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The graphitic layered compound CgNgHs-HCl was prepared by reaction between melamine and
cyanuric chloride under high pressure-high temperature conditions in a piston cylinder apparatus and
characterised using SEM, powder X-ray diffraction, UV Raman and near-IR Fourier transform Raman
spectroscopy with near-IR excitation. Theoretical calculations using density functional methods
permitted evaluation of the mode of attachment of H atoms to nitrogen sites in the structure and a
better understanding of the X-ray diffraction pattern. Broadening in the UV and near-IR FT Raman
spectra indicate possible disordering of the void sites within the graphitic layers or it could be due to
electron-phonon coupling effects.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

There is currently great interest in developing the solid state
chemistry of novel high-density C-N-H materials that possess
useful electronic and mechanical properties. Much of the recent
research activity has arisen from the theoretical prediction that
dense sp>-bonded C5N, phases could have extremely low
compressibility and high hardness comparable with diamond
[1-4]. A large number of experimental studies have been carried
out to synthesise such compounds, but reliable characterisation of
a bulk C3N4 phase with such superhard qualities has remained
elusive [5-7]. Other avenues of research have investigated the
formation of layered graphitic (C,N) materials that could provide
potential precursors to new high-density sp>-bonded phases as
well as having useful properties in their own right. These
compounds are now being studied extensively both experimen-
tally and theoretically [4,8-20].

The study of carbon nitride materials prepared by reactions
between or decomposition of (C,N)-containing compounds has
long constituted an important frontier are between inorganic and
organic solid state and molecular chemistry. Liebig first gave the
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name “melon” to an amorphous solid with an approximate
composition near CgNgH3 that had been described previously by
Berzelius. However, the structural characterisation of a nanocrys-
talline variety of this material ([C¢N,(NH5)(NH)],) has only been
achieved recently [21]. A family of related solid state materials
that includes “melem” (C3N;oHg or CgN7(NH5)3) is now known to
exist, with structures based on oligomeric planar units formed by
condensation of C3N3 (triazine) rings as found in the heterocyclic
molecule melamine (2,4,6-triamine-1,3,5-triazine: C3NgHg or
C3N3(NH;)3) or triazine itself (C3N3H3) [13,21-25] (Fig. 1).

These carbon nitride molecular compounds and solid state
materials have important materials applications. They give rise to
high-strength refractory plastics including the melamine-formal-
dehyde series that have been known since the earliest days of
carbon nitride chemistry and that are incorporated in polymers to
provide flame and heat retardation properties [26]: they also
constitute high-energy density materials that can lead to
advanced fuels and explosives [27]. Nanomaterials prepared from
the condensed heterocyclic systems have useful fluorescence and
optoelectronic properties, and graphitic carbon nitrides have been
proposed recently as the basis for a new family of H,O-splitting
photocatalysts [10,28].

High-pressure, high-temperature synthesis approaches have
been used to prepare relatively well crystallised varieties of
graphitic carbon nitride materials by reactions between precur-
sors such as the heterocyclic aromatic compounds melamine and
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Fig. 1. Structural motifs developed among graphitic sp>-bonded C«N,H; solids. C atoms are shown in light grey, N atoms are black, and H atoms are shown white. (a) Layers
built from triazine C3N3 units linked by CNC bonds were proposed for the nanocrystalline g-C3N4 structure produced by Kouvetakis et al. [12,16]. The structure contains
CgNs “voids” within the graphitic layers. (b) An alternate linking of triazine rings leads to formation of heptazine (CgN7) units as found in melem and the presence of larger
(CoNo) voids in the layered structures of melon and other extended g-C5sN4 networks [18,19,21,22]. In the case of melon the CNH linkages can be partly hydrogenated. (c)
Even larger “voids” (C;2N;; ring units) are found within C3NgHs3 layers that form the basis for the graphitic carbon nitride structure proposed by Zhang et al. [17]. Here one
half of the CNC groups linking the triazine rings are hydrogenated (N2 atoms). (d) A single layer of the C3NgH5 - HCI structure proposed by Zhang et al. [17]. Note that a Cl
atom (or CI~ ion: large grey) resides within the layer in the centre of the C;,N; ring and one additional CNC linkage is hydrogenated, preferentially at the N1 site [30].

cynanuric acid (C3NsCls) [8,9,14,17]. The layered solid state
compounds are formed via lateral condensation or elimination
reactions between the planar aromatic rings [19]: e.g.,

C3N6H6+C3N3C13 g C5N9H3+3HC1 (1 )

The pressures used are generally on the order of P~0.1-4 GPa
at temperatures between 400-600 °C [8,9,14,17,29], much lower
than the high P-T conditions used in attempts to produce sp>-
bonded carbon nitride materials.

