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The adduct of melamine and cyanuric acid (MCA) was used in past research to produce polymeric carbon
nitride and precursors. The reaction yield was considerably incremented by the addition of sulfuric acid. The
polymeric carbon nitride formation occurs around 450 °C at temperatures above the sublimation of the adduct
components, which occurs around 400 °C. In this report the effect of sulfuric acid on MCA was investigated. It
was found that the MCA rosette supramolecular channel structures behave as a solid solvent able to host small
molecules, such as sulfuric acid, inside these channels and interact with them. Therefore, the sulfuric acid effect
was found to be close to that of a solute that causes a temperature increment of the “solvent sublimation”
enough to allowing the formation of polymeric carbon nitride to occur. Sulfate ions are presumably hosted in
the rosette channels of MCA as shown by simulations.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Polymeric carbon nitride, apart from its applications as the pre-
cursor for the synthesis of superhard carbon nitride phases [1-10], has
also been investigated for a number of other applications [11-15]. For
example, combining the chemical sensitivity with the optical and
semiconductor properties, polymeric carbon nitride has become an
interesting candidate into the wide field of sensors [16-20].

The pathway synthesis presented by Li et al. [21] was extended to
heteroatoms different from halogens by Dante et al. [22-25]. In the last
developments, the polycondensation reaction (see Eq. (1)) was carried
out starting directly from melamine cyanurate - the adduct of mela-
mine and cyanuric acid — which crystallizes in layers like graphite [16].

C3N3(NHy);3 - C3N3(0OH); — CsN7(NH)(NH3) +3H,0 (1)

* Corresponding author.
E-mail address: rcdante@yahoo.com (R.C. Dante).
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This reaction is promoted by sulfuric acid, which acts as a
catalyst [22-25]. The results of the melamine cyanurate pyrolyzed
in the range between 450 and 700 °C were presented in previous
reports [24-26], with the significant result being the formation of
crumpled and globular particles of polymeric carbon nitride with
thickness ranged between 5 and 25 nm.

On the contrary, the intermediates obtained with this reaction are
almost unexplored and represent a new class of carbon nitrogen mat-
erials. The choice of this reaction pathway was based on the work of
Heine et al, who reported the formation of melaminium sulfate [23]
which is more stable than melamine cyanurate by itself, which sub-
limates around 430 °C preventing the condensation reaction into the
heptazine unit-based polymer called polymeric carbon nitride. Heine
et al. reported the supramolecular 3D assembly of [(LH)»(SO4):]. [23].

In the case of melamine cyanurate (melamine-cyanuric acid
adduct, MCA), the intermediates are more complex than the final
products and similar to that reported by Heine et al. They are
bound mainly through hydrogen bond, m-m interactions, and
interaction between ions making them a supramolecular assem-
bly. Their UV-vis absorptions and structure are different from both
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the final product and the reagents. However, they seem to be
organized in layers which then eventually evolve to the poly-
meric carbon nitride structure after thermal treatment at tem-
peratures above 450 °C [23].

The interest on anion directed self-assembly processes have
increased notoriously due to their use in the development of novel
nanosized materials. In contrast to the metal containing coordination
polymers, where coordination bonds dominate, anion based networks
are stabilized by multiple weak interactions such as hydrogen bonding
or electrostatic and m-interactions; nevertheless, the skillful use of
these forces may result in functional molecular units with interesting
properties. In fact, this may result in materials with a different sen-
sitivity to the surrounding environment, due to their weak interactions
that assembled the structure, opening to a new class of sensors for
anions [27]. In our materials, the presence of sulfur belonging to
sulfate ion is low; as it was shown in our previous work [25]; in the
present one, is not far from 2% on atomic base leading to a significant
content of sulfate ions. Simulations reported by Whitesides et al. [28]
showed that the linear tape motif of the arrangement of 1:1 MCA
adduct may likely be modified by substituents which a steric hind-
rance leads to either a crinkled or rosette arrangements [28]. That is an
example of a case of non-covalent synthesis. In fact, Ranganathan et al.
[29] detected that the actual arrangement obtained under hydrother-
mal synthesis of MCA was the hexamer rosette one (see Fig. 1), which
is held together by hydrogen bonds by the type: N-H-H, and N-H-O
with a small channel of 4 A diameter resembling cryptands. Moreover,
a similar arrangement was found for the tritiocyanuric acid and
melamine. This situation, together with the sulfur content means that
there is approximately a sulfate ion per each rosette hexamer [29].

