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Carbon nitride (CN) compounds have attracted significant attention as new photocatalysts capable of
decomposing water and producing hydrogen upon irradiation using visible light. To date, many studies
have focused on their applications as photocatalysts. Melon, a typical CN polymer, is a semiconductor
with a direct energy gap, because of which it cannot exhibit high photocatalytic activity without a
cocatalyst. However, melon shows high potential as a blue-light-emitting material with high color purity,
and the basic physical characteristics of melon are worth clarifying. Additionally, the synthesis of melon
during thermal polymerization remains unclear. In this study, the polymerization of melon is investigated
by varying the thermal polymerization conditions, and new CN compounds with optical properties similar
to those of melon are examined. Characterization of the products prepared under different conditions
allowed the identification of a new CN compound, a likely precursor of melon, at temperatures slightly
below the calcination temperature of melon. This new compound, which consists of oligomers with four
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1. Introduction

The use of fossil fuels as energy sources has resulted in natural
resource depletion and environmental degradation. Renewable
energy is a promising alternative to reduce the use of fossil
fuels. Hydrogen is a renewable and sustainable clean energy
source to generate electricity using fuel cells, and many
researchers have investigated efficient hydrogen generation
methods. Extensive research on photocatalytic hydrogen evolu-
tion was initiated after the publication of a report in 1972,
describing the electrochemical photolysis of water over TiO,."
However, the energy band gap exceeds 3 eV for all polymorphs
of TiO,; thus, ultraviolet irradiation at wavelengths shorter than
400 nm is necessary to afford photoactivity. Several new photo-
catalyst materials have been identified for replacing TiO,.>”
Among these materials, graphitic carbon nitride (g-CN) has
attracted significant attention as a promising candidate
because it is metal-free and composed of only carbon and
nitrogen, making it an environmentally friendly and
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melem units, is very stable in air and shows improved optical properties compared to those of melon.

sustainable material. The availability of a convenient method
for the thermal polymerization of the precursor makes graphi-
tic carbon nitride particularly appealing.

¢-CN has a layered structure comprising tri-s-triazine units
connected through planar amino groups and exhibits excellent
chemical and thermal stability, flexibility, and photoabsorption
in the visible range.®” These properties make g-CN suitable for
use in visible-light photocatalysis to generate hydrogen. Addi-
tionally, the ability of g-CN to adsorb carbon dioxide, heavy
metals, and organic materials makes g-CN highly attractive in
terms of functionality for various applications.®*°

As previously described by several researchers, most
g-C3N, samples, which is a g-CN compound with a stoichio-
metric ratio of C to N is 3:4, synthesized to date contain
significant amount of hydrogen atoms, as demonstrated by
amino group vibrations in the infrared spectra and other
experimental evidence. These reports indicate that most
2-C3N, samples prepared via thermal polymerization of the
precursor, 2,4,6-triamino-1,3,5-triazine (melamine: Fig. 1), are
different compounds. Recent studies have shown that the
thermal polymerization of melamine under an inert atmo-
sphere, typically used for the synthesis of g-CN, provides melon
and not g-C3N,, based on X-ray diffraction (XRD) and quanti-
tative analysis by X-ray photoemission (XPS)."? Melon was
identified by Liebig'* in 1834, and first synthesized by Berzelius
et al. It is a linear polymer composed of a one-dimensional
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Fig. 1 Molecular structures of melamine, melem, and melon.

chain of 2,5,8-triamino-tri-s-triazine (melem) units, as shown in
Fig. 1. The commonly used method for synthesizing melon is
thermal polymerization using melamine and dicyandiamide as
the starting materials. A comparison of the electronic struc-
tures of g-C3;N, and melon shows that the dimensionality of the
system has a significant effect on their electronic structures
even though these have the same building unit of melem. The
energy band calculations of previous studies suggest that
melon has a direct gap, which predicts different optical proper-
ties from those of g-C;N, with an indirect gap."® The energy
gap, Eg, of g-C3N, is smaller than that of melon because of the
higher degree of polymerization of the two-dimensional sys-
tem. Although melon has a high exciton recombination prob-
ability after visible light absorption (in principle), which may
limit its photocatalytic activity, many studies have reported the
enhancement of its photocatalytic activity. If most of the
previously reported materials are melon rather than g-C;N,,
as mentioned above, the capability of melon as a photocatalyst
is already well-established. Additionally, melon has been iden-
tified as a potential material for application in electrolumines-
cent devices owing to its direct gap semiconducting
properties.'® However, the investigation of the potential of
melon as a new organic semiconducting material has been
retarded in comparison to its photocatalytic activity. Further-
more, the basic information regarding melon remains insuffi-
cient. For instance, although melon can be synthesized
relatively easily by thermal polymerization, the dependence of
its structure and chemical state on thermal polymerization
conditions is yet to be thoroughly examined.