Demazeau et al. [9] first investigated mixtures of melamine
and cyanuric chloride that were reacted at 0.13 GPa and 250 °C:
the resulting material exhibited a broad X-ray diffraction peak at

~3.27 A corresponding to the (002) interlayer reflection of a
graphitic (C,N) solid. Chemical analysis also revealed the presence
of H and Cl within the material although their role in the structure
was not identified. Alves et al. [8] treated melamine in the
presence of hydrazine (NH,NH,) at 3GPa and 800-840°C to
obtain a better crystallised product with a larger number of
identifiable features in the diffraction pattern. Zhang et al. carried
out a systematic study of graphitic (C,N) compounds synthesised
from melamine and cyanuric chloride at 1-1.5GPa and
500-600°C, and they obtained well-crystallised materials for
which structure solutions were proposed following Le Bail and
Rietveld refinement of the diffraction data [17,29]. It was indicated
that synthesis and crystal growth were optimised in a range
bounded by onset of the solid state reaction and thermal
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decomposition temperatures, assisted by liquid phase transport
within the cyanuric chloride phase, between P~1.3-2.2 GPa and
T = 500-550°C [29]. Zhang et al. used a combination of bulk
chemical analysis and electron energy loss techniques during
transmission electron microscopy experiments to establish the
composition of the graphitic materials as CgNgH3 - xHCI, with x~1.
These investigations combined with the results of X-ray diffrac-
tion analysis thus revealed the presence of Cl atoms within the
graphitic (C,N) that were derived from reaction (1) involving the
cyanuric chloride precursor: i.e., not all of the HCl component was
eliminated but was incorporated within the structure. The CI
atoms were proposed to occupy voids within the graphitic (C,N)
layers (Fig. 1). Based on the results of >C NMR and FTIR
spectroscopy, Zhang et al. suggested that the additional H atoms
associated with incorporation of the HCl component in the
structure should be attached to the N(1) nitrogen atoms involved
in the triazine rings rather than to the N(2)H groups bridging
between triazine units and forming the C;,N;, voids within the
structure (Fig. 1). Our recent density-functional theoretical
calculations (DFT) indicate that this interpretation is correct
[30]. In the present work, we show that the results of the first
principles DFT calculations allow us to refine further details of the
structure and achieve a better understanding of the X-ray
diffraction data. In our new study we also used UV and near-IR
Fourier transform Raman spectroscopy to gain new insights into
the structural ordering and phonon-electron interactions within
the graphitic layered C,N compounds.

2. Experimental methods

Melamine (C3NgHg) and cyanuric chloride (C3N5Cl3) were
obtained from Aldrich and used without further purification: they
were stored in an Ar-filled dry box (<10 ppm 0,/H,0) that was
used for all subsequent sample manipulations including loading
into the high-pressure capsules for synthesis experiments. For
high-P,T syntheses we used a non end-loaded piston cylinder device
obtained from Depths of the Earth Co, Arizona, USA. In a typical run
a 1:2 mixture of melamine:cyanuric chloride was pressed into a
pellet and loaded into a preformed Pt capsule (5mm outer
diameter) that was sealed by crimping inside the dry box. The
sample weight was ~250 mg. The loaded capsule was then placed
inside a graphite heater assembly with a NaCl outer sleeve that
acted as the pressure-transmitting medium. Syntheses were carried
out at pressures ranging between 0.5 and 1.5 GPa at temperatures
of 500 and 600 °C measured by a Wg7Re3-W55Re,5 thermocouple
for 15h. Following decompression to ambient conditions we
detected evolution of HCI gas on opening the capsule, as expected
from the formal synthesis reaction (1). However, subsequent
chemical and structural analysis revealed that substantial Cl
remained incorporated within the graphitic structure, as already
indicated by Demazeau et al. and Zhang et al. [9,17].