TeraHertz-time domain spectroscopy (THz-TDS) was used to con-
firm the presence of a stacked and turbostractic structure of the
intermediates to find some correspondence with the final product that
was already studied by this spectroscopy technique that can reveal
lattice vibration modes; in fact this technique was able to reveal a
vibration mode of the sheets along the stacking direction [26]. In THz-
TDS, the terahertz signal is generated by the conversion to base-band
of a train of ultrafast optical pulses generated with a femtosecond
laser. This is typically performed using either semiconductor photo-
conductive antennas or optical rectification in a nonlinear medium.
The pulses are then propagated into (or reflected from) the medium
under test and their short duration ensures that their spectra cover the
terahertz spectral region of interest. The received terahertz signal can
be detected with a gated photoconductive antenna where a delayed

298

Fig. 1. The rosette formed between cyanuric acid and melamine. Dashed lines
represent hydrogen bonds. Adapted with permission from [29], Copyright 1999
American Chemical Society.

version of the optical pulses is used as the control signal. The analysis
of the obtained terahertz waveforms with or without test sample
permits to determine material parameters. The unexpected result of
this study was to find that MCA may act as a solid supramolecular
solvent able to host small molecules inside the rosette-shaped chan-
nels and interact with them, as in the case of sulfuric acid. Moreover,
it seems that the structure is only slightly altered. However, this
solution-like behavior causes a significant increment of the sublima-
tion temperature of the MCA components thus allowing solid MCA to
reach a temperature high enough to react and form heptazine
polymers.

2. Materials, experimental and theoretical methods
2.1. Materials

The reagent, melamine cyanurate was supplied by Quartz S.r.l.
(Italy) with a purity higher than 99%. Melamine cyanurate was
manually milled in an agate mortar for about 5 min; subsequently
the sample was treated with 1 M sulfuric acid overnight and dried
at 110 °C for 6 h. The sulfuric acid-treated samples, each one of
about 4 g, were placed in a ceramic crucible and thermally treated
at different temperatures between 250 and 400 °C in air in a
convective oven for 30 min at the maximum temperature. The
three samples obtained were denominated CN1 (250 °C), CN2
(300 °C), and CN3 (400 °C). It was found that sulfuric acid acts as
a catalyst as described in more detail in our previous report [25].

2.2. Structural characterization

2.2.1. X-ray diffraction measurements

The X-ray diffraction patterns were obtained by means of a powder
diffractometer Rigaku ULTIMA-IV with Cu Ko radiation. Glass capil-
laries for sample mounting were used. The samples were ground in an
agate mortar and sifted. The measurements always lasted for 1 h, and
crystalline silicon was used as a standard.

2.2.2. FI-IR spectroscopy

The infrared spectra were obtained by means of a Thermo Nicolet
380 Fourier transform-infrared (FT-IR) sepectrometer (Nicolet, USA).
KBr tablets of the specimens were used to identify the chemical
functional groups.

2.2.3. TEM and SEM characterization

Transmission electron microscopy (TEM) was performed with a
JEOL JEM-FS2200 HRP (JEOL, Japan) and scanning electron micro-
scopy by a JEOL JSM-820 SEM with energy-dispersive X-ray
spectroscopy (EDS) probe (JEOL, Japan).

2.24. Thermal analysis

The thermal stability and decomposition rate of supamolecular
intermediates in of polymeric carbon nitride from melamine cyanu-
rate was evaluated by thermogravimetric analysis using a STD Q600
thermobalance (TA Instruments) with an nitrogen mass flow rate of
25 mL/min and a temperature raye of 10 °C/min.