It is well-known that the thermal polymerization of melon
starting from melamine involves a monomer intermediate,
melem. The present study mainly focuses on the changes in
the structures of the products and their optical properties
during polymerization from melem to melon. This can allow
the identification of polymerization conditions that can lead to
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an improvement in the photocatalytic activity and other physi-
cal properties not only of melon but also CN-based compounds.

In this study, the thermal polymerization conditions are carefully
examined, and a new stable solid phase of the melem-oligomer-
based compound is identified during the polymerization of melem
to melon. The optical properties of the compound are investigated,
and it is determined that it possesses fluorescence properties with
an absolute quantum yield of approximately twice that of melon.
This allows the identification of appropriate polymerization condi-
tions for the application of the CN-based compound as a new light-
emitting material.

2. Experimental
2.1 Calcination procedure

To synthesize melon, melamine (3.0 g, purity: 99.0% Wako Pure
Chem., Ind., Ltd, 139-00945) was placed at the bottom of a quartz
tube (Nichiden-Rika Glass Co., Ltd, P-18SM), and the tube was
capped with aluminum foil with a pinhole of ~0.6 mm diameter.
The aluminum foil was fixed with a tungsten wire, and thermal
polymerization was performed in this semi-closed system.'” Mela-
mine was heated at the target temperature (350, 415, or 450 °C) in
the quartz tube filled with N, at atmospheric pressure for a specific
time. Prior to heating, the inside of the quartz tube was replaced
with N,. After decreasing the temperature to room temperature
(~20 °C) at a rate of 2 °C min™", the powder product in the quartz
test tube was removed and ground in a mortar to afford a uniform
particle size.

The procedures under vacuum were performed as follows.
An alumina crucible was used for heating under vacuum, and
the sample was heated by the resistive heat generated by the
tungsten wire wrapped around the periphery of the crucible.
The average vacuum during calcination was approximately 1 x
10~* Pa. During heating under vacuum, a thermocouple was
inserted into the powder part of the crucible in the chamber to
determine the temperature, and the temperature was increased
to 180 °C at a rate of approximately 1.5 °C min'. After a
predetermined time (4.0 or 5.3 h), the heating was stopped, and
the sample was removed from the chamber after the tempera-
ture of the sample decreased to room temperature. The
obtained sample was then ground using a mortar and pestle.

2.2 Analysis methods

UV-visible (UC-vis) spectroscopy data (V-650 spectrometer,
JASCO) for the samples were collected by placing the samples
between two quartz plates to combine the transmission and
diffuse reflection methods. To measure the absorbance of
melem, it was dissolved in DMSO and the absorbance in
solution was measured to suppress the effect of sample lumi-
nescence. The KBr pellet method was used to record the
Fourier-transform infrared (FT-IR) spectra (FT/IR 6100 spectro-
meter, JASCO) of the powder samples. XRD analysis was con-
ducted using a diffractometer (Ultima IV, Rigaku) with a Cu Ko
radiation source (4 = 0.15496 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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XPS data for the powder samples were collected using an AXIS-
NOVA instrument (KRATOS ANALYTICAL Ltd, UK) with monochro-
matic Al Ka (v = 1486.6 €V) as the excitation source. The XPS data
were analyzed using Voigt functions by employing the XPSPEAK41
software program (written by Raymund W. M. Kwok).

Photoluminescence (PL) spectra for the powder samples
were recorded by placing these between two glasses, using a
spectrometer (Nanolog, HORIBA) with a Xe light source (1 =
350 nm). The incident angle of the excitation light was 30° from
the normal direction of the sample surface.

The quantum yield was measured using an absolute PL quan-
tum yield instrument (C9920-02, Hamamatsu Photonics K.K.). The
measurements were performed at the excitation light wavelengths
of 310 nm and 340 nm using a 150 W Xe lamp as the light source.

Molecular orbital (MO) and energy band calculations were
performed using the density functional theory (DFT). The band
calculations were performed using the CASTEP plane-wave
basis set and the GGA exchange-correlation function. The
structures of the compounds were created using the Materials
Studio software. Previously reported melem'® and melon'®
structures were used for the calculations.

XRD profiles were calculated for the above-mentioned structures
using the Powder Diffraction Pattern package by employing the
Visualization for Electronic and Structural Analysis (VESTA)
program.