The recovered yellow-brown solid was washed with distilled
H,0, ethanol and acetone to remove Pt(NHs3)4Cly that typically
formed by reaction with the capsule material during the high-P,T
synthesis experiment as well as any unreacted starting materials;
the product was then dried at 130°C [17,29]. SEM investigations
indicated formation of a layered solid state material, with particle
sizes ranging between ~0.1 and 0.5 pm. Bulk chemical analyses
were carried out at UCL. The C:N:H determinations gave an
average formula CgNg . 05Hs 515 consistent with the stoichio-
metry found previously by Zhang et al. [17,29]. We could not
achieve a reliable determination of the Cl content in our
experiments. We were forced to combine samples produced from
several synthesis runs and we found the Cl contents to be variable
and generally much higher than expected for a composition
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Fig. 2. Top: experimental powder X-ray diffraction pattern for the layered
graphitic CgNgH3-xHCl as prepared in this study following washing. Bottom:
calculated patterns using different Cl site occupancies predicted from DFT
calculations (assuming P1 symmetry) [30]. The calculated patterns best match
the experimental diffraction data for x = 1.

CsNgHs - HCL. We believe that this result is due to incorporation of
Pt(NHs)4Cl; species that are formed as byproducts of the reaction
and that were not fully removed by washing and were included in
the combined samples sent for chemical analysis. Our analysis of
the X-ray diffraction results presented below combined with DFT
theoretical predictions of the X-ray patterns were consistent with
the CgNgHs - HCI formulation, and we presumed that the chemical
composition analyses presented previously were correct [17,29].
The samples were examined by powder X-ray diffraction using a
Bruker D4 diffractometer and CuKo. (4 = 1.5418 A) radiation at
UCL. The relative intensities observed in the powder X-ray
diffraction pattern matched those expected for a graphitic layered
CsNgHs - XHCl material with x = 1 (Fig. 2).

Raman spectroscopy is well established as a useful technique
for studying the structure and interactions between vibrational
and electronic excitations in graphitic carbon-based materials
[31-35]. However, no Raman spectra have been reported to date
on the carbon nitride compounds obtained from high-P,T synth-
esis, because of the strong fluorescence produced by these
materials under visible excitation that obscures the weak Raman
scattering. In our study we first attempted to obtain Raman
spectra with laser excitation throughout the visible range
(787-325nm) using home-built [36] and commercial (Renishaw)
micro-Raman systems at UCL. All of these experiments resulted in
intense photoluminescence that obscured the Raman spectra,
even when excited into the UV range (Fig. 3). Previous studies of
similar layered and nanocrystalline C;N, compounds have also
reported intense photoluminescence when excited by visible
radiation [10].

Molecular, oligomeric and solid-state aromatic systems in-
cluding those based on C,N heterocycles often exhibit strong
fluorescence when excited by visible radiation due to m-7* and
other electronic transitions. However, excitation with UV radiation
above the range of most of the electronic transitions could result
in the appearance of useful Raman spectra. Here we explored the
use of UV excitation in the 240-250 nm range to record the first
series of Raman spectra for CgNgHs - HCI as well as other graphitic
C«N, compounds known as “tholins”, and that are important in
planetary physics and atmospheric research [37] (Fig. 4). In a first
series of runs, the solid state samples were excited using 244 nm
radiation from a frequency-doubled Ar* laser using a Jobin Yvon-
Horiba LabRam UV Raman system installed in the Laboratoire des
Sciences de la Terre at ENS Lyon. In micro-beam experiments the
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Fig. 3. Room temperature photoluminescence spectrum of graphitic CsNoH3 - HCI
produced via high-PT synthesis from heterocyclic aromatic precursors excited
using 325 nm laser excitation. Raman peaks appear as weak features on the high
energy side of the main fluorescence peak, shifted by ~1000-1800cm™"' from the
exciting line.