2.2.5. UV-vis spectroscopy

UV-vis diffuse reflectance spectra were measured using a Perkin
Elmer Lambda 35 UV-vis spectrophotometer. A Spectralon® blank
was used as reference. The reflectance data were transformed to
absorbance data applying the Kubelka-Munk method as follows:

(1-R?
5R (2)
where R is the reflectance and FR) is the Kubelka—-Munk (K-M)

F(R)=
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function. The K-M function was plotted as a function of the energy
(E=hc/A) and the band gap value was calculated through the
inflection point of this curve. The abscissa of this point is directly
associated with the band-gap value [30].

2.3. TeraHertz-time domain spectroscopy measurements

A Menlo Tera K15 Spectrometer was used for the THz-TDS
analysis. The system is based on a 1560 nm fiber laser that generates
90 fs pulses at a repetition rate of 100 MHz. This provides a compact
fiber-coupled setup. The system was operated in a nitrogen rich
atmosphere in order to avoid the signature of water absorption in the
recorded samples. Ten sample and ten references measurements
were performed in each case in order to reduce the noise in the
measurements.

The material parameters in the spectral range of interest were
calculated from the time domain photocurrent traces measured
with the spectrometer. These time domain waveforms depend not
only on the material data but also on the width of the pellets due
to the contributions from multiple reflections at the pellet-air
interfaces. Signal processing techniques similar to those described
by Duvillaret et al. [31] were employed in order to obtain the THz
spectra of the materials.

2.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was carried out by means of a
K-Alpha model spectrometer by Thermo Scientific making use of a
monochromatic source of AlKx (1487 eV). The vacuum pressure of
the analysis cage was 10~° mBar during the whole experiments and
there was used a spot size of 400 pm. The spectra of high resolution
(narrow sacans) were obtained using a pass energy of 60 eV.

2.5. Quantum chemistry computations

The semiempirical quantum chemistry computations were per-
formed with the PM6 method [Stewart2007] using the parallel
implementation for multi-threaded shared-memory CPUs and mas-
sively parallel GPU acceleration [32] of the MOPAC2012 [33] software
package. A Fedora Linux server with a 12 cores Intel Xeon processor
and a NVIDIA Tesla K20 GPU was used for the computations.

3. Results and discussion
3.1. Infrared spectroscopy

The precursor melamine cyanurate is an adduct of melamine and
cyanuric acid and exhibits a strong broad absorption between 2700
and 2500 cm~! (not to be confused with the twin bands of gaseous
CO, which are much narrower and less intense, located below
2400 cm~'. It is noteworthy to point out the background was
subtracted from all spectra). This is due to hydrogen bond as shown
by its IR spectrum in Fig. 2. This band disappeared after treatment
with sulfuric acid; in addition, the two peaks due to N-H stretching
between 3400 and 3200 cm~ ! and the corresponding peak to N-H
bending of primary amines at 1662 cm~! were considerably decr-
eased. This indicates a strong interaction between melamine and
sulfate ions, as it was previously reported by Heine et al. [23].

After thermal treatments for CN1, CN2 and CN3, the band due to
hydrogen bond was partially restored because of the sulfuric acid
removal. However, significant changes occurred in the other parts of
the spectrum. New bands appeared which can be associated to the
heptazine ring formation; it was especially evident in CN3. The
infrared spectroscopy shows that CN1 and CN2 are very close as
inferred from the absorption bands shown in Fig. 3. The interpretation