3. Properties of CN compounds
synthesized at different temperatures

3.1 Characterization of CN compounds synthesized at
atmospheric pressure

When melon was synthesized by thermal polymerization using
melamine as a precursor and the calcination temperature was
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gradually increased, compounds with several different struc-
tures were obtained at different temperatures. To determine the
structures and chemical states of the products obtained at
different calcination temperatures, the XRD and FT-IR data
were collected (Fig. 2). These results show that the crystal
structures and compositions of products change significantly
with a variation in temperature. Detailed calcination tempera-
ture dependence of the XRD and FT-IR data is shown in Fig. S1
(ESIT). Melem was prepared by heating melamine at 400 °C.
Melon could be obtained by heating melamine in N, atmo-
sphere at a relatively high temperature of 430-600 °C. The XRD
and FT-IR data of melem and melon are in good agreement
with the previously reported data,"*'®? indicating that the
compounds are successfully synthesized. The theoretical pres-
sure phase diagrams of these CN compounds obtained by free-
energy calculations®® are consistent with the conditions
described here for the synthesis of melem and melon. However,
when melamine was heated at 415 °C, the XRD patterns
obtained for melem and melon were different. Hereafter, this
product is called “‘as-synthesized CN415 (as-CN415).” As-CN415
shows XRD patterns similar to those of melem, but the char-
acteristic peak observed at 20 ~ 25°, as depicted by the broken
line in Fig. 2(a), is not present in either melem or melon. The d-
spacing calculated from this peak is 0.354 nm. Although there
are some reports of compounds affording XRD data similar to
those of as-CN415, no reports on structural identification or
optical properties have been published.”*>® Furthermore, rin-
sing of as-CN415 with dimethyl sulfoxide (DMSO) to remove
residual unreacted melem allowed the separation of products.
The main component of the material removed by DMSO is
considered to be unreacted melem from the UV-Vis measure-
ments. This is consistent with the FT-IR results. On the other
hand, soluble molecular species, which may include partially
condensed species along with unreacted melem, should also
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Fig. 2 XRD and FT-IR data of products prepared via calcination under ambient conditions. (a) XRD profiles of powder samples of melem, as-synthesized
CN415, CN415, and melon. Melem and melon were prepared at 310 and 450 °C, respectively. As-synthesized CN415 was prepared at 415 °C. Vertical bars
in the data for melem represent simulated diffraction peaks.'® (b) Corresponding FT-IR spectra of the samples subjected to XRD analysis.
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Fig. 3 (a) N 1s core level XPS data of melon and CN415. Black dots represent the measured data after subtracting Shirley-type background. Labels for the

respective peak components resolved by standard peak-fitting analysis with Voigt function correspond to the colored atoms in the molecular structures
shown in (b). Vertical bars on the spectra indicate the satellites that represent the shake-up satellites. (c) Composition ratio of nitrogen in different
chemical environments of each compound estimated from the measured N 1s peak. “melon Data” represents the intensity ratio evaluated from the
measured XPS data of melon, and “melon Cal.” represents the ratio calculated from the stoichiometric proportion of melon. “CN415 Data” represents the
intensity ratio determined from the measured XPS data of CN415, and "melem x 4 Cal.” represents the ratio calculated from the stoichiometric
proportion of oligomer composed of four melem units shown in (d). (d) Molecular structure of oligomer as a unit in the crystal structure of CN415

expected from the analysis of XPS data.

have been removed. The XRD pattern of this product is similar
to that of melon. A peak at approximately 27°, corresponding to
the stacked layer structure in the c-axis direction that is also
observed for melon, is observed, suggesting that it has a layered
structure similar to melon. However, in addition to the peak
observed at 20 ~ 25°, some differences from the data for melon
are also observed. This product is referred to as “CN415,” until
its identity is clearly established in this paper.

Based on the FT-IR data, the NH stretching vibration peaks
(v(N-H)) observed at approximately 3500 cm™" in the spectrum
of melem?®® indicate the presence of NH, groups in melem, and
identical peaks are also observed in the data for as-CN415.
Considering the XRD data, the observation of (N-H) peaks for
as-CN415, similar to melem, indicates that as-CN415 contains
residual melem. A comparison of the FT-IR data of as-CN415 to
that of melamine*” shows that a small amount of unreacted
melamine is present in as-CN415. In contrast, the (N-H) peaks
in the spectrum of melon are not observed at the wavenumber
at which these are observed in the spectrum of melem. This is
due to a partial loss of NH, groups in melem by thermal

6086 | Mater. Adv, 2021, 2, 6083-6093

polymerization. No clear difference in the FT-IR spectra of
melon and CN415 are observed, indicating that their chemical
states are similar to each other. Therefore, considering these
results in combination with the XRD data, it can be concluded
that CN415 may be a polymorph or precursor of melon. The
presence of CN415 is not explicitly indicated in the theoretical
phase diagram.>?