incident laser was focused on the sample via a UV microscope
objective and spectra obtained in a back-scattering geometry. The
sample area illuminated was 4-5um in diameter. During
preliminary experiments conducted with higher incident laser
powers we observed time-dependent changes in the spectra that
could be attributed to sample degradation during UV laser
irradiation. In subsequent studies we reduced the laser power to
only a few mW incident on the sample and no longer observed
any such spectral changes: we believe that those results
correspond to the true UV Raman spectra of the graphitic
CgNgHs3 - HCl compound (Fig. 4). To further confirm that no
sample degradation had taken place we also carried out
additional measurements in the LEPMI-CMTC Laboratory at
INPG Grenoble using 229 nm laser excitation with the sample
mounted on a rotating stage to dissipate any heating effects
during the experiment. The spectrometer was a Jobin Yvon
T64000 instrument equipped with an 1800g/mm grating. The
results were identical with those obtained at ENS Lyon using low
incident laser power.

During UV excitation of carbonaceous graphitic materials
including C,N, compounds with substantial sp?> bonding and
low-energy electronic excitations, it is now well known that the
Raman spectra can exhibit significant resonant enhancement of
vibrational contributions from structural species that are present
even in small concentrations, and that changes in relative band
intensity and lineshapes can occur as a result of coupling between
vibrational and electronic excitations [31-35,38]. In our work we
further investigated the Raman spectra of our samples obtained
using near-IR (1064 nm) excitation provided by a Nd>*:YAG laser
in a Fourier transform (FT) Raman experiment using a Bruker
IFS88 spectrometer at CRMHT-CNRS Orléans (Fig. 4). For the FT-
Raman experiments the sample was pressed into a disc in an Al
holder and spectra were taken on 100 um spots. The instrumental
resolution was 4cm™".

Theoretical calculations of various CgNgHs and CgNgHs - HCI
layered materials and graphitic compounds were carried out
using periodic boundary conditions within the local density
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Fig. 4. UV (244 or 229 nm excitation) and FT Raman spectra (1064 nm excitation)
obtained for graphitic and oligomeric C,N, samples at ENS Lyon, LEPMI-CMTC
Grenoble and CNRS-CRPHT Orléans: (a) s-triazine (1064 nm); (b) g-CsNgH5 - HCl
(229 nm: rotating stage); (c) g-CsNgHs - HCI (244 nm); (d) g-C¢NgHs3 - HC1: 1064 nm;
(e) melon (CeN,(NH2)(NH)): 229 nm excitation: rotating stage; (f) melon; 1064 nm
excitation.

approximation (LDA) of density functional theory (DFT) using
the plane wave code CASTEP [30,39]. We used ultra-soft
pseudopotentials for C, N, H and Cl atoms and optimised the
cut-off energy (450eV) and k-point grid size (3 x3 x4) from
single energy point calculations. Further details of the calculations
are presented elsewhere [30,39].

3. Results and discussion
3.1. X-ray diffraction and structural modelling

The samples prepared in this study had X-ray diffraction
patterns that were similar to those reported previously by Zhang
et al. for graphitic CgNgHs - HCI [17,29] (Figs. 2, 6). Although the
X-ray patterns reveal a relatively well crystallised material the
lines remain broadened compared with well-ordered bulk crystals
indicating the presence of substantial structural disorder within
the graphitic carbon nitride layers, or that the samples are
nanocrystalline. Our results indicate that both disorder-induced
broadening and nanoparticle size-effect (Scherrer) broadening are
likely to be present. Zhang et al. [17] fit their original data to a
layered hexagonal (P63/m) structure using a combination of Le
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Bail extraction and Rietveld refinement techniques. The under-
lying CgNgHsz unit has a structure based on stacking of (C,N)
graphene planes (Figs. 1, 5). A fully ordered structural model of
this type contains alternating sp?>-bonded C and N atoms forming

a

Fig. 5. Stacking of the layers in the graphitic CgNgHs-HCI structure. The
attachment of additional H atoms to the N2 atoms decorating the C;,N;, rings is
not shown here for clarity.

