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In the exploration of synthesizing graphitic carbon nitride (g-C3Ny), the existence of secondary anime
bridging units shows the incompleteness of related theories. Thus, taking the thermal synthesis of
melamine as an example, this work finds a possible reaction path with Density Functional Theory (DFT)
for forming melem during the thermal synthesis of g-CzN4. Combined with transition state theory (TST),
it indicates that the formation of melem results from the condensation of melamine and isomerization of
melam. Meanwhile, the weak signal near 2135 cm™ in the Fourier Transform Infrared Spectra (FTIR)
corresponds to the vibration of carbodi-imines (-N=C=N-), which further proves the proposed
reaction path. Thus, this work can explain the formation of g-CsN4 and its monomer, which may

contribute to the successful formation of ideal g-C3Ny4 in the future.

1 Introduction

Graphitic carbon nitride (g-C;N,) is a quasi-planar material with
low density, high chemical stability, and good biological
compatibility, and has broad applications in membrane mate-
rials," catalysts and catalyst supports,” and the preparation of
metal nitrides.> As shown in Fig. 1, there are three possible
structures of g-C3N,, which are triazine-based g-C3;N, (TGCN),
heptazine-based g-C;N, (HGCN), and melon-based g-C3N,
(MGCN), and two derivatives including poly (triazine imide)
(PTT) and poly (heptazine imide) (PHI). In 1996, Teter and
Hemley proposed five possible carbon nitride structures,
namely, a-phase, B-phase, cubic phase, pseudo cubic phase,
and graphitic phase.* Although there was a lack of concrete
evidence and precise characterization, g-C;N, was described as
TGCN (Fig. 1(a)) in their work and related research.>” However,
based on the paper of Kroke et al. in 2002, HGCN (Fig. 1(b)) is
thermodynamically preferential to TGCN and widely used as
a schematic of g-C3N, in many papers.® Moreover, the use of
nuclear magnetic resonance (NMR) and Fourier-transform
infrared spectroscopy (FTIR) was successful to distinguish
triazine and heptazine, which made these two methods regar-
ded as essential characterization methods for the study of g-
C;N, and relevant compounds. Nevertheless, both TGCN and
HGCN are ideal 2D structures, and the lack of (110) signal in X-
ray powder diffraction (XRD) raised doubts if 2D structures
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existed in the product until 2007 when Lotsch et al. showed the
existence of MGCN (Fig. 1(c)).> Specifically, almost all g-C3N,
synthesized by experiments is composed of melon, which is
a 1D polymer and connects each other by hydrogen bonds and
weak interactions. Additionally, Fina et al further demon-
strated this structure with XRD and neutron diffraction in
2015." It indicated that MGCN is the most accurate structure of
¢-C3N, obtained by experiments. Notwithstanding g-C;N, with
an ideal 2D structure was not gotten as expected, researchers
found the existence of PTI (Fig. 1(d)) and PHI (Fig. 1(e)). In 2008,
Thomas et al. claimed that HGCN was obtained by ionothermal
synthesis with KCI and LiCl,"* which method could overcome
the diffusion limitation of reactant (such as melamine) and
intermediates (including melam and melem), but the following
characterization such as nuclear magnetic resonance (NMR)
crystallography proved that the 2D network belonged to PTL'?
Moreover, Lotsch et al. synthesized PHI successfully in 2019
including K-PHI and H-PHI,* while it was structurally deter-
mined in 2009 by Ddéblinger's group.* In this case, it is an
interesting question why there seem no tertiary but secondary
amines bridge units in actual products including MGCN, PTI,
and PHI.

As mentioned before, there are three key molecules to
analyse the mechanism of g-C;N, formation, which are mela-
mine, melam, and melem. Specifically, melamine (2,4,6-tri-
amino-s-triazine), C3N;3(NH,)3, is a precursor for the synthesis of
¢-C3N,;, which can form a dimer named melam. Besides,
melamine is easy to sublime, and its melting point is 345 °C.
Meanwhile, melem (2,5,8-triamino-tri-s-triazine), C¢N,(NH,)3, is
regarded as a monomer of HGCN, MGCN, and PHI, which may
be generated from melamine and/or melam. In 2003, Schnick
et al. reported the synthesis and structural analysis of melem,
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and they indicated that the formation of melem might relate to
the decomposition from melamine to cyanamide or dicyan-
diamide (Fig. S11)."* Moreover, based on the X-ray analysis and
differential scanning calorimetry (DSC), Antonietti et al. showed
that the formation of cyameluric core occurs near 390 °C.'®
Besides, the temperature used to synthesize graphitic carbon
nitride is generally set as 550 °C. However, it is strange that the
mechanism of reaction from melam to melem has not been
illustrated yet. Considering the stability of melamine, there still
is a question if the decomposition dominates the reaction,
which means it is worth pondering the competitive relationship
between the decomposition and the condensation
polymerization.