XPS data were collected to identify the differences between
the chemical states of melon and CN415. The N 1s core level
XPS data of the compounds are shown in Fig. 3(a). Based on the
FT-IR data shown in Fig. 2(b), it is clear that CN415 has similar
functional groups as those of melon. Therefore, the composi-
tions of melon and CN415 were determined by analyzing the
peak intensity in the XPS data. First, based on the intensity
ratios of the C 1s spectrum shown in Fig. S2 (ESIt) and the N 1s
spectrum in Fig. 3(a), the ratio of the number of carbon atoms
to those of nitrogen atoms (C/N ratio) in the specimens is found
to be almost identical, i.e., 0.66 for melon and 0.65 for CN415.
Next, the intensities of the N components were compared. As
shown in Fig. 3(b), there are four types of nitrogen atoms

© 2021 The Author(s). Published by the Royal Society of Chemistry
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contained in the melon structure with distinction chemical
environments: N; forms the skeleton of the heterocycle, Nj;
forms the terminal amino group, Ny; forms the bridge connect-
ing the melem units, and N;, occupies the center of the
heterocycle. The XPS data of melon and CN415 were analyzed
by the standard peak-fitting method using four individual
peaks with binding energy values of the 1s orbitals of each
nitrogen obtained from previous studies,"® and these are
summarized in Table S1 (ESIT). The N; : Nj, ratio, corresponding
to the nitrogens constituting the heterocycle, remains almost
unchanged in both melon and CN415 (approximately 6 : 1). This
indicates that CN415 also has a structure consisting of hetero-
cyclic units such as in the case of melon. This is also consistent
with the nearly identical C/N ratios for melon and CN415. In
contrast, a clear difference between melon and CN415 is
observed in terms of the intensity ratio of Nj; and Nj;;. As shown
in Fig. 3(c), the intensity ratio of each N 1s peak in the
experimental data of melon shows good agreement with the
stoichiometric proportion of melon. In contrast, CN415 has a
higher proportion of Nj;, the amino group at the end of the
molecular chain, and a lower proportion of Nj; forming the
bridge that connects the melem units, compared to the corres-
ponding proportions in melon. This result indicates that
CN415 is an oligomeric form containing a shorter molecular
chain than melon, which decreases the nitrogen proportion in
the bridge and increases that at the end of the molecular chain.
Furthermore, to determine the number of melem units con-
nected in CN415, the calculated intensity ratio of the N 1s peak
that increased in each melem unit was examined, and four
melem units reproduced the observed results. Therefore,
CN415 is composed of oligomers with molecular structure
constituting four connected melem units (melem tetramer),
as shown in Fig. 3(d). In other words, CN415 is speculated to
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have a lower degree of polymerization than melon and its
precursor. The proportions of Nj, Nj;, Njj;, and Nj, calculated
from the stoichiometric proportion of oligomers with three and
five melem units are 64.3%, 17.9%, 7.1%, and 10.7% and
65.2%, 15.2%, 8.7%, and 10.9%, respectively. The possibility
that the building unit of CN415 is a trimer can be ruled out, but
the pentamer cannot be completely ruled out. However, when
comparing the ratio of Nj; to Nj;, it is more appropriate to
consider it as a tetramer. The likelihood of the model structure
shown in Fig. 3(d) as a reasonable possibility will be described
later. However, it should be noted that in addition to linear
structures such as tetramer, branched structures are also
possible candidates for the structure of CN415, as they can
reproduce the ratio of Nj; to Nj;;.

The XPS data provide evidence for the chemical states of
non-metallic materials as well as E,. A small hump is observed
toward the high binding energy side of the main peak in the N
1s spectra of melon and CN415 (Fig. 3(a)), and this feature is
called ‘““shake-up satellite.” The shake-up satellite is observed
due to single electron excitation accompanied by photoemis-
sion from the N 1s core level. A portion of the kinetic energy of
the photoelectron from the core level causes excitation of a
single electron in the valence band to the conduction band.
Thus, the energy of the shake-up satellite determined from the
main peak roughly represents the energy gap, E,, in the
presence of the N 1s core hole. It is generally not possible to
determine the correct value of E, from the shake-up satellite
owing to the presence of the core hole following photoemis-
sion, but the magnitude of E, can be estimated. The energy
difference between the shake-up satellite and main peak is
greater by approximately 0.1 eV in CN415 than that in melon, as
shown in Fig. 3(a). Therefore, the E, value of CN415 is greater
than that of melon. This result is consistent with the
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(a) XRD profiles of melon and CN415 (identical to those in Fig. 2(a)) and calculated XRD patterns for melon and CN415. The results of the XRD