triazine (C3N3) rings that are linked by (NH) units to form voids
(C12N2) within the graphitic layers (Fig. 1). The large voids are
occupied by CI~ ions and additional H* species are attached to N2
atoms within the CgNgHs - HCI structure; the Cl component found
within the structure results from the cyanuric chloride used in the
synthesis reaction (1). It is possible that not all of the void sites
within the layers are fully occupied, resulting in potential
formulations such as CgNgHs-xHCl (0<x<1). However, from
their determinations of the chemical composition using bulk
and EELS techniques, Zhang et al. concluded that a structure in
which all available sites within the layers were occupied by CI
atoms provided the best solution [17,29]. Our analysis of the X-ray
diffraction results agrees with that conclusion. We calculated the
powder diffraction patterns for various graphitic materials
CsNgHs - xHCl with x values ranging from 0 to 1 and found best
agreement with the observed pattern for x = 1 (Fig. 2).

The occurrence of both relatively narrow and broad peaks in
the X-ray diffraction pattern cannot be explained by the P63/m
structural model proposed by Zhang et al. Our theoretical
calculations indicate that the N-H bonding pattern combined
with correlated displacements of the Cl~ ions away from the ring
centre cause lowering of the crystal symmetry. Structurally
distinct N atoms are defined as those involved in triazine ring
formation (N1) and those providing NH linkages between the
C3N3 units (N2). The additional protons provided by the HCI
incorporation are located at the N1 sites (Fig. 1) [17,30]. This then
results in disordering within the layers because each additional H
atom is attached to one of the six possible N1 sites. In addition,
the extra J+ charge at each protonated N1 site causes a slight shift
of the CI~ ion from the centre of the large void. We recently
examined these effects via DFT-LDA calculations to predict the
powder X-ray diffraction pattern of a distorted version of the
Zhang et al. model, assuming only P1 space group symmetry
(Fig. 6). The P63/m structure determined by Zhang et al. had cell
parameters a=b=8.4379A; ¢=6.4296A (a, f=90°); our
distorted P1 version of the structure was optimised with
a=28372A, b=8370A, c=6.230A; «=289.68"; f=92.56°
[30]. The proposed structural distortions result in a better
interpretation of the observed powder X-ray diffraction profile,
in that reflections that are isolated or lie close together in the P1
structure (e.g., 110; 120; 002; 120) correspond to narrow

Experimental: C,N_H,.HCI
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Fig. 6. Powder X-ray diffraction pattern of graphitic CsNgHs - HCl compared with
the P63/m structure proposed by Zhang et al. [17] (top) and the lower diagram
indicates the diffraction peaks calculated for a structural model with P1 symmetry
that assumes an ordered H-N attachment arrangement to the N1 nitrogens and
with Cl atoms moved slightly off centre within their sites accordingly [30]. In the
true overall structure it is likely that the N1-H attachment and Cl displacements
occur in a disordered manner within each layer.
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reflections in the experimental pattern, whereas groups of
reflections with approximately equal intensities over a range of
20 values give rise to broad bands (e.g., at 17.5-19.5°, 24-26° and
34-36°) (Fig. 6). We did not attempt further refinement of the
structure from the experimental data for several reasons. First, our
experimental data were already comparable in quality to those
analysed by Zhang et al. [17,29]. Reducing the symmetry and
introducing new structural variables could certainly improve the
fit parameters, but there would be no statistical significance to the
result. Also our analysis indicates that the local distortions caused
by the H incorporation pattern is likely to be present in a
disordered manner between different unit cells [30].

3.2. IR spectra

The IR spectrum of CgNgH3 - HCI contains sharp peaks through-
out the skeletal region between 1000 and 1700cm~! due to C-N
stretching and bending vibrations within the heterocyclic aro-
matic ring system [40,41] (Fig. 7). X-ray amorphous “tholins”, CN,
and CN, polymers only contain broad bands throughout this
range [42,43]. However, nanocrystalline melon with a well defined
crystal structure determined by electron diffraction has a similar
series of sharp IR peaks [21]. Two distinct groups of peaks are
observed in the IR spectrum for CgNgHs-HCI at 666, 636 and
630cm™!, and at 832, 817 and 782 cm™". In their theoretical study
of s-triazine Larkin et al. [40] assigned modes at 748 and 675 cm™!
to out-of-plane and in-plane bending vibrations of the C3N3 ring.
A similar interpretation was proposed by Wang et al. [41] for IR-
and Raman-active bands occurring for melamine (CsNgHg),
although these authors also found significant contributions from
-NH, torsional motions in that spectral region. In the high
frequency range, we observe broad bands with principal maxima
at 3024 and 2754cm™!, with a shoulder present at ~2900cm ™!
(Fig. 7). Zhang et al. observed similar features [17]. These bands
can be assigned to stretching vibrations of H-bonded N-H species.

