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A polymeric carbon nitride thin film has been grown using chemical vapor deposition. The characterization of
the material shows that it has the same molecular composition as a formerly synthesized graphitic carbon nitride
powder but both substances differ widely in their structural organization. In particular, our analyses reveal a
paradoxical character in which the thin film sample exhibits simultaneously a high degree of organization in the
stacking of the polymer sheets with strong inter-layer interactions, as expected from the growth technique, and a

complete lack of crystallinity. A comprehensive theoretical study based on massive semi-empirical quantum
chemistry computations has permitted to explain the properties of the material and to elucidate fundamental
issues regarding the structural conformation of graphitic carbon nitride.

1. Introduction

Polymeric carbon nitride is a highly versatile material with a broad
range of applications including, among others, photocatalysis [1],
hydrogen generation [2], photovoltaics [3], and gases [4] and glucose
sensing [5]. It was first synthesized by Berzelius and Liebig in 1834 [6].
Pauling and Sturdivant then clarified that this substance contained a
CeNy nucleus (“cyameluric nucleus”), which is currently referred to as
either heptazine or tri-s-triazine nucleus [7].

There is a widespread agreement on the structure of the material at
the one-dimensional and two-dimensional levels, based on a linear
polymer with a CeN7(NH2)NH repeating unit. These one-dimensional
threads are held together by diffuse hydrogen bonds forming two-
dimensional sheets [8-11]. The three-dimensional arrangement of the
polymer layers is, on the other hand, more controversial. This material
generally exhibits a low degree of crystallinity and its morphology can
vary widely depending on the synthesis conditions. Notwithstanding,
crystalline polymeric carbon nitride has been theoretically predicted [9]
using semi-empirical quantum chemistry methods and characterized
with XRD and neutron diffraction [8,12], where the combination of
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these two techniques is imposed by the low degree of crystallinity of the
material.

In this work, we address the properties of a thin film of polymeric
carbon nitride grown using chemical vapor deposition. This synthesis
procedure is expected to provide a good organization of the polymer
layers. In fact, the characterization of the material, supported by theo-
retical investigations, is consistent with a stronger inter-layer interac-
tion than that typically found in powder samples. In spite of this, the
material is amorphous.

In order to explain these apparently contradictory properties, we
have conducted a comprehensive analysis of the polymeric carbon
nitride inter-layer interactions using semi-empirical quantum chemistry
methods. This type of computations has played a key role in the un-
derstanding of the structure of graphitic carbon nitride in the past [8,9].
Semi-empirical neglect of diatomic differential overlap (NDDO)
methods can be placed at an intermediate theory level between force-
field and ab-initio calculations. They are based on a series of approxi-
mations, and the data is obtained from given training sets. The most
recent PM6 and PM7 parametrizations provide a performance compa-
rable to density functional theory and ab-initio methods in the
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prediction of ground state geometries, while their largely reduced
computational cost permits to address very large molecular systems and
solid-state materials [13], especially with the advantage provided by the
parallelization of some parts of the code [14]. In this work, we take
advantage of the computational efficiency of this method to perform a
broad study of the inter-layer interaction properties of polymeric carbon
nitride.

We first present the results of the full characterization of the carbon
nitride thin-film. The paradoxical properties of this material are then
explained on the basis of an extensive theoretical study.

2. Experimental
2.1. Materials and synthesis procedure

The carbon nitride film was synthesized by thermal chemical vapor
deposition (CVD) at the temperature of 600 °C in air atmosphere. The
precursor, cyanurate of melamine supplied by Nachmann S.r.l. with
purity >99%, was put on the bottom of the ceramic crucible and a
ceramic glass square of 5 x 5 cm was placed on the top, closing the
crucible. Thus, the gaseous molecules were deposited on the glass sur-
face facing the inner walls of the crucible. The film grew on the surface
of the ceramic glass, and was extracted from the muffle after 30 min of
treatment.