simulation for melon and CN415 (“melem tetramer”) are also shown. The model structure of CN415 shown in (c) was used for the calculation, which is
obtained using the melem tetramer as a building unit. (b) Magnified view of the XRD profiles near 20 = 25°. (c) Unit cell of the model structure of CN415

viewed from the c-axis direction.
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conclusion that CN415 consists of oligomers with a shorter
molecular chain length compared to melon, based on the peak
fitting analysis of the XPS data mentioned above, because the
short m-conjugated length generally affords a large energy gap.

The XPS data suggest that an oligomer consisting of four
melem units should be the building unit in the crystal structure
of CN415. Using the CN415 crystal structure model in which
melem tetramers were arranged, attempts to reproduce the
XRD peaks of CN415 shown in Fig. 2(a) were made. Fig. 4(a)
shows the results of the XRD simulation for melon and CN415,
together with their experimental profiles. The model structure
of CN415 shown in Fig. 4(c), which is obtained using the melem
tetramer as a building unit, can reproduce the diffraction peaks
characteristic of CN415 (atomic coordinates of CN415 are listed
in Table S2, ESIT). For instance, the peaks at 20 values of 10.98°,
12.50°, 13.68°, 14.98°, 16.67°, 18.50°, 25.16°, and 30.27°, which
are not observed in the data for melon, can be explained on the
basis of the simulation data. Fig. 4(b) shows a magnified view
of the XRD profiles near 20 = 25°, and the model structure of
CN415 shows a peak at 25.16°, which is observed only in
CN415. This peak is assigned to the (440) diffraction. As shown
in Fig. S3 (ESIt), the peak observed at around 25° cannot be
reproduced by the model structure prepared using melem
pentamer as a building unit. In contrast, the peak at 19.6°
could not be reproduced using the model structure of CN415;
this is possibly assigned to be a peak derived from melon, and
it is considered that the melon structure partially coexists with
CN415. In other words, it is expected that only a small portion
of CN415 is changed to the melon structure due to additional
polymerization via calcination at 415 °C, implying that CN415
is a melon precursor. This indicates that the crystal structure of
CN415 corresponds to the structure that is formed during the
transition from the herringbone structure of melem' to its
layered structure via thermal polymerization. The reproduction
of multiple peak positions in the measured XRD data of CN415
further supports the conclusion that the building unit of the
CN415 crystal structure is a melem tetramer. Although this
conclusion can be reasonably achieved at this time, additional
studies including the reproduction of XRD intensity are
required in the future. Hereafter, CN415 is referred to as the
“melem tetramer (MT)” in this article.

The band calculation results for melon and MT are shown in
Fig. S4 (ESIt). Some band dispersion can be observed in melon;
in particular, the lowest conduction band shows a dispersion
along the direction in which the polymer chain extends, and
the highest valence band shows a dispersion along the direc-
tion of layer stacking. However, MT shows almost no band
dispersion along either direction because it has a significantly
lower degree of polymerization than melon and low-molecular-
weight oligomers are loosely bonded to each other through
hydrogen bonds to form the crystal structures. A slight overlap
between the m-orbitals in neighboring oligomers is observed,
which is needed for band dispersion. The energy gap based on
the band calculation of MT is higher than that of melon by
~0.1 eV, which is consistent with the energy gap evaluated
from the shake-up satellites in the XPS data shown in Fig. 3.
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Fig. 5 UV-vis spectra of melem, MT, and melon prepared in N, atmo-
sphere. Photographs of each sample are displayed in the inset. Vertical
bars indicate the wavelengths of the absorption edges, Agpt.

Fig. 5 shows the UV-vis spectra of melon and MT synthesized
in N, atmosphere. The data for melem are also shown for
reference. The spectrum of melem may not be accurately
measured because of the PL of melem, but the absorption edge
of its solution is at Z,pc = 339.1 nm, as shown in Fig. S5 (ESI{),
which is in the shorter wavelength region than that shown in
this figure. The absorption edges of melon and CN415 are
located on the longer wavelength side in comparison to that of
melem, and the absorption edge of MT (4op; = 442.6 nm) is
located at a slightly shorter wavelength in comparison to that of
melon (Aope = 453.9 nm), indicating that MT has a larger E, than
melon. This trend is in agreement with the energy gap variation
caused by different polymerization temperatures, as previously
reported in the literature.””?® The colors of the samples
observed in the photographs are consistent with the differences
in the absorption edges observed in the UV-vis spectra. MT has
a whitish color compared to that of melon. Furthermore, this
result is consistent with the magnitude of E, for melon and MT
evaluated from the energies of the shake-up satellites in the
XPS data shown in Fig. 3(a).