of the bands is quite difficult since there are several components’
contributions: cyanuric acid, melamine and sulfuric acid (sulfate ion).
In the spectrum of CN1 some characteristics belonging to both cyan-
uric acid and melamine were found. The three carbonylic bands
between 1780 and 1700 cm ™! of cyanuric acid decreased and finally
disappeared in the CN3 spectrum, as well as the C-0O stretching bands
between 1100 and 1000 cm ™, and the wagging of primary amines at
760 cm~!; this indicates that condensation occurred. Moreover,
carbonyls and hydroxyls groups of cyanuric acid seemed to be
involved into a strong hydrogen polymeric bonding as testified by
the broad band between 2800 and 2000 cm~ ! in CN1 and CN2 which
definitely disappeared in CN3. This was a restoration to the original
sample impregnated by sulfuric acid, where the adduct hydrogen
bonds were disrupted. In the same way, the intense peaks between
1650 and 1527 cm ™!, corresponding to the mode of asymmetric and
symmetric scissoring of primary amines, tended to decrease and
revealed two weaker bands between 1610 and 1537 cm™! (linked to
vibrational modes belonging to melem ring [32]) in CN3, as well as the
bands between 3400 and 3200 cm™~! of both asymmetric and sym-
metric NH stretching of primary amines considerably decreased. All
the C-N stretching bands between 1430 and 1394 cm ™! associable to
primary amines (linked to aromatic rings such as triazine) substan-
tially decreased in CN3, while the secondary amine C-N stretching are
much higher in the region between 1300 and 1100 cm~! in compar-
ison of both CN1 and CN2. In CN3 further condensation occurred
forming more amine bridges and consequently more secondary
amines, as shown by the increasing of the shoulders between 1274

Absorbance a.u.

T T T T T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. IR spectra: (A) melamine cyanurate, (B) melamine cyanurate treated with
sulfuric acid.
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CN2

absorbance (a.u.)
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Fig. 3. IR spectra of CN1, CN2, and CN3 samples.
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and 1240 cm~ ! which probably belong to secondary or even tertiary
amine bridges. The weak peaks at 805 and 850 cm ™!, which corre-
spond to ring deformation modes, are more evident in CN3 with a
considerable decreasing of the peak at 850 cm ™. The latter band can
be attributed to an E' ring deformation mode of a free heptazine unit
with symmetry D5y, while that at 805 cm ™! to a A; ring deformation
mode of either dimers or e short polymers with symmetry C,,. The
bands around 1000 and 600 cm ™!, well defined for CN1 and CN2, can
be attributed to sulfate S=0 stretching and deformation, respectively.
The main bands of CN3 are compatible with a tri-s-triazine or an
intermediate stage. All the cyanuric acid bands probably disappeared
due to condensation of rings and polymerization. The low definition of
the bands is an indication that the material is highly amorphous in the
stacking direction. Finally, the CN3 spectrum shows that, although the
polymer formation advanced, there are consistent residues of the
adduct.

3.2. Thermal gravimetric analysis (TGA)

The TGA curves, displayed in Fig. 4, show a different behavior for
the three samples. Three onsets can be clearly distinguished in CN1
and CN2. The first one corresponds to almost inaltered melamine
cyanurate which considerably loses mass from 350 °C. However, the
other onsets can be attributed to two different species already present
in the treated sample and not only formed during TGA execution, as
can be inferred by the TGA of pure MCA, which showed the first onset
around 400 °C corresponding to the MCA decomposition into gaseous
melamine and cyanuric acid [25]. The second decomposition of MCA
sample above 500 °C is due to the polymeric carbon nitride formed
during the thermal gravimetric analysis. In CN1, CN2, and CN3 samples
treated with sulfuric acid, the species that decomposed between 400
and 500 °C, according to the IR spectra and the structural simulation,
can be mainly conformed by MCA interacting with sulfuric acid, while
the last species which decomposed between 500 and 700 °C are
possibly already polymerized heptazine rings (i.e. polymeric carbon
nitride). In CN3 the latter is the most abundant species, while the
reagent MCA is almost disappeared passing from the 50% present in
CN1 to the 5% of CN3. It is noteworthy to point out that the
intermediate species (MCA®H,SO,) is almost in the same amount as
in CN1 and CN2 around the 20%, indicating that this is the inter-
mediate which mainly converts and polymerizes into polymeric
carbon nitride. The yield of the sulfuric acid treated samples is
considerably more than that of the pure MCA.

100
90 i
80 5
70 i
60 3
50 i

40 -

Weight (%)

30

20

10 H

0 T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4. TGA curves of the CN1, CN2, and CN3 samples from left to right.