Melamine and melem both contain sharp high frequency
peaks at above 3400cm™! due to N-H vibrations that are not
involved in H-bonding. Spectra of these materials recorded in the
solid state also contain broader bands at lower wavenumber

Absorbance

0 1 1 L 1 L 1 1

500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™)

Fig. 7. FTIR transmission spectrum of graphitic CsNgHs - HCI prepared as a KBr disc
under moisture-free conditions in a glove box.

(3000-3350 cm™') that are assigned to N-H species involved in H-
bonding; these broad features do not appear in gas phase or
matrix isolation experiments on melamine molecules [17,22,41].
Only broad bands at 3000-3500cm™" are observed in spectra of
amorphous hydrogenated CN, materials and tholins [42,43]. In the
case of melamine, the H-bonding occurs between the molecular
units, whereas for oligomers and graphitic materials built from
condensation of triazine rings internal N-H...N bonding can also
occur across portions of the C12N;5 voids [17,30]. The 3024 cm™!
band of CgNgHs - HCl is assigned to N-H stretching of protonated
N2 sites that can engage in H-bonding interaction with the Cl~ ion
located in the centre of the C;,Ny; ring [17].

The frequency of the 2750-2780 cm™! band in the IR spectrum
of CgNgH3 - HCl is anomalously low. The possibility that it might be
assigned to C-H stretching was ruled out by 'H-13C cross-
polarisation NMR experiments [17]. It has been proposed that this
band is due to N-H stretching of the bridging imido groups with a
potentially strong intramolecular H-bonding interaction occurring
with an adjacent unprotonated N1 atom [17]. IR spectra of related
materials have been reported by Komatsu [23] and by Lotsch et al.
[21], who also carried out a detailed characterisation of nano-
crystalline carbon nitride phases using electron diffraction and
solid state NMR techniques.

3.3. Raman spectroscopy

Our first attempts to obtain Raman spectra using laser
excitations ranging throughout the visible to UV wavelengths
(i.e., 785, 514.5, 488, 325 nm) were unsuccessful because of strong
photoluminescence that obscured the Raman spectrum (Fig. 3).
UV Raman spectra free from fluorescence effects were first
obtained using 244 nm excitation at ENS Lyon and then with
229 nm excitation using a rotating stage system at IPNG Grenoble
(Fig. 4). Later we also obtained Raman spectra using near-IR
(1064 nm) excitation in Fourier transform (FT-Raman) experi-
ments at CNRS Orléans: the results were reproduced in separate
experiments using a similar Bruker instrument at Nottingham
University.

The UV Raman spectra were dominated by a broad asymmetric
band at 1200-1700cm™! due to C-N stretching vibrations, that
resembles the “G” and “D” band profiles observed for structurally
disordered graphitic carbons and other (C,N) layered materials
[31,33,35,44]. We found it surprising that such a “disordered”
Raman band profile should be observed for graphitic CsNgHs - HCI
that exhibits a highly crystalline X-ray diffraction pattern. That
result is discussed further below. Two sharp peaks were observed
at 690 and 980cm ™! in the UV Raman spectra (Fig. 4). These can
be interpreted by comparison with s-triazine and melamine that
provide simple heterocyclic molecules containing the C3Ns3
triazine ring species with Raman and IR spectra that have been
assigned using empirical and ab initio force field calculations
[17,22,40-42]. The symmetric breathing vibration of N atoms
within the C5N3 ring is uncoupled from other vibrational modes
and it gives rise to a strong Raman band at 970-1000cm™! for
both molecules (Fig. 4). We thus assign the 980cm~! UV Raman
peak of graphitic CsNgHs - HCI to the symmetric N-breathing mode
of triazine rings within the structure. The second sharp peak in
the UV Raman spectra at 690 cm™! corresponds to a strong Raman
feature observed for s-triazine and melamine, due to a doubly
degenerate mode involving in-plane bending vibrations of the
CNC linked triazine linkages in these molecules [40,42] (Fig. 4). No
bands were observed in the 2000-2500cm™! region in either
Raman or FTIR spectra, indicating the absence of any triply
bonded C=N units or N—=C=N groups within the structure
[43,45-47].