The PL spectra of the powder samples of melem, melon, and
MT are shown in Fig. 6. Melem exhibits intense luminescence
in the near-UV region. Both melon and melem tetramers show
emission at longer wavelengths than melem due to a change in
the electronic structure caused by the expansion of the n-
conjugated system upon polymerization. A comparison of the
spectra of melon and MT shows that the spectral shape at
approximately 450 nm changes slightly. The wavelengths for
maximum intensity of PL, Ap, for melon and MT are 458.9 nm
and 444.6 nm, respectively. The intensity at approximately
500 nm is also different, and the peak width of MT is slightly
narrower, as summarized in Table 1. The luminescent colors
observed in the photographs for melon and MT are slightly
different; the luminescence of MT is more bluish. In compar-
ison to the emission wavelengths of oligomers such as dimers

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) PL spectra of the powder samples of melem, MT, and melon measured at room temperature. (b) Photographs of the samples under ultraviolet

(mercury lamp) irradiation. The excitation wavelength e, wWhich gives the highest quantum yield of each material, was used. The results of PL
measurements using Zex = 310 nm and 340 nm for each material are shown in Fig. S6 (ESIT).

Table 1 Optical properties of the powder samples of melem, melon, and
MT. Jopt represents the wavelength of the absorption edge in the UV-vis
absorption spectra. Ap, 1, and Alp_ are the wavelength at the maximum PL
intensity, absolute quantum yield of PL, and full width at half maximum
(FWHM) of PL spectra, respectively

Sample Jopt/NM ApL/nm n/% FWHM/nm
Melem (339.1)*  367.9 712 55.0
MT (rinsed with DMSO) 442.1 444.6 10.4 54.0
Melon 453.6 458.9 7.4 62.2

“ As the absorption edge of melem is affected by the luminescence of
melem in the powder form, the one dissolved in solvent was measured.

and trimers reported in previous studies,”® MT emits at longer
wavelengths, which further supports the existence of tetramers
rather than small oligomers. Based on the quantum efficiency
measurements, the absolute quantum yield, #, of MT is higher
than that of melon, i.e., # = 7.4% for melon and 5 = 10.4% for
MT. Considering the PL of MT, the color purity shows slight
improvement, and the quantum efficiency is also enhanced
with blue light emission. The high quantum efficiency of MT is
probably related to the delayed fluorescence of melem.>2°
However, it is necessary to confirm that MT shows similar
delayed fluorescence in the future studies. As MT can be
isolated and is chemically stable under ambient conditions, it
can be concluded that MT is a superior as a blue light-emitting
material compared to melon, and can potentially be applied as
a new luminescent material in optoelectronic devices.

The optical properties of the powder samples of melem,
melon, and MT are summarized in Table 1. The absolute PL
quantum yield of melem is very high, and the yield of MT,
which has an electronic structure derived from that of an

© 2021 The Author(s). Published by the Royal Society of Chemistry

oligomer with four connected melem units, is also higher than
that of melon.

Based on the above discussion, the thermal polymerization
process of melamine as a precursor in N, atmosphere is shown
in Fig. 7. When melamine is heated at 415 °C in N, atmosphere,
as-CN415 with XRD patterns different from those of melon and
melem is obtained as a product. In addition, when as-CN415 is
immersed in DMSO (solvent used for melem), a stable sub-
stance that remains insoluble is observed, which is identified
as a melem tetramer. Melem tetramer is a new CN compound
that has a unique crystal structure and chemical composition
different from those of previously known CN-based
compounds.

Melem and melon are converted into amorphous melon
when heated at high temperatures. Amorphous melon is not
completely amorphous. The XRD patterns of amorphous melon
are similar to those of melon, but the intensities of the peaks
are weaker, and the (002) diffraction peak in XRD data is
broader than that of melon. Additionally, amorphous melon
is thicker and yellow in color because of the defects generated
by heating.*** The XRD data shown in Fig. S7 (ESIt) indicate
that as-CN415 and MT are also converted into amorphous
melon by further heating at 415 °C. It can be speculated that
when reheated at 415 °C, MT changes to melon, followed by a
change to amorphous melon. It is expected that a polymeriza-
tion reaction occurs in which the ends of the oligomer, which is
a building unit of MT, are bonded.