The supposed reaction mechanism can be the following divided
into two different pathways with different yield:

MCA — CNy 3

MCA - H,SO4 — CNy 4)

where MCA is the melamine cyanurate adduct, MCA - H,SO4
represents the MCA which is interacting with sulfuric acid, while
CN, stays for polymeric carbon nitride, x can vary depending of the
degree of polymerization (hydrogen atoms in this case has been
neglected for brevity only, in any case their number in the formula
depends also on x). The pathway of Eq. (3) corresponds to the MCA
which is not interacting with sulfuric acid and its yield is very low
(around of 5% reacted) as can been inferred by the TGA curve of
MCA alone. It is reasonable that till the MCA is not completely
consumed the intermediate MCA - H,SO4 content will remain
quite constant.

3.3. Estimation of the band-gap

Fig. 5 shows the UV-vis spectra, where F(R), as a function of
photon energy, is shown for supramolecular intermediates in of
polymeric carbon nitride from melamine cyanurate. The band gap
values were estimated using the K-M absorbance function and
they are summarized in Table 1. Note that this gap-band values
correspond to a semiconductor n-type polymer network, accord-
ing to previous reports [25].

It is noteworthy to point out that the absorption around 4.5-
3.0eV grew up passing from CN1 to CN3, which is probably a
phenomenon linked to the heptazine ring formation. However, the
weak broad absorption around 2.5 eV (underlined in Fig. 5 with a
dashed line only for CN1), possibly linked to formation of transient
cations like melaminium, disappeared in CN3. Combining these
observations with the IR detection of adduct residues in CN3, we
can conclude that all the specimens are a blend of reagents,
intermediates and products. The latters increased their content
passing from CN1 to CN3 overwhelming intermediates and reagents.

3.4. X-ray photoelectron spectroscopy results

The XPS surveys of the samples show the presence of C1s, N1s,
O1s (belonging to both intermediates and sulfate ions), S2p and
S2s peaks (see Fig. 6). XPS results of CN1, CN2 and CN3 show the
presence of the following bonds: C-N, C=N, -OH, and C-NH

S
© CN1
=3
IC
CN2
CN3
T T T T T
6 5 4 3 2 1

Energy (eV)

Fig. 5. UV-vis spectra of CN1, CN2, and CN3 samples. The weak absorption around
2.5 eV is underlined with a dashed line for CN1.
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compatible with the lactim form of cyanuric acid. Moreover, it is
possible to observe the formation of tri-s-triazine rings and other
residues, principally C-C, C-CH, C-CH, and C-O-N.

Table 2 shows the binding energies corresponding to the Cls
and N1s due to the specific bonds present in the samples. The basic
model of chemical structure of the polymer is shown in Fig. 7 ,
in order to favor the identification of the bonding and atom types.
This model was reported by R.C. Dante et al. [25], where each atom
is numbered, and the assignment carried out by XPS follows this
labeling system for heptazine units.

The C1s and N1s spectrum for the samples and their corre-
sponding deconvolution curves are shown in Fig. 8. The peak Cls

Table 1
Shows the optical band-gap values for CN1, CN2
and CN3.
Sample Eq(eV)
CN1 2.792
CN2 2.879
CN3 2.845
O1s Nis
Auger KLL CN1

~
3 CN2
&
=
@
[ =
2
£
CN3
T % T T T : T L T ! T y
1200 1000 800 600 400 200 0

Binding Energy (eV)

Fig. 6. Survey XPS spectra of intermediate polymeric carbon nitride from mela-
mine cyanurate of the three annealed samples CN1, CN2, and CN3.

Table 2

core level of CN1 content contributions of 284.80 eV binding
energy corresponds to the C-C bonds of the graphitic carbon,
and the peaks at 285.70, 286.27, 287.14, 288.25, 288.79, 289.80,
and 290.68 eV can be attributed to C-CH, CH,, C-N, C=N, C-0,
C=0 and C-O-N bonding, respectively. Initially, CN1 contained
large amounts of functional groups, but after the annealing
treatment, a substantial loss of functional groups was observed
for both CN2 and CN3, as shown in Fig. 8.