2676 PFE. McMillan et al. / Journal of Solid State Chemistry 182 (2009) 2670-2677

It is known that the UV Raman spectra of carbonaceous
materials containing aromatic 7-bonding can be significantly
affected by resonance effects [32,34,37,38,48]. These can greatly
enhance the contributions from minor species within a sample.
The HOMO-LUMO gap mainly due to n—n* transitions in
polycyclic aromatic systems varies with wavelength and vibra-
tions of the C3N3 rings within a C,N graphitic system would be
expected to be most sensitive to a UV Raman experiment. We thus
obtained FT-Raman spectra using 1064 nm laser excitation. A very
weak feature appears in the FT-Raman spectra near 980 cm ™}, that
we attribute to the N-symmetric stretching of C3Ns rings in the
structure, as for the UV Raman data. The FT-Raman spectra
showed a broad principal band at 1300-1400 cm~" with shoulders
at ~1600 and 1800-2000cm™"! occurring in the general range of
C-N stretching vibrations. The peak shape and the position of its
maximum differ from those recorded using UV Raman spectro-
scopy: that result agrees with the excitation wavelength-depen-
dent dispersion among the G and D peaks of amorphous carbons
and C,N graphitic materials documented by Ferraro et al. [31-35].

It was noted above that the observation of such a broad and
asymmetric Raman principal band was unexpected for the
apparently highly crystalline samples. One possibility is that the
materials are actually disordered within the layers in a way that
affects the phonon propagation but does not significantly perturb
the X-ray diffraction pattern. We have already noted that the N-H
attachment to the triazine N1 atoms is likely to occur in a
disordered manner and there are small shifts of the Cl atoms away
from the centres of the C{,N, rings. Another possibility is that the
C12N12 and C3N3 rings could be distributed in a disordered manner
within the layers resulting in a loss of translational order for
propagation of phonons within the Ilayers. The FT-Raman
spectrum exhibits a broad feature rising towards the laser line
at low frequency. It is cut off by the laser bandpass filter at
~60cm~!. The intensity of this feature relative to higher
frequency Raman bands in Stokes vs anti-Stokes spectra, as well
as the changes in Stokes vs anti-Stokes spectra at low T, confirms
that the band has a vibrational origin in the low frequency density
of states spectrum, that is normally only activated for amorphous
solids [49-53] (Fig. 8). However those effects should result in
analogous peak broadening in the FTIR spectrum, that is not
observed (Fig. 7). Another possibility is that the broad Raman
bands observed with both UV and near-IR laser excitation result
from electronic-vibrational coupling effects, as have been
documented for other carbonaceous and graphitic C,N materials
[31-35]. This result must be explored in future studies.

Very recently, Zinin et al. have reported UV Raman spectra and
near-IR Raman spectra (using 785 nm excitation, at a wavelength
considerably shorter than the 1064 nm excited FT Raman spectra
recorded here) of a graphitic carbon nitride material prepared by a
solvothermal reaction between cyanuric chloride and NaNH, in
benzene, or by a solid state reaction between C3N3Cl and LisN
|54]. The results obtained by these workers were generally similar
to the data obtained here for the well crystallised g-CgNgH5 - HCI
material. The UV Raman data showed a sharp peak at 691 cm™!
that is likely the same as that observed in our study: additional
sharp features occur just above 1000 cm™! that could also be due
to C3Ns rings present in the structure. However, as noted above,
the likely resonant nature of the UV Raman spectroscopy
experiment means that only a very small fraction of the total
sample might be contributing to these features. In the
1500-1700cm™! region, a broad asymmetric band was observed
similar to that recorded for our samples, but Zinin et al. do not
consider that this is related to the G band spectrum of graphitic
carbon materials. Instead they suggest it could be due to C=N
stretching vibrations within the g-C3N4 rings. They do not explore
the possibility of structural disorder or electron-phonon coupling
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Fig. 8. FT Raman spectra of graphitic C¢NgH3-HCl with 1064 nm excitation at
ambient T (300K: solid line) and at low T (~80K: dashed).

in their interpretation of the spectra. They also noted that the
Raman spectra obtained with 785nm excitation were quite
different to the UV Raman spectra, with one or two broad bands
with a few sharp peaks superimposed on a continuous back-
ground descending from ~450cm™"' (they did not obtain spectra
in the low frequency range, nor did they study Stokes vs anti-
Stokes spectra as presented here).