2.2. Characterization and computation

The characteristics of the synthesized thin film were evaluated by X-
ray powder diffraction, using a Bruker (Billerica, MA, USA) D8 Discover
diffractometer (CuKa = 1.5418 A); and by attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) with an Agilent
(Santa Clara, CA, USA) Cary 630 spectrophotometer.

UV-Vis spectra of the powder and thin film samples were obtained
with an Agilent UV-Vis Cary 100 in reflection mode.

The Raman spectra were obtained with a Micro-HR-Raman Horiba
Jobin Yvon LAbRam-HR800 with confocal microscope using a x10
objective and 532 nm Raman excitation wavelength.

The thin film was characterized both using contact and interferom-
etry profilometry techniques. Stylus profilometry measurements were
performed using a Bruker a Dektak XT high resolution profiler. A Wyko
NT1100 optical system was used for non-contact 3D surface
measurement.

For a more detailed characterization report of powder polymeric
carbon nitride, the interested reader is referred to previous works
[15-17].

The sample surface was also investigated using scanning electron
microscopy (SEM) with a JEOL (Peabody, MA, USA) JSM6700F appa-
ratus at 5 kV.

A lamella of the sample was prepared with the lift out technique
using a FEI Helios Nanolab 600, working with a Ga* ion beam at 30 kV.
Its morphology was studied investigated by transmission electron mi-
croscopy (TEM) with a JEOL JEM2010F apparatus at 200 kV, equipped
with an energy dispersion spectroscopy (EDS) probe.

The semi-empirical quantum chemistry computations were based on
the PM6 [18] Hamiltonian implemented in the MOPAC2016 software
package using acceleration in multithreaded shared memory architec-
tures [14]. The numerical calculations were performed in a server with a
12 threads Intel Xeon E5-1650v2 6 Core 3,5GHz processor and a Linux
operating system. The electronic spectrum, for the PM6 optimized ge-
ometry, was calculated via the intermediate neglect of differential
overlap/spectroscopic (INDO/S) method and configuration interaction
with singles (CIS) [19,20] using the ORCA electronic structure package
version 2.9.1 [21].

The chemical composition of the sample was examined ex situ by
XPS surface measurements. The Cls, Ols, N1s and survey spectra were
recorded using a Thermo Scientific (Waltham, MA, USA) K-Alpha
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Fig. 1. Surface topography in a region of the sample measured using WLOI in
the Vertical Scanning Interferometry mode.

Fig. 2. UV-Vis spectra of the thin film and powder samples. The F(R) param-
eters obtained from the Kubelka-Munk model applied to the diffuse reflectance
measurements are shown. The spectrum of a fourth-order melon oligomer
calculated using the INDO/S method is also shown for comparison purposes.

instrument. Monochromatic X-ray source Al Ka (1486.6 eV) was used for
experiments. Spectra were acquired at 10-9 mbar. The X-ray mono-
chromatic spot is 400 pm in diameter. Residual vacuum in the analysis
chamber was maintained at around 6 x 10~° mbar. The binding energies
(BEs) positions on unsputtered surfaces were calibrated by setting the
C1s photopeak corresponding to aliphatic carbon at 285.0 eV.

The atomic concentrations were determined from the XPS peak areas
using the Shirley background subtraction technique and the Scofield
sensitivity factors. A wide scan survey spectrum were used to identify
and quantify the elements in the sample. High resolution narrow scans
were used to build the chemical state assessment table, which is pre-
sented in full detail.
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Fig. 3. Diffractograms obtained from a powder sample, a thin film grown on
ordinary glass, a thin film on ceramic glass and the simulated diffractogram for
the 3D crystal geometry theoretically predicted in [9]. From top to bottom, the
positions of the (002) peaks are: 27.86°, 27.55°, 27.86°, and 27.62°, the (004)
are placed at: 57.40°, 57.05°, 57.38°, and 57.04°.