The contribution of C-O-N and C=0 in CN2 and CN3 is much
lower than that of CN1. The C-O-N and C-O peaks considerably
decreased and C=0 finally disappeared. The C=N and C=0 bonds
are present in all the samples so that is probably due to the
presence of lactam forms. In the CN1 sample it is possible to see
that all the carbon bonds are of intemediates. However, the carbon
atoms named C1 and C2 (see Fig. 8 and Table 2) with binding
energy of 288.15 and 288.58 eV, respectively, which belong to the
heptazine ring, were already present in CN1 with proportion 1:1.

Looking at C 1s in Fig. 8, the presence of C-O-N is detected at
290.68 eV, which disappeared in CN3. Another noticeable aspect is
the disappearance of C-N band at 288.79 eV. On the other hand, it
is possible to see that heptazine rings were formed in CN2 and
CN3 with an increment ratio of 1: 1.6. The same proportion is
fulfilled for the satellite shake up Cls corresponding to the
delocalized electrons de T — 7 transition.

In N 1s there are six contributions found in deconvolution
curves. Here, the main peaks can be identified as N1 (nitrogen of
the ring i.e. C-N=C), N2 (a secondary amine i.e. C-N-H), and N3
(primary amine) (see Fig. 8 and Table 2)) at 398.86 eV, 400.30 eV
and 401.07 eV, respectively. The other three peaks are C-O-N at

Fig. 7. Structure of heptazine ring (polymeric carbon nitride unit) according to XPS
assignations.

Binding energies corresponding to the C 1s and N 1s due to the specific bonds present in the samples.

C1ls
Sample C1 c2 C-CH; c-C Cit C-N C=N c-0 c=0 C-O-N
Binding energy (eV)?
288.15 288.58 286.27 284.8 193.91 28714 288.25 288.79 289.80 290.65

Content (%)"
CN1 0 0 3.5 284 0 1.6 18.9 18.5 19.8 54
CN2 7.3 7.3 2.6 28.2 11 3.8 13.8 16.0 13.6 2.6
CN3 121 12.0 4.7 28.2 1.8 1.5 317 0 8.2 0
N 1s
Binding energy (eV)

N1 N2 N3 C-0-N C=N N7t

398.86 400.30 401.07 401.30 399.85 405.11
Content (%)
CN1 333 113 20.2 3.0 314 0
CN2 429 17.7 13.3 24 21.9 1.8
CN3 55.3 15.6 12.4 0 129 3.9

@ The uncertainity of the binding energy were estimated in + 0.05 eV.
b The chemical concentration percent of relative uncertainity is + 5%.
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Fig. 8. The XPS deconvolution spectrum of C 1s and N 1s of the CN1, CN2, and CN3 samples.

401.30 eV, C=N at 399.85 eV and the satellite shake up of N w—
7 localized at 405.11 eV.

Calculations from the areas of the peaks showed that the sulfur
contents based on the S 2p peak were 1.74, 2.37, and 2.35 atomic %
for CN1, CN2, and CN3, respectively.

While the nitrogen atomic % were 43.18, 41.64, and 42.53,
respectively.

These values correspond approximately to a sulfate ion per two
rosette hexamers (Fig. 1) so that Eq. (4) can be rewritten in the
following way:

[C3N3(NHz)5 - C3N3(OH)5]5 - H2SO4 —

— (NH2),[CeN7NH2(NHy)]; ; « - H2SO4 — (NH3),[CsN7NHz (NH, — 1)],,
(5)

where x may take the values 0 and 1, while n > 2. Since the presence
of OH was detected by IR and XPS, we can infer that some cyanuric
acid molecules, as well as some melamine ones, may be protonated.
Sulfate ions are present in the channels to stabilize these charges,
and possibly stabilize also the MCA structure displacing the decom-
position to higher temperatures allowing the heptazine formation.