As discussed above in relation to our own results, it is quite
likely that a simple interpretation and comparison between UV
and near-IR Raman data is not possible in terms of the graphitic
nitride structure alone, and that electronic effects must be taken
into account at several levels. First, the resonance enhancement of
the Raman signature from a small proportion of structural
elements within the structure especially with UV irradiation
must be considered, and this will change as a function of the local
and extended electronic structure that varies as a function of
heterocyclic ring size and connectivity. Next, electron-phonon
coupling will cause broadening of vibrational Raman bands and
also result in dispersion of the principal features, as demonstrated
for graphitic carbon and C,N, materials [31-35]. Finally, the
possible effects of structural disorder such as an assemblage of
different ring sizes present and co-polymerised with the graphitic
layers, that would not be detected by an X-ray diffraction
experiment, could cause broadening and the relaxation of normal
FTIR and Raman selection rules, along with the appearance of a
“boson” peak in the Raman spectra at low frequency. All of these
features must be investigated in future studies, for samples that
are structurally well characterised. The combination of Raman
data obtained with different excitation wavelengths along with
theoretical investigations of the electronic and vibrational proper-
ties will lead to a new level of understanding of the structure of
the various families of graphitic carbon nitride materials.

5. Conclusions
We have reproduced the synthesis of a highly crystalline C,N

graphitic compound CgNgHs - HCl by reaction between melamine
and cyanuric chloride under high pressure-high temperature
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conditions [17]. The X-ray diffraction pattern exhibits a series of
well-defined peaks that previously permitted establishment of a
structural model for the layered graphitic material [17,29]. The
diffraction pattern contains families of both broad and relatively
narrow peaks that were not explained by the preliminary structural
model. From our ab initio DFT calculations and consideration of the
H incorporation pattern within the graphene layers we find that the
local arrangement of N-H bonds cause distortions within the
planar lattice and that these are likely to be disordered. Predictions
of the distorted structure result in families of X-ray diffraction
peaks that explain the pattern of broad and narrow reflections in
the observed data. We investigated the structure of the layered
graphitic compound using UV Raman and also FT-Raman spectro-
scopy with near-IR excitation. Previous attempts to obtain conven-
tional Raman spectra with excitation throughout the visible
spectrum had been unsuccessful due to strong fluorescence of the
sample. The UV Raman spectrum was dominated by a strong, broad
asymmetric feature similar to that observed for amorphous carbon
and highly disordered C-graphitic structures. Sharp peaks observed
at lower wavenumber are due to symmetric stretching vibrations of
Cs3Nj3 triazine rings. The UV Raman spectra might be dominated by
resonance Raman effects and the observed spectra could represent
only a small fraction of the structural species present within the
sample. We obtained FT-Raman spectra with near-IR (1064 nm) at
ambient and low temperature to examine this possibility. The main
Raman band moved to lower wavenumber but remained broad. The
results indicate either that disorder occurs within the C,N graphitic
layers, that could be correlated with disordering in the linkage
formation between C3Ns triazine units and resulting dispersion in
the void sizes within the layers, or that electron-phonon coupling
effects result in extreme broadening of Raman active modes upon
excitation across a wide range of the optical spectrum. Our present
results do not permit any further conclusion. The IR spectra contain
sharp peaks throughout the skeletal (C,N) stretching range that are
consistent with vibrations of condensed heterocyclic aromatic ring
units. The N-H stretching vibrations are broadened and shifted to
low frequency by H-bonding effects, including NH...Cl~ bonding
and intramolecular NH...N bonding across short distances within
the C;3Ny; voids within the graphitic layers.
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