3.2 Characterization of CN compounds prepared in vacuum

When thermal polymerization of melon was carried out under
vacuum using as-CN415 as a precursor, melon and melem

Mater. Adv., 2021, 2, 6083-6093 | 6089
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Fig. 7 Thermal polymerization of melamine as a precursor in N, atmosphere.

tetramers were obtained; these were also obtained under atmo-
spheric pressure of N,. However, the temperature dependence
of the polymerization reactions was different from that under
atmospheric pressure. Here, as-CN415 was obtained by heating
melamine in N, atmosphere (Fig. 7). The melem tetramer was
obtained by reheating as-CN415 under vacuum because the
unreacted melem remaining in the as-CN415 sublimates was
treated by heating at 180 °C for four hours in vacuum, leaving
only MT. MT could be removed from as-CN415 not only by
rinsing with DMSO but also degassing under vacuum. A com-
parison of the XRD patterns of MT (“CN415” in Fig. 2) to that of
Fig. 8 showed that the pattern of MT in Fig. 8 was identical to
that in Fig. 2. In contrast, the intensity ratio of each peak was
different even though the precursor (as-CN415) used was the
same and preparation procedure was identical. This indicated
that the crystallinity of the resulting MT was different when
heated in N, atmosphere and vacuum. Considering the XRD
data shown in Fig. 2 and 8, the MT prepared under vacuum
showed better crystallinity than that prepared in N, atmo-
sphere. The cause of this difference in the crystallinity remains

XRD
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(21I0) amorphous melon

(as-CN415)
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| |

Intensity / arb. units
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Fig. 8 (a) XRD profiles of the powder samples of MT prepared from as-
CN415 under vacuum and amorphous melon obtained by reheating as-
CN415 or melon in vacuum.

(210)
|
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unclear, but it is possible that DMSO molecules infiltrates MT
when they are treated with DMSO, preventing effective re-
stacking even after drying in N, atmosphere.

Fig. 9 shows the UV-vis spectra of MT and amorphous
melon. The samples of the latter were prepared via two differ-
ent methods. The sample of amorphous melon corresponding
to the middle spectrum was obtained by reheating as-CN415 at
230 °C for 5.3 h under vacuum, while the sample in the lower
spectrum was obtained by reheating melon at 180 °C for 5.3 h
under vacuum. In both cases, the absorption edge of amor-
phous melon is located at a longer wavelength than that of
melon (Fig. 5) and MT. The thermal polymerization that occurs
under vacuum should be identical as that under atmospheric
N, conditions. Amorphous melon has the same structure as
that of melon. Thus, the results indicate that MT can be
converted into melon by reheating under vacuum as well as
atmospheric pressure in N,, but the temperature required for
the former is significantly lower than that in the latter. Addi-
tionally, amorphous melon obtained by the reheating of melon

5
o
i
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Fig. 9 UV-vis spectra of MT prepared from as-CN415 under vacuum and
amorphous melon obtained by reheating as-CN415 or melon under
vacuum. Calcination conditions to obtain amorphous melon from melon
and as-CN415 are 230 °C for 5.3 h and 180 °C for 5.3 h, respectively.
Photographs of each sample are displayed in the inset. Vertical bars
indicate the wavelengths of the absorption edges, Aqp:.
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Fig. 10 Formation of amorphous melon under vacuum using as-CN415
as a starting material.

shows tailing toward the longer wavelength side up to 4 of
800 nm. Such long tailing is not observed for amorphous melon
obtained from as-CN415, which is also indicated by the differ-
ence in the colors of the samples in Fig. 8. A previous study
reported that amorphous melon exhibited similar broad
absorption over the entire visible spectrum. Kang et al. reported
that the reheating of microcrystalline melon at 620 °C for two
hours in Ar atmosphere afforded amorphous melon, which
showed a wider light absorption range than melon and exhib-
ited photocatalytic activity with excellent hydrogen
generation.?*™?

Based on the XRD and UV-vis spectroscopy data, the thermal
polymerization process to generate amorphous melon from
different compounds under vacuum is shown in Fig. 10. When
as-CN415 is reheated at a low temperature of 180 °C for 4.0 h
under vacuum, MT is obtained because of the sublimation of
unreacted melem from as-CN415 under vacuum. Furthermore,

View Article Online
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when MT or as-CN415 is reheated at 180 °C for 5.3 h in vacuum,
further polymerization occurs, and an identical crystal struc-
ture as that of amorphous melon that is formed when melon is
reheated is obtained. These polymerization reactions are simi-
lar to those that occur at atmospheric pressure, but thermal
polymerization occurs at a significantly lower temperature
under vacuum than at atmospheric pressure. This can be
explained as follows. As shown in the theoretical phase
diagram,”® low ammonia partial pressure facilitates the
desorption of ammonia during the process, and the reaction
proceeds predominantly in the polymerization direction.
Furthermore, low ammonia partial pressure is favorable for
producing amorphous melon. Amorphous melon can be easily
obtained at lower temperature under vacuum than that at
atmospheric pressure because ammonia is easily desorbed
during polymerization.