3. Results
3.1. Characterization

The film thickness and the surface topography of the thin film sample
were characterized using both high resolution stylus profilometry and
while light optical interferometry (WLOI). The thickness of the sample
grows in a short distance from the outer rim to a value of 2 pm according
to our measurements. The surface displays a series of islands of variable
height ranging between less than 100 nm to a few hundreds of nano-
meters, as illustrated in Fig. 1. In the analyzed area, 17% of the total
surface is occupied by these islands. The values of the 3D roughness
parameters measured with WLOI yield Sa = 66.29 nm Sq = 89.44 nm for
the average and RMS roughnesses, respectively, with skewness Ssk =
1.20 and Kurtosis = 4.97.

Fig. 2 displays the Kubelka-Munk function F(R) = (1 — R)2/(2R),
where R is the sample reflectance, obtained from the diffuse reflectance
of both the thin film and the powder sample. The Tauc fits give measured
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Fig. 4. Measured IR spectra of the thin film (bottom) and the reference powder
sample (top).

band gaps of 2.9 eV and 3.1 eV for the thin film and powder samples,
respectively. The different shapes for the film and powder spectra can be
attributed to the broadening of the linewidth of the electronic transitions
in the bulk material. The small oscillations in the thin film sample
spectrum are due to the interference produced by multiple reflections in
the film interfaces. For comparison purposes, the absorption spectrum of
the fourth order 1D melon oligomer, with eight heptazine units, is also
shown. The calculation of varying order oligomers shows has little
impact in the calculated spectra of melon [9]. This can be attributed to
the localization of the excitations within the heptazine unit, in contrast
with the behavior of delocalized excitations in conventional semi-
conductors [9].

Fig. 3 compares the diffractograms obtained from thin film and
powder samples and those simulated using the 3D crystal geometry
predicted in [9]. The measurements of the thin film samples have been
performed with the X-ray beam impinging on the film plane. The peaks
arising from the presence of virgilite in the ceramic glass have been
eliminated from the diffractogram. Experimental and theoretical studies
on the crystal structure of polymeric carbon nitride [9,12] show two
layers with an A-B stacking motif in the crystal unit cell. Therefore, the
main reflection corresponds to the (002) plane. Even though no true 3D
crystal ordering is present in the CVD thin-film samples, for the sake of
clarity, we will keep this notation for the reflections at the, otherwise,
well-formed layers in these films. All the traces in Fig. 3 display a main
peak due to the (002) interlayer reflections. The signal corresponding to
the second order reflection at the (004) plane is also present with a much
lesser intensity. It is noteworthy that both thin-film samples display only
these features, which are related to the layer planes, whereas additional
(fainter) peaks that would be associated to the formation of proper
crystals [12], such as those shown in the simulated diffractogram, are
totally absent. On the other hand, these additional features, although
dimmed by the noisy background due to the low crystallinity of the
material, are visible in the diffractogram of the powder sample, which
indicates the existence of micro-crystals within a mostly amorphous
material.

The analysis of the positions and widths of the peaks in a X-ray
powder diffractogram are very useful to determine the stacking order of
layered materials [25-27]. The position of the main (002) peak co-
incides in the thin-film over ceramic glass and powder samples and it is
slightly shifted in the thin film deposited on ordinary glass. The widths,
measured as the full-width at half the maximum intensity (FWHM), of
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Fig. 5. Raman spectrum of the thin film (bottom) and powder (top) sample
measured with excitation at 532 nm.

the (002) peaks of the CVD thin films deposited on ordinary and ceramic
glasses are 1.11° and 0.89°, respectively, with a significant increase of
the width of the peak of the sample deposited on ordinary glass as
compared to that of ceramic glass. These two alterations of the charac-
teristics of the (002) peak of the thin-film samples can be explained as
the result of an increase of the average interlayer separation and of the
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dispersion in the values of the interlayer spacing, respectively, in the
ordinary glass sample. These effects can be attributed to a deformation
of the glass substrate at the CVD temperature that decreases the level of
organization in the stacking of the 2D polymer.