In summary, MCA acts as a solid supramolecular solvent whose
basic molecules are linked by weak but diffuse forces, as in other
polar solvents, but with the difference that in MCA order is more
extended. In this case solute molecules stay in the channels
formed by the typical rosette arrangement.

We can say for analogy that the phenomenon we observe in the
late decomposition at temperatures that allows the formation of
heptazine (above 400 °C) is due to the same phenomenon that
makes increase the boiling point in liquid solutions, i.e. the
attraction forces between solvent and solute. In fact, the decom-
position here is really the sublimation (like boiling for a liquid
solution) of the gaseous cyanuric acid and melamine rather than a
true solid decomposition of pyrolyzed products.

3.5. X-ray diffraction results

The XRD patterns of CN1, CN2 show a material with low
crystallinity and peaks characteristic of MCA but with peaks that
are clearly doubled, i.e. the pair at 10.80° and 11.76° as well as
those at 27.31° and 27.97° (see Fig. 9). The intensity of these peaks
decreased from CN1 and CN2, while in CN3 are very low and only a
very wide broad band around 23° is visible, which may belong to
amorphous sp? carbon in accordance with XPS spectra. No signal
of ordered heptazine or polymeric carbon nitride is detected, the
samples seem to be quite amorphous, especially CN3 which is
mostly composed of heptazine compounds.

The XRD patterns seem to be not altered by the presence of the
sulfate which is present in a considerable amount in all the
samples as detected by XPS. However, in the case of the rosette
arrangement, the channels of 4 A are large enough to host the
sulfate ions, approximately one for each rosette hexamer without
considerably altering the material structure (distortions are pos-
sible for the hydrogen bonds). The disgragation of the MCA
framework and the consequent disappearence of the channels
prevented the formation of an ordered structure in CN3 mostly
composed of heptazine compounds, which apparently have not a
channeled structure as MCA [26].

Also morphology of particles changed during the process from
CN1 to CN3. The platelet particles, shown in the SEM pictures of
Fig. 10, which are almost similar in CN1 and CN2 with diameter
around 1 pm, were replaced by much more fragmented particles with
size sometimes below 1 pm, although the platelet structure was still
present. Moreover, a TEM image reveals a nanoflake crumpled
structure, which was extensively discussed in a previous report [25].

3.6. Quantum chemistry semiempirical calculations

The melamine cyanurate geometry was optimized using the
PM6 method implemented in MOPAC assuming periodic boundary



176 R.C. Dante et al. / Journal of Solid State Chemistry 226 (2015) 170-178

L
>
bt
» CNA1 1
=
: M’ ]
° .
(= i _ C N2
- [l
! i .
MW\_ CNS3
: i -
H : i
i A ] [
: i gLl iMCA 1
n § H] i TR
B3 o4 Eoambs i E L,
10 20 30 40 50

Fig. 9. XRD patterns of CN1, CN2, and CN3, and comparison with the
simulated XRD.

conditions. Alternating layers with the positions of cyanurate and
melamine interchanged between layers was assumed. The lat-
tice parameters obtained are a=14.882 A, b=9.920 A, c=7.364 A,
a=90.55°, #=94.03° and y=90.29°. This is in very good agree-
ment with the actual crystal parameters of MCA [29]: a=14.853 A,
b=9.641 A, 2c=7.1620 A, ®=90°, /=92.26° and y=90°. The geo-
metry is displayed in Fig. 11, where the computational volume
spanning 1 x 1 x 2 unit cells has been outlined. Using for the
computations two cells of the geometry with alternating layers in
the c direction permits to meet the MOPAC requirement of a com-
putational unit cell large enough to hold a sphere with a diameter
of 8 A [32-35].

Fig. 12 shows, in the top curve, the predicted powder XRD
corresponding to the optimized molecular model calculated using
MERCURY [36] software package and in the bottom curve the
predicted pattern obtained from the structure published in the
seminal work by Rao et al. [29]. The agreement between the two
results is very good and there is also a very good correspondence
with the measured data for both CN1 and CN2 (see Fig. 10). The

Fig. 11. Views of the PM6 MCA optimized geometry along the b and c axis. The computational domain spanning 1 x 1 x 2 unit cells is outlined.
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differences found in the measurements for these two samples can
be attributed to a varying concentration of MCA in the samples.