Thus, the existence of secondary amines that bridge units
and the conversion from triazine units to heptazine units
deserve further research. Taking the development history of
carbon nitride into account, theories and simulations were
essential to indicate the directions of the research, while
experiments and characterizations demonstrated whether these
directions were correct or not. People prefer to obtain an ideal g-
C;3N, whether TGCN or HGCN, but the product composed of
MGCN or just melon means that the related theories should be
further improved. For example, Botari et al. showed the
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Fig.1 Graphitic carbon nitride (g-CsN4) and its derivatives: (a) triazine-
based g-CsN4 (TGCN), (b) heptazine-based g-CsN, (HGCN), (c)
melon-based g-CsN4 (MGCN), (d) poly (triazine imide) (PTI) and (e)
poly (heptazine imide) (PHI).
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thermodynamic equilibrium among melem, melon, and MGCN
by density functional theory (DFT)."” It indicated the broad
stability area of melon for common thermal synthesis, but the
specific reaction path was not taken into consideration.
Therefore, it is necessary to reveal possible intermediates and
the complete polymerization process through simulations,
which may solve the difficulty to monitor the reaction path by
experiment. As one of the popular and useful methods in the
fields of computational physics and computational chemistry,
DFT is an important tool to explore the properties of materials,
including corresponding structures, possible spectra, and
chemical reaction mechanisms. Thus, it will be useful to figure
out the possible reaction path from melamine to melem with
DFT. Generally, the results of geometry optimizations and
frequency calculations obtained by B3LYP method are reason-
able for systems of main-group elements and ordinary
organics.”®? Considering the dispersion correction, it is
feasible to find intermediates and transition states (TS) by
B3LYP-D3(B]) method, which may help to describe the forma-
tion of melem from the thermal synthesis of melamine to g-
C3N,.>"*> Moreover, the thermodynamic data obtained from the
DFT calculation will help to analyse the ideal reaction rate and
reaction time by transition-state theory (TST).

Accordingly, this article will explain the formation of melem
from melamine to g-C;N, by finding possible intermediates and
transition states with DFT, during which people can understand
the role of secondary amine for bridging units and the process
of isomerization of melam. Moreover, this work may help to
save time and cost when researchers try to synthesize ideal g-
C;N, in the future.

2 Materials and methods
2.1 Materials

Melamine (99%) was bought from Innochem. The High
Temperature Furnace (OTF-1200X-II) was used to heat reac-
tants. Meanwhile, the samples were heated to 360 °C at the
heating rate of 10 °C min~ " in a nitrogen atmosphere, and the
samples were preserved for 5, 10, 20, 40, 60, 120, 240, 360, 480,
and 600 minutes followed by natural cooling. The Fourier
Transform infrared spectroscopy (FTIR) was carried out on the
IRTracer-100, SHIMSDZU.

2.2 Methods

The DFT calculation is based on Gaussian 16, and B3LYP/6-
31g(d) is used for optimization and frequency calculation with
DFT-D3(B]) correlation, in which the correction factor is
0.9614.*?°* Meanwhile, revDSD-PBEP86-D3(B])/cc-pVIZ is
applied to get corresponding energy of the single point with
higher accuracy.”® Furthermore, Shermo is a useful code for
calculating thermodynamic data based on ideal gas assump-
tions, and Shermo 2.1 was used to refine the thermodynamic
data obtained by B3LYP/6-31g(d) with single point energy gotten
by revDSD-PBEP86-D3(BJ)/cc-pVTZ, which can reduce calcula-
tion time and ensure the precision and accuracy of the results.””
Moreover, the Gibb free energy corresponds to the sum of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electronic energy and thermal correction. The visualization of
3D structures is made by CYLview20.”® Besides, conformation
search for flexible intermediates was procced by dynamics
simulation via molclus 1.9.9.5 combined with xtb.>*-*> Addi-
tionally, Interaction Region Indicator (IRI) analysis was used to
reveal weak interactions and chemical bonds by Multiwfn 3.7
and presented by Visual Molecular Dynamics (VMD).?*333
Lastly, the concentration of substances as a function of reaction
time or temperature was calculated by Python.*

