removed to prevent contamination. The morphol-
ogies of materials were analyzed using a scanning electron
microscope (SEM) (Zeiss 1550 microscope operated at 2 KkV).
The absorbance for all batches was recorded using an Agilent
Cary UV-vis Multicell Peltier over the wavelength range of
200 nm to 800 nm.

3. Results and discussion

3.1. Structural and morphological analysis

The time-controlled synthesis of melamine diborate and melamine
cyanurate assisted by a solvothermal method using identical pre-
cursors is shown in Scheme 1. In this method, boric acid : mela-
mine: sodium citrate (28:4:1) molar ratio mixtures were taken in
water : ethylene glycol (1:1) solvent and continuously stirred using
a magnetic stirrer for 3 hours at room temperature. The reaction
mixtures were then transferred to a closed Teflon lined hydro-
thermal setup and heated at 180 °C for different reaction times
of 12 hours, 24 hours and 36 hours. The time taken to reach
180 °C was 35 minutes. The reaction was quenched by allowing
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the hydrothermal setup to cool to room temperature over 12
hours. The as-obtained precipitates were centrifuged, repeatedly
washed with DI water and ethanol, and dried in a vacuum oven
at 60 °C overnight. The products obtained for different reaction
times, i.e., 12, 24 and 36 hours, were designated as sample A,
sample B, and sample C, respectively.

The diffraction peaks of sample A (marked with green stars,
Fig. 1a) correspond to the melamine diborate polycrystalline
structure (monoclinic with the space group P2,/c). The experi-
mental 26 values for each corresponding plane (marked with
green star) of sample A from the powder X-ray diffraction
analysis (PXRD) are listed in Table S1a. The melamine diborate
crystal is formed by the intermolecular bonding in the mela-
mine and boric acid molecules.

When extending the reaction time to 24 hours (sample B),
new diffraction peaks corresponding to the monoclinic struc-
ture of melamine cyanurate (marked with blue diamond)
emerge along with the melamine diborate structure (marked
with green star) as shown in Fig. 1b. Therefore, prolonging the
reaction time to 24 hours, there is formation of a mixed phase
corresponding to melamine diborate and melamine cyanurate.

However, extending the reaction to 36 hours (sample C)
resulted in the monoclinic structure of melamine cyanurate,
with the space group 12 (I2/m) as shown in Fig. 1c. The
experimental 20 values of sample C listed in Table S1b match
well with the reported literature.”® The highest intensity peak at
20 = 27.8° corresponds to the (202) plane.

The morphological characteristics for all batches are studied
using SEM as shown in Fig. 2. Sample A shows flat plate-like
crystalline domains which are consistent with the textural
growth of melamine diborate and its preferential orientation
along the (031) plane as observed in XRD. The presence of
wrinkled layers on the surface or edges of these plates indicates
the graphitic nature. Sample B displays both melamine dibo-
rate crystals (highlighted in the yellow circle), similar to sample A,
and newly forming melamine cyanurate. It is observed that in the
presence of melamine diborate, melamine cyanurate forms
smaller flaky particles due to the restricted growth. It is also
noticed that sample B contains a smaller fraction of melamine
diborate and a larger fraction of melamine cyanurate which is
consistent with the XRD results. On the other hand, sample C,
which has been synthesized over a longer duration, shows well
developed textural growth with preferential orientation along the
(202) plane forming rod-like crystallites. The melamine cyanurate
nucleates or grows on melamine diborate crystals adopting a
more crystalline rod-like morphology with clearer texture. The
extended reaction time promotes crystal growth and resulted
in the formation of an elongated rod-like morphology. These
morphological characteristics align well with the XRD studies.

3.2. Time-dependent reaction

In order to enrich the understanding of time-controlled synthesis
of melamine diborate and melamine cyanuric, ab initio simula-
tions based on density functional theory were carried out for the
enthalpy of formation. The chemical reactions for synthesis of
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Fig. 1 The XRD patterns of (a) sample A, (b) sample B, and (c) sample C.