The Fig. 13 displays the geometry of MCA incorporating the
H,SO4 molecules in the rosette channels optimized using the PM6
Hamiltonian [37]. Even at this very high concentration, with every
other channel fully saturated, the distortion of the MCA geometry
is very small, with lattice parameters a=14.958 A, b=10.280 A,
c=7.961 A, a=89.75°, $=94.80° and y=89.94°. This illustrates the
power of MCA for incorporating the H,SO,4. At smaller concentra-
tion levels, as observed in the samples, with sulfuric acid scattered
at random in the MCA host, a negligible effect on the main features
of the XRD measurements is expected.

The vibrational spectrum in the THz band associated to the
molecular model displayed in Fig. 11 was studied using MOPAC with
the PM6 Hamiltonian [37]. This analysis confirms that the geometry
corresponds to a true ground state. Fig. 14 shows an estimate of the
normalized THz absorption curves in the band between 1.1 THz and
2.3 THz obtained from the calculated vibrational frequencies and the
associated intensities assuming a Lorentzian lineshape with a line-
width of 3cm~! using Gabedit [38]. As opposed to other related
materials [26] a large number of vibrational modes is found along
this band.

3.7. THz-TDS spectroscopy measurements

Fig. 15 shows the measured attenuation spectra in the THz band.
The results for CN1 and CN2 display similar features. In particular, the

;
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Fig. 12. Calculated XRD from the MCA PM6 optimized geometry.
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two bands obtained by the theoretical calculations performed for MCA
can be identified, even though the main absorption peak appears
shifted to higher frequencies in the calculations. The agreement
between theory and experiment on this regard is within the expected
accuracy limits of the semi-empirical calculations. Nevertheless, other
factors can also be responsible of this shift, such as the existence of a
relatively large number of vibrational modes contributing to the
attenuation band and how the sulfuric acid present in the rosette
channels can affect in different manners to the various resonances. The
main difference between the CN1 and CN2 spectra is the reduction of
the maximum absorption of the main peak in the spectrum of CN2
when compared with that of CN1. This could be the result of a
decrease of the MCA relative presence in the CN2 sample. For CN3, the
shape of the attenuation spectrum is completely different and the
peak observed close to 2 THz can be linked to the dominance of the
polymeric CN, in the sample [26]. In relation with these results, we
highlight the very high sensitivity of THz-TDS spectroscopy to mor-
phological changes in the material under study, as it was previously
found in [26].

4. Conclusions

The real intermediate to the formation of polymeric carbon nitride
is what can be defined a solution within a certain latitude. The solvent
is the adduct melamine cyanurate (MCA), a supramolecular solid held
together by hydrogen bonds, which provides rosette-shaped channels

Absorption (a.u.)

.4 1

n |||..
.6 1.8

f(THz)

2 2.2

Fig. 14. Theoretically predicted normalized absorption spectra for MCA.
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Fig. 13. Views along the b and c axis (panels (a) and (b), respectively), of the geometry for MCA incorporating H,SO,4 optimized using the PM6 method. The computational

domain spanning 1 x 1 x 2 unit cells is outlined.
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Fig. 15. Measured attenuation THz spectra.

with the possibility to host polar and ionic small molecules, as sulfuric
acid, interacting with the wall “solvent” molecules. This “solution”
exhibits a sublimation temperature higher than that of the pure
“solvent” allowing the solvent molecules (cyanuric acid and mela-
mine) to react to form heptazine and ultimately polymeric carbon
nitride with a considerable yield increment with respect the pure
melamine cyanurate. It is noteworthy to point out that melamine
cyanurate is not acting as the other so called solid solvents such as
metal alloys or even zeolites, while has a behavior more similar to that
of a polar liquid solvent with a longer order range.
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