3 Results and discussion
3.1 Unimolecular reactions of melamine

As indicated previously, the formation of melem may relate to
the decomposition of melamine to cyanamide or dicyanamide,
and it is necessary to know the corresponding energy during the
reaction, such as Gibbs free energy (G). Because of the structural
difference, dicyandiamide is considered as the synthesized
product of two cyanamides rather than the direct product of
melamine, which means the transition state from melamine to
cyanamides deserves to be concerned about. As shown in
Fig. S2,} the change of Gibbs free energy (AG) for the transition
state is +103.9 kcal mol~' during the decomposition process.
Generally, for unimolecular reactions including isomerization
and decomposition, the energy barrier for spontaneous reac-
tions at room temperature is lower than +21 kecal mol .
Furthermore, when the barrier is +76.5 kcal mol™?, the half-life
of the unimolecular reaction is as high as 12.8 hours at 650 °C.*®
Thus, it can be assumed that melamine is stable enough.
Although the decomposition of melamine is difficult to
happen which involves three broken bonds, the energy provided
by the surrounds will ensure the existence of the tautomeric
forms of melamine and melam,***”*® and hydrogen atoms can
move from amino to triazine. It is worth noting that the
migration of hydrogen atom among nitrogen atoms can be
regarded as sigmatropic rearrangements, and the process is
similar to [1,3]-sigmatropic (c[1,3]) migrations of hydrogen
where the migration origin and terminus both are nitrogen
atoms rather than carbon atoms.* Therefore, it is proposed that
the tautomeric forms of melamine may result in just one broken
bond, which process is connected to the isomerization of
melamine as shown in Fig. 2. The intermediate states are on
both sides of the black arrows, which have the local minimum
energies. Meanwhile, the transition states are above the black
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arrows, which have the local maximum energies. Moreover, the
green arrows mean the vibration directions and the bonds in
red are concerned about during the isomerization process.

Combined with Fig. S3,T the reaction from M1 to M3 corre-
sponds to the o[1,3] migration of hydrogen atom between
nitrogen atoms, and M3 is a kind of tautomeric forms of
melamine as mentioned in the references. Then, the remained
solitary hydrogen of M3 may vibrate to the other side. Thus, the
ring can open as illustrated from M5 to M7 with the formation
of carbodi-imine (-N=C=N-H). Although the nucleophilic of
carbodi-imine (-N5=C6=N7-H8) and the electrophilic of
imine (=N10-H9) make molecule M7 easy to form triazine
again, the structure's flexibility may ensure the existence of this
structure. In short, the isomerization of melamine is composed
of the migration and vibration of hydrogen atoms and the
formation of carbodi-imine.

As for the method to obtain thermodynamic data, the
inconsistency of the potential energy surfaces with B3LYP-
D3(BJ) and revDSD-PBEP86-D3(B]) may result in a significant
error, but Shermo can deal with this relatively systematic error
well, which is shown in Fig. 3 and S4.7 As stated by Grimme
et al., B3LYP-D3(B]) may provide reasonable data in the field of
molecular thermochemistry,* but the results processed with
Shermo are closer to the thermodynamic data gotten by revDSD-
PBEP86-D3(B]) directly. Thus, it is feasible to use Shermo to get
thermodynamic data during the reaction, and the energy
barriers are lower than 50 kcal mol™'. Moreover, it is worth
noting that the proportion of melamine dominates the mixture
because of its lowest Gibbs free energy and stable stability, but
the process of isomerization of melamine may influence the
formation of melem from melam or melamine chain.

3.2 Condensation of melamine or melem

The discussion of decomposition and isomerization of mela-
mine is caused by the competition between the formation of the
melamine chain and transformation from melamine to melem.
If two melamine molecules are close to each other, there will be
two situations due to the steric effects. On the one hand, when
the nitrogen atom of the amino group is connected to another
hydrogen atom of the adjacent melamine, the condensation
reaction is almost impossible because of the hydrogen bond. On
the other hand, if the nitrogen atom of the amino group relates
to the carbon atom rather than the hydrogen atom, there seems

Fig. 2 The isomerization process of melamine. M1: melamine; M3, M5, M7: intermediates; M2, M4, M6: transition states.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The relative Gibbs free energies for melamine's isomerization.

no possible hydrogen atom left for the deamination. Thus, the
tautomeric form of melamine (M3 in Fig. 2) is taken into
consideration, where the hydrogen atom on the ring ensures
that the deamination occurs, and the strong nucleophilicity and
high degree of freedom of the nitrogen atom with a single
hydrogen atom can be connected to the carbon atom of another
ring.

Compared to AG = +103.9 kcal mol ™" for the decomposition
of melamine, AG for the condensation of melamine is
+45.3 kcal mol™" as shown in Fig. 4(a), where separated
reactants/products correspond to isolated reactant/product
molecules, and reactants/products mean reactant/product
molecules with intermolecular interactions. Considering the
formation of melamine's tautomeric form with AG =
+46.9 kecal mol™, it can be proposed that the formation of
melam or melamine chain has a higher possibility than the
decomposition of melamine, which implies the rationality of
isomerization of melamine, melam, and melamine chain.
Furthermore, Fig. 4(b) presents the condensation of melem and
its tautomeric form in a similar process.

The qualitative description may just provide an ambiguous
result, but the thermodynamic data mentioned before can offer
a quantitative display. Based on transition-state theory (TST),

(@

LY 4 ; i
% ) i \
{ i \
4\’,; ' \
3] 1 \
20 © g \

Relative Gibbs Free Energy (kcal mol™)

-10 o

Reaction Coordinate

View Article Online

Paper

the concentration changes of melam after 30 minutes of reac-
tion at different temperatures are shown in Fig. 5. It implies that
the condensation process may need a reaction temperature
higher than 390 °C to be detected. Moreover, as indicated in
Table S1 and Fig. S5,T this process tends to complete near 30
minutes at 550 °C compared with the decomposition process,
which proves that condensation of melamine dominates the
reaction rather than decomposition. Although molecules are
regarded as ideal gas molecules in the simulation, the high
temperature and nitrogen atmosphere ensure the consistency
between experiment and simulation. Furthermore, the steric
effect can explain the reason why there seems no tertiary but
secondary amine bridging triazine or heptazine units in MGCN,
PHI, and PTI.

3.3 Formation of melem

Taking the condensation and isomerization or melamine into
account, the formation of melem from melam might be
described as follows. Firstly, the condensation polymerization
of melamine occurs. During the period, the decomposition of
melamine can happen but will not dominate the formation of
melem. For the isomerization of melam, Fig. 6 presents the
outline of the process, while all steps in the simulation are
shown in Fig. S61 and the IRI analysis for the reaction is shown
in Fig. S7.t Moreover, the conformation search for flexible
molecules (T01, T03, T06, and TO08) is stated in ESL{ and the
specific Gibbs free energy variation is shown in Fig. S8.f

After the condensation, o[1,3] migration and vibration of
hydrogen atoms occur to open the triazine ring with the
formation of carbodi-imines and imines. As shown from TO01 to
T02, after the first formation of carbodi-imine (-N5=C6=N7-
H8) and imine (=N10-H9), the rotation will ensure the exis-
tence of different conformations including T02. Then, following
the second formation of carbodi-imine (-N16=C17=N18-H19)
and imine (=N21-H20), rotation and rearrangement can
happen to form a new triazine, as illustrated from T02 to T06.
Specifically, the formation of carbodi-imines is related to the
accumulation of energy, and the rotations stabilize the

(b)

~ 40 Y
5 fﬁ 339
£ { AN
= 304 Y »— A
) Y"’Y\_"rr'y 53
% S0 e B .
:ED 204 YVV»V,/ \“
5] /
Y / \
£ 10 f \
P T ' \
) ! \
e} /
5] 0.0 ! N i3
IR e N =
£ =
o
~
-10 4
r r T T r
SR R TS P N

Reaction Coordinate

Fig.4 The relative Gibbs free energies for the condensation of (a) melamine and (b) melem with their tautomeric forms. SR: separated reactants;
R: reactants; TS: the transition state; P: products; SP: separated products.
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structures with a high degree of flexibility till the second
carbodi-imine (-N16=C17=N18-H19) connects to the adjacent
imine (=N10-H9). Meanwhile, as shown from T06 to T08, ¢
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carbodi-imine
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Rearrangement
for triazine

o[1,3] migration

—

Rotation

Formation of
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[1,3] migration of the hydrogen in the new ring will proceed,
which will further stabilize the triazine. However, the high
electrophilicity of the remained carbodi-imine (-N5=C6=N7-
H8) makes this segment easily attracted by the N13 in the
triazine to form the skeleton of heptazine, as shown from T08 to
T09. For the formation of heptazine shown from T09 to T10, it is
caused by the nucleophilicity of imine (=N7-H8) and the
bonding of N7-C22. After that, deamination will occur to form
the melem's tautomeric form, and the melem is obtained after
its isomerization (Fig. S9-S11t). However, because the reaction
occurs in an open system, it is difficult to detect and monitor
this process, which also shows the importance of simulation.
Then, TST can be used to further analyse the isomerization
reaction.

The energy barriers for every step during the isomerization
process are lower than 50 kcal mol™*, and the reaction rate can
be estimated based on these data. Ideally, rotations after
formation of carbodi-imines will obstruct the reverse reactions,
which makes the formation of carbodi-imines be regarded as
irreversible steps. Meanwhile, after the formation of new
triazine, o[1,3] migration of hydrogen and rotations ensure the

Rotation

—

Rotation

Formation of
heptazine

Melem

Fig. 6 Formation of melem from melam and its tautomeric forms (TO1-T11).
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Table 1 Equivalent reaction rates and reaction time for the isomeri-
zation of melam

Temperature 97% complete
(9] kiso (571 Half-life (Hours) (Hours)
550 1.20 x 107> 0.02 0.08
500 1.18 x 103 0.16 0.82
450 8.47 x 10°° 2.27 11.50
400 412 x 107° 46.69 236.20
390 2.13 x 107 90.19 456.27
360 2.62 x 1077 735.49 3720.75

decrease of relative Gibbs free energy of the molecule, and this
continuous process is regarded as one step. Based on these
assumptions, the reaction can be simplified with the corre-
sponding reaction rates for each step shown in Table S2,f and
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Fig. 7 The FTIR spectra of mixed products with frequencies in the
region (a) 2000-2250 cm™! and (b) 500-4500 cm™, and (c) IR
simulation results of carbodi-imines in melamine’s and melem's
tautomers respectively and nitriles in cyanamide and dicyandiamide
respectively (from top to bottom).
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the equivalent reaction rates (kis,) and reaction time for the
process are shown in Table 1. It shows the dependence of the
reaction on temperature and proves the rationality of the
isomerization of melam. Considering the condensation of
melamine at the temperature higher than 390 °C, it also indi-
cates that the temperature for the formation and condensation
of melem should higher than 500

3.4 The FTIR results

The research of this reaction path began with the notice of FTIR
signal in the region 2100-2300 cm™'. Compared with the reac-
tion paths proposed in the past, there is a vibration difference
between carbodi-imine (-N=C=N-) and nitrile (-C=N). The
carbodi-imine is related to this scenario and the nitrile is rele-
vant to the participation of dicyandiamide in the formation of
melem, while it seems impossible to clear if cyanamide acts as
the role of reactant. Conventionally, the vibration of nitrile
(-C=N) corresponds to the signal in the region 2200-
2260 cm™ ', and cyanamides have an absorption in the region
2200-2225 cm ™. Besides, aliphatic carbodi-imines (R-N=C=
N-R) have an absorption in the region 2130-2155 cm™'.*' As
shown in Fig. 7(a) and (b), the signal near 2135 cm ™" indicates
the existence of carbodi-imines (-N=C=N-), which further
proves the rationality of proposed isomerization process.
Meanwhile, the variation of the intensity may show the reduc-
tion of nitrile left in the melamine industrial production
process and increasing of carbodi-imine, as shown in Fig. S12.}
Although the reaction took place in the molten and/or gas
phases, FTIR was carried out in the solid state, which led to the
difference between experimental results and simulation results.
However, as shown in Fig. 7(c), the simulation results compare
the vibration signals of carbodi-imines in melamine's and
melem's tautomers with those of nitrile in cyanamide and
dicyanamide, which agrees with the literature. Thus, the
formation of melem from melamine results from condensation
and isomerization.

4 Conclusions

In conclusion, this work shows a reaction path for the forma-
tion of melem from melamine, which can explain some prob-
lems during the experiment for the synthesis of g-C;N,. Firstly,
the condensation polymerization of melamine or melem
involves the participation of corresponding tautomeric forms,
which can explain the existence of secondary anime bridging
triazine or heptazine units in MGCN, PHI, and PTI. Then, o[1,3]
migration, vibration, and rotation dominate the isomerization
process, which is proved by DFT and TST results. Meanwhile,
TST results indicate that the condensation of melamine may be
detected above 390 °C, while the isomerization and condensa-
tion of melem require a temperature higher than 500 . Lastly,
the FTIR signal near 2135 cm ' refers to the vibration of
carbodi-imines rather than nitriles, which further proves the
rationality of the proposed isomerization process. Therefore,
this work provided a more appropriate reaction path to describe
the formation of melem, which may contribute to the successful

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesis of g-C3;N, with perfect network structure in the future
if the steric effects can be dealt with.
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