Fig. 4 shows the FTIR spectra of the powder and thin film samples.
The absorption bands in the IR spectrum of polymeric carbon nitride
have been analyzed in detail in [11]. The information provided by the IR
spectra is twofold: Firstly, one can observe the positions of the bands
corresponding to the vibration modes, and, secondly, the relative in-
tensities of the various observed bands. As regards the positions of the
bands, they are exactly the same in both cases, powder and thin layer, in
all the spectral range and this means that the two materials are essen-
tially the same. As to the relative intensities, and taking into consider-
ation the shifts of the baselines, the only remarkable difference is the
relative intensity of the peak at 814 cm ™' with respect to all the others.
This relative difference can be interpreted as the result of the fact that
the deformation (backbone) mode of the polymer at 814 em ! [11] is
less restrained in comparison with all the remaining localized vibration
modes in the thin layer than in the powder material. These long-range
backbone vibrations occur most often in the far infrared and terahertz
domains and, as it happens in our case, their spectral responses provide
direct information about the structural organization of materials, in
particular of those with a layered conformation (see [13] and references
therein).

Fig. 5 displays the Raman spectra, obtained with excitation at 532
nm, of the powder and thin film samples. The measured spectra display a
band near the G region characteristic of sp? carbon materials, which lies
around 1560 cm ™! in graphite. This is expected since C—C and C—N
modes have similar vibrational frequencies [22]. This band is super-
imposed to a wavy background due to the response from the glass that
supports the thin film and that of the holder used in the characterization

Fig. 6. a Panels (a) and (b) display SEM micrographs of the surface of the sample and a lamella obtained using FIB, respectively. (c) TEM image of a lamella and (d)

SAED pattern.
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Fig. 7. Survey of the carbon nitride thin film on ceramic glass.

Table 1

Data from survey spectrum with atomic percentage of detected elements.
Name Peak BE FWHM eV Area (P) CPS eV at.%
Cls 287,65 2,47 254,630,93 49,13
Nls 399,16 2,89 416,624,65 47,36
Ols 532,59 4,82 21,033,45 1,59
Nals 1071,88 2,45 31,462,53 1,35
Si2p 102,59 2,26 1335,74 0,29
Cu2p 933,02 2,49 23,481,38 0,28

of the powder sample. The differences between the two spectra are
consistent with a relative shift of the position in the G peak, as described
in Ref. 22, due to the increase of topological disorder.

The results of TEM and SEM analysis of the thin film are shown in
Fig. 6. Panels (a) and (b) show, respectively, a SEM micrograph of the
film surface, displaying the islands that were also found in the profilo-
metric study, and a lamella obtained using FIB. Panels (c) and (d) display
a TEM image of the lamella and the selected area diffraction (SAED)
analysis, evidencing the amorphous character of the sample.

The survey spectrum of XPS is shown in Fig. 7 and Table 1 reports the
atomic concentration of the detected elements. It is notable that the ratio
of N to Cis 0.96 instead of 1.33, as found in the polymeric carbon nitride
powder [15]. As opposed to other characterization methods, XPS is a
surface-sensitive technique. The optical absorption measured in a FTIR
spectrometer, on the other hand, provides information accumulated
over the light passage across the whole sample, with a negligible
contribution from any anomaly localized at its surface. As discussed
above, the observation of exactly the same bands in the IR spectra evi-
dences that both samples, powder and thin film, share the same mo-
lecular structure and the differences between the XPS results have to be
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due to an interfacial effect in the thin film sample. We attribute the
discrepancy in the XPS measurements to the existence of the islands
spread over the surface of the thin film that could be remains from the
CVD process.

A further scrutiny of the deconvolution of the C1s and N1s shown in
Fig. 8 and Table 2 reinforces this interpretation of the results obtained
from the characterization of the thin film sample. As regards N1s, the
N1sp® species can be attributed to either NH bridges or NH, terminal
groups, while the lep2 signal corresponds to nitrogen atoms within the
heptazine units. Respecting Cls, the peak identified as C1s sp>-Nsp? in
Fig. 8 corresponds to the carbon inside the heptazine rings bonded to
nitrogen atoms of the ring with the same hybridization, and C1s sp*-
Nsp? corresponds to those carbon atoms of the heptazine units bonded to
nitrogens with sp> hybridization such as amine groups such the terminal
NHj, and NH which is the bridge between heptazine units. We attribute
Clsp®, around 20% of the total, to other types of carbon originated as
remains from the CVD precursors and deposited at the islands on top of
the carbon nitride film. This contribution altered the results of the XPS
scan with an overestimation of Cls due to the spurious Clsp®, and its
cancellation from the analysis allows the reconciliation of the results
obtained from the XPS analyses of powder and thin film samples.

3.2. Theoretical

As commented above, there is a well-stablished consensus about the
structural properties of the 2D layers [8,9] that are the building blocks of
different polymeric carbon nitride conformations. As regards the 3D
frameworks, the situation is far more convoluted. This material can
exhibit a wide variety of shapes, like crumpled nanosheets or particles
with different shapes. The existence of 3D crystals is theoretically
possible [9] and has been experimentally confirmed [12], but the typical
sizes of these crystals are very small and the material generally exhibits a
predominantly amorphous structure. In this work, we have studied a
thin film sample for which the analyses performed indicate a well-
organized 3D stacking of the polymer layers and yet, at the same time,
a totally amorphous character.

Table 2

Peak positions and atomic percent of C1s and N1s species.
Name Peak BE FWHM eV Area (P) CPS eV at.%
Nis N-sp2-ring 399,08 1,24 25,880,5 56,52
N1s N-sp® 400,39 2,67 19,692,12 43,03
N1s N-Ox 404,89 0,85 204,88 0,45
Total 100,00
Cls sp® 285 1,4 6412,01 20,25
Cls sp® N sp® 287,1 2,22 13,607,94 43,02
Cls sp? N-sp? 288,71 1,13 11,612,69 36,74
Total 100,00

Fig. 8. Peaks of Cls and N1s with deconvolutions curves and their attribution.
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Fig. 9. Computed total energies (in eV) for the space of 10,000 different initial two-layer configurations studied. The black contour bounds the initial configurations
leading to total energies within the lower 20% percentile of the energy distribution. Red dots mark the lowest energy geometries. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Interlayer separation of the optimized geometries (in A). The black contour encloses initial configurations leading to interlayer separations below 3.35 A
Red dots mark the lowest energy geometries. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

In order to gain a clear understanding of the structural properties of
the material, we have carried out a massive computational study of the
interlayer interactions. Starting from the 2D periodic optimized geom-
etry of [9], a second layer was placed with a separation corresponding to
that of the 3D crystal geometry of [9]. A relative in-plane shift was

applied to this second layer. The shift was determined by the translation
vector t = §,a + 5p b, where a and b are the 2D lattice vectors and &, and
Sp systematically take values in the interval [0,1]. Using this scheme, we
have generated a set of initial solutions creating a grid of 10,000 con-
figurations regularly sampling the space of all possible two-layer
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Fig. 11. Lattice parameters (a) a (b) b and (c) y of the 2D periodic optimized
two-layer geometries as a function of the initial geometry configuration pa-
rameters &, and &y,

conformations. These geometries have been optimized as 2D periodic
structures using the PM6 Hamiltonian.

The final values of total energy obtained from the geometry opti-
mizations in the (5,,0p) grid are displayed in Fig. 9. The results show that
instead of a localized deep minimum that would favor a definite
arrangement of the two-layer system, and the subsequent formation of a
single crystal structure upon layer piling, there exist extensive broad
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Fig. 12. Histogram of the interlayer separation of the subset of lowest energy
sites in the (5,,6,) parameter space marked with red dots in Figs. 8 and 9.

valleys of low total energy values. These act as multiple manifolds of
feasible arrangements of the two-layer system. The black contour in the
figure outlines the region within the lower 20% percentile of the total
energy.

Fig. 10 depicts the interlayer separation for each optimized structure
in the (8,,6p) plane. In order to estimate this value, the coordinates along
the direction perpendicular to the plane defined by the a and b 2D lattice
vectors are computed, at each layer, for the heavier atoms (C and N) in
one unit cell. The estimated value of the interlayer separation is the
difference between the average values of these two sets of coordinates. It
is interesting to recall that the heptazine units are positioned with small
relative tilts within the polymer plane [9]. The comparison of Figs. 9 and
10 shows that there is a good correlation between the lowest energy sites
and those with low interlayer separations, even though it is noteworthy
that the shortest separations do not coincide with the lowest formation
energies.

Another consideration of relevance for the properties of the layer
stacking and the final material conformation is the matching of the
lattice parameters. The existence of large variations in the lattice con-
stants over the configuration space of two-layer systems would provide a
selection mechanism by which only lattice matched layer combinations
would contribute to a final 3D arrangement. Fig. 11(a), (b) and (c) de-
picts, respectively, the lattice parameters a, b and y. These plots show
that the dispersion of the lattice parameters is very small over the whole
(5a,0p) plane. Therefore, lattice matching is not a concern in the process
of structural organization of the material.

Next, we conducted a more detailed analysis based on a restricted set
comprising the most energetically favorable solutions. We selected the
400 lowest energy configurations, that corresponded to a 4% of the total
number of configurations studied. These values are marked as red dots in
Figs. 9 and 10. In Fig. 9, it can be appreciated that this subset is evenly
distributed over the low energy regions comprising advantageous ge-
ometries. At the same time, this subset provides an extensive sampling of
these regions. Fig. 12 shows the histogram of the distribution of inter-
layer separations for this subset. This distribution is consistent with the
PXRD measurements of the thin film, shown in Fig. 3.

This massive computational study using quantum chemistry methods
permits to explain the contradictory structural properties of the CVD
thin film sample. During the growth process, the layers are deposited in
a very orderly manner, creating a structure with a strong interlayer
interaction. At the same time, there are not preferred arrangements for
the layers added to the stack that would result in A-A-A-..., A-B-A-B...,
or another similar periodic pattern but, instead, a multiple manifold of
comparable energy configurations is found. This produces a material
with a highly ordered stacking of layers but, at the same time, amor-
phous. This analysis also provides an explanation for the difficulty of
creating large crystals and the fact that the samples synthesized in



P. Chamorro-Posada et al.

Fig. 13. Highest occupied molecular orbital of the melon monomer.

different manners can display different morphologies, in general, with a
very low degree of crystallinity.

We now address the most important question of why the energy
distribution among configurations in (5,,6p) space has the particular
shape depicted in Fig. 9. As discussed in the XPS section, one can
distinguish between different nitrogen sites in the carbon nitride poly-
mer structure according to their electronic properties: nitrogens at the
terminal amino groups, at the secondary amino linkages, at the centers
of the heptazine rings and those at the peripheral positions in the hep-
tazine units. These peripheral nitrogen sites, subject of sp? hybridiza-
tion, are engaged in two ¢ bonds with an electron pair occupying an in-
plane non-bonding orbital and an electron contributing to the z-system.
The heptazine core of the melem unit is a highly stable anti-aromatic
n-system [23]. This anti-aromatic character is confirmed by the elec-
tronic density distribution in the highest occupied molecular orbital of
the melem monomer displayed in Fig. 13 that corresponds to an anti-
bonding = orbital with the electronic density localized at the nitrogen
atoms placed over the exterior contour of the three fused triazine rings.
As discussed below, quantum chemistry computations indicate that
these nitrogen sites can play a role as binding centers for 3D carbon
nitride arrangements distinct to that of the extended n-system.

The melon chains in the 2D polymer layers are kept together by a
network of N-H:--N bonds with the peripheral nitrogen atoms. As regards
the stacking of these layers, the Van der Waals interactions between
planar anti-aromatic n systems are far less understood than their aro-
matic counterparts [24]. The crystal structure of the melem