Fig. 2 SEM images of (a) sample A, (b) sample B, and (c) sample C.

melamine diborate and melamine cyanurate are shown in eqn (1)
and (2):

2BO3H3 + C3N6H6 — MBA (1)
OMBA + 6H,0 — MCA + 6NH; + 4BO;H; 2)

Reaction energies calculated based on DFT for melamine
diborate and melamine cyanurate are —4.08 and —12.09 eV per
formula, suggesting that all the reactions are exothermic. In
reaction eqn (1), only hydrogen bond transitions are observed.
But both covalent and hydrogen bonds are broken and formed

906 | Phys. Chem. Chem. Phys., 2026, 28, 903-911

in reaction eqn (2). The reaction time could be estimated using
the following Arrhenius equation eqn (3):

—E,
An = AeksT At (3)

where An is the amount of products (mol) and At is the reaction
time. A is the Arrhenius factor and kg is the Boltzmann constant.
T is the temperature, and the temperatures for synthesis of
melamine diborate and melamine cyanurate are the same. E, is
the activation energy for the reactions. There is only the transi-
tion of hydrogen-bonding structures of BO3H; and C;NgHg in

This journal is © the Owner Societies 2026
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Fig. 3 Higher resolution XPS spectra of (a) C 1s, (b) N 1s, (c) O 1 s, and (d) B 1s of sample A.

reaction eqn (1), while melamine transforms to cyanuric acid in
reaction eqn (2) with breaking and forming of covalent bonds.
Therefore, reaction eqn (2) is expected to have a larger energy
barrier than that of reaction eqn (1). Although the reaction
energy of reaction eqn (2) is much lower than that of reaction
eqn (1), reaction eqn (2) was expected to have high activation
energy. As a result, the products of sample C formed over a
longer reaction time than those of sample A.

3.3. Composition and chemistry

The composition of the as-synthesized samples was studied
using FTIR and XPS studies. The FTIR spectra of samples A, B
and C are shown in Fig. S3a, b and c, respectively and discussed
in Section S2, SI. The compositions of elements in samples A,
and C were analyzed using X-ray photoelectron spectroscopy
(XPS). The high-resolution spectra for B 1s, C 1s, N 1s, and O 1s
were recorded with a pass energy of 10-20 eV and a step size of
0.1 eV. The charge compensation shift and all binding energies
were calibrated against the C 1s peak at 284.8 eV. The data
processing and peak fitting were carried out using CASA XPS
software using Tougaard background and Gaussian-Lorentzian
line shapes. In the XPS study, we scanned the 1s core-level
binding energy for C, N, O, and B. Due to electronegativity and
bonding environment, the binding energy shifts. The C 1s
spectrum (Fig. 3a) of sample A revealed two major peaks, which
were deconvoluted into five components at 284.7, 286.3, 287.9,
288.7 and 289.6 eV. The N 1s (Fig. 3b) displayed two peaks at
399.0 and 400.1 eV, which correspond to the pyridinic N (C—=N-C)
and amine N (NH,) environment, respectively. The O 1s spectrum
(Fig. 3c) exhibited a broad spectrum which was deconvoluted into
three components at 531.7, 532.5 and 533.9 eV. Furthermore, the
peaks at 192.2 eV and 192.9 eV are observed in the B 1s spectrum
(Fig. 3d). Sample A consists of 32.3% C, 32.0% N, 22.8% O and

This journal is © the Owner Societies 2026

12.5% B. These atomic percentages are taken as an average from
measurements at different spots.

The pyridinic N with the lower binding energy benefits from
high electron density due to its n-system within the triazine
ring. The shift reflects differences in the valence electron
density surrounding each nitrogen type, as supported by DFT
calculations. To investigate the chemical environment’s impact
on the XPS core level binding energy shift, the projected
electron density of states for C, N, and O are studied. Consider-
ing sample A as shown in Fig. 4a, the charge localized or less
delocalized in deeper energy states is primarily from o-bonds
(N-H, N-C, and B-O) and N-H- - -O-B interaction and correlates
with the higher binding energy of N 1s, assigned to amine N.
The delocalized, lower energy in the valence band (VB) is
mainly from the triazine n/system N 2p (py, p.) correlated to
the lower binding energy of N 1s, assigned to pyridinic N, which
is an electron rich state as shown in Fig. 4b. The bonding and
antibonding states have a gap of 4.1 eV, and the experimental
band gap maybe larger due to the DFT underestimation (PBE
functional). Because of the inherently low symmetry, the mono-
clinic crystal field splits the energy of p,, p,, and p, orbitals of N
(Fig. 4c) and C (Fig. S4).

The C 1s spectrum (Fig. 5a) of sample C was deconvoluted
into six components at 284.6, 285.1, 286.3, 287.9, 288.9, and
289.6 eV. The binding energy spectrum of N 1s (Fig. 5b)
exhibited a broad peak, which was deconvoluted into three
components at 398.7, 399.7, and 400.4 eV. These peaks corre-
spond to pyridinic N, amine N and N(N-C=O0), respectively.
The O 1s spectrum (Fig. 5¢) displayed a broad peak, which was
deconvoluted into three components. Additionally, the incor-
poration of boron in sample C is also reflected from the B 1s
spectrum where peaks at 192.4 eV correspond to the B-O-H
bond (Fig. 5d). Sample C consists of 47.2% C, 37.2% N, 14.6% O

Phys. Chem. Chem. Phys., 2026, 28, 903-911 | 907
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and 0.55% B (the average atomic percentage measured at
different points).

Furthermore, we have investigated the chemical environment’s
impact on the XPS core level binding energy shift of sample C, and
the projected electron density of states for C, O and N of melamine
cyanurate are studied. The electronic structure of melamine
cyanurate with the space group I2/m" is shown in Fig. 6. The
calculated band gap of melamine cyanurate is about 3.7 eV as
shown in Fig. 6a, which is lower than that of melamine diborate.
Compared with the PDOS of melamine diborate, melamine cya-
nurate reveals the presence of an additional & orbital contribution
from cyanurate between the © bonding orbital (p orbital of N) and
the n* anti-bonding orbital (the p orbital of both N and C) of
melamine, as shown in Fig. 6a. Considering sample C as shown in
Fig. 6a, the charge localized or less delocalized in deeper energy
states is also primarily from o-bonds (N-H, N-C, and C-O) and N-
H---O-C interaction, and correlates with the highest binding
energy of N 1s, assigned to amine N in melamine. The second
highest peak of the VB was mainly contributed by pyridinic N in

908 | Phys. Chem. Chem. Phys., 2026, 28, 903-911

melamine, correlating with the second highest binding energy of
N 1s, as shown in Fig. 6b. Then, the pyridinic N in cyanuric acid
contributes the low energy peak of VB, agreeing with the lowest
binding energy of N 1s (Fig. 6b). Due to the inherently low
symmetry, the monoclinic crystal field splits the energy of p,, p),
and p, orbitals of N (Fig. 6¢) and C (Fig. S5).

3.4. Electronic structures based on DFT

The electronic structures of both sample A and sample C are
investigated by DFT studies. The detailed parameters are dis-
cussed in Section 2.2. Both samples crystallized in monoclinic
symmetry. The molecular crystal preferentially grows along the
[301], aligning p, with the o/n hybrid in sample A, along the
(202), aligning p,/p, with the o/r hybrid in sample C. Due to the
inherently low symmetry, the monoclinic crystal field splits the
energy of p,, py, and p, orbitals. As a result, the valence band
and conduction band (CB) show a mixed o/n character.

The highest energy peak below the Fermi level is contributed
by the p orbital of both N, while the lowest energy peak above

This journal is © the Owner Societies 2026
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Fig. 5 Higher resolution XPS spectrum of (a) C 1s, (b) N 1s, (c) O 1 s, and (d) B 1s of sample C.

the Fermi level is contributed by the p orbital of both N and C.
The electronic density distributions of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are presented in Fig. 7(a) and (b), respectively.
The electronic density of both orbitals for melamine diborate is
oriented perpendicular to the plane of the six-membered ring of
melamine, indicating that the n bonds of melamine primarily
contribute to the band gap of melamine diborate. Specifically, the
HOMO is predominantly contributed by N atoms, whereas the
LUMO is contributed by both C and N atoms of melamine. Amine
nitrogen exhibits lone pair electrons with Lewis basicity, while
boron in boric acid has typical Lewis acidity, which could accept
the lone pair. Because of the low symmetry of melamine
diborate, the amine nitrogen of melamine is not planar with
different hydrogen-bond coordination, and the shapes of the
electron density of the amine nitrogen are different as shown in
Fig. 7(a) and (b). As a result, lone pair electrons of amine
nitrogen contribute to the formation of the crystal structure
and electronic transport of melamine diborate.

The structure of melamine cyanurate is also likely layered H-
bonded, in which the melamine’s triazine ring (C3;Nj3, pyridinic
N) with NH, groups and boric acid stack via van der Waals
forces, forming the monoclinic space group I2/m. Due to the low
symmetry stacking, the hybrid orbitals p,, p, and p, were found
in the top of the VB and bottom of the CB. The rings of
melamine and cyanurate are approximately in the (202) plane,
and the hybrid p orbitals are similar to melamine diborate.

The lower molecular orbital of cyanurate, compared to mela-
mine, reduces the overall band gap. Consequently, the band gap of
melamine cyanurate is influenced by the © bonding orbital (the p
orbital of N in melamine) and the m*anti-bonding orbital (the
emerging p orbital of cyanuric acid), leading to the reduction in
band gap. The electronic density distributions of the highest

This journal is © the Owner Societies 2026

occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are illustrated in Fig. 8(a) and (b),
respectively. Similar to melamine diborate, the electronic dis-
tribution of both the HOMO and the LUMO in melamine-
cyanurate is perpendicular to the plane of six-membered rings
of melamine and cyanuric acid, respectively. This indicates that
the HOMO originates from the n bonds of melamine, while the
LUMO is contributed by n bonds of cyanuric acid in the case of
melamine cyanurate. These results are in agreement with PDOS
results, confirming the electronic characteristics of melamine-
cyanurate. Due to the stacking of layers of melamine-cyanurate,
the crystal symmetry is low and makes the amine group not
equivalent. Therefore, the lone pair electrons of amine nitrogen
exhibit different electron densities of the HOMO. The DOS of
lone pair electrons of amine nitrogen close to the Fermi level
suggests high chemical activity of amine nitrogen. Therefore,
the crystal structure, electronic structure, and charge density of
melamine diborate and melamine cyanuric have been calcu-
lated using the ab initio method with density functional theory.
These calculations provide valuable theoretical insights into the
behavior of these hydrogen-bonded materials.

4. Conclusions

In this work, we employed a time-controlled solvothermal method
to synthesize melamine diborate and melamine cyanurate using
identical precursors. The time dependent structural evolution is
observed, with melamine diborate forming within 12 hours,
transitioning to a mixed phase within 24 hours, and predomi-
nantly melamine cyanurate within 36 hours. XRD, XPS and FTIR
spectroscopy confirmed the time dependent variation in the phase
composition. Additionally, theoretical studies provided deeper
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Fig. 7
(LUMO) of melamine diborate.

insights into the electronic properties of these hydrogen-bonded
frameworks. In melamine diborate, both the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) are primarily derived from melamine,
whereas in melamine cyanurate, the HOMO originates from
melamine and the LUMO is contributed by cyanuric acid.

910 | Phys. Chem. Chem. Phys., 2026, 28, 903-911

(a) Electron density of the highest occupied molecular orbital (HOMO), and (b) electron density of the lowest unoccupied molecular orbital

Moreover, the lone pair electrons play a key role in the crystal
and electronic properties of melamine diborate and melamine
cyanurate. The time-regulated synthesis approach established
in this work offers insight into selective crystallization of
melamine diborate and melamine cyanurate using identical
precursors.
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