The PL spectra of the powder samples of MT and amorphous
melon are shown in Fig. 11(a), while the photographs of the
samples irradiated with ultraviolet light are exhibited in
Fig. 11(b). Due to the polymerization of as-CN415 by heating
under vacuum, the wavelength corresponding to the maximum
luminescence intensity in the PL spectrum of amorphous
melon is longer than that of MT by approximately 16 nm,
and the peak is broader. This corresponds to the color change
in the PL image of the powder (Fig. 11(b)). As observed in the
photographs shown in Fig. 11(b), the luminescence intensity
decreases significantly as the polymerization progresses to
afford amorphous melon, and the color purity degrades. While
MT shows potential for application as a new material for blue
light emission, amorphous melon can potentially show appro-
priate photocatalytic performance owing to its light absorption
over a wide wavelength range in the visible region.
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(@) PL spectra of the powder samples of MT and amorphous melon at room temperature measured using excitation light of /¢, = 340 nm.

Measurements for amorphous melon were performed on two types of samples prepared in the same manner as shown in Fig. 9. (b) Photographs of the

samples under ultraviolet (mercury lamp) irradiation.
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Table 2 Optical properties of the powder samples of MT and amorphous
melon. Amorphous melon samples were obtained by reheating as-CN415
at 180 °C for 5.3 h under vacuum and melon at 230 °C for 5.3 h. Agpt
represents the wavelength of the absorption edge in the UV-vis absorption
spectra. Ap., 1, and Alp_ are the wavelength at the maximum PL intensity,
absolute quantum yield of PL, and FWHM of PL spectra, respectively

opt! Jpr) FWHM/
Sample nm nm n/% nm
MT (as-CN415 heated 4.0 h) 448.7 457.4 13.6 64.0
MT (as-CN415 heated 5.3 h) 466.0 473.8 4.3 86.0
Amorphous melon (melon 480.8 494.8 1.9 109.8

heated 5.3 h)

The parameters that describe the optical properties of MT
and amorphous melon are listed in Table 2. Compared to the
properties of MT included in Table 1, the PL wavelength of MT
prepared under vacuum is slightly red-shifted, and the width of
the PL peak is increased because heating under vacuum causes
the terminal amino group to desorb from MT, introducing a
small amount of defects. However, the quantum yield of MT
prepared under vacuum is higher. Therefore, a comparison of
the photograph of MT in Fig. 11(b) to the photograph of MT in
Fig. 6(b) shows that the former is brighter and glows with a
lighter blue color. In contrast, significantly diminished PL is
observed for amorphous melon obtained from as-CN415 or
melon. This remarkable change is speculated to be due to a
large number of carrier traps created in amorphous melon,
which facilitate the dissociation of excitons generated by light
absorption and promote charge separation. This interpretation
is consistent with the superior photocatalytic activity of amor-
phous melon compared to that of melon, as reported in

previous studies.>**?

4. Conclusion

After careful reexamination of the known calcination condi-
tions of melon, a new CN compound, MT, was identified in this
study. MT thermally polymerizes at a temperature slightly lower
than that used for the thermal polymerization of melon. The
structure and physical properties of MT are determined using
XRD, FT-IR, XPS, UV-vis, and PL analyses.

MT is formed during the polymerization of melamine to
melon and has a lower degree of polymerization than melon.
Analysis of the N 1s core level XPS data of MT suggests that it
has a crystal structure in which an oligomer consisting of four
melem units forms a building unit. The proposed crystal
structure of MT is consistent with the XRD, UV-vis, and PL
analyses. Notable characteristics of MT include a higher abso-
lute PL quantum yield than melon and blue light emission with
improved color purity. MT prepared by reheating as-CN415
under vacuum affords higher crystallinity and fluorescence
quantum yield than MT prepared under N, atmosphere.

This study shows that during the thermal polymerization of
CN compounds, valuable new CN compounds can possibly be
obtained by careful examination of the calcination conditions.
CN compounds with various structures can be formed because

6092 | Mater. Adv,, 2021, 2, 6083-6093
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of the coexistence of strong CN bonds and weak intermolecular

forces such as hydrogen bonds and dispersion forces as cohe-
sive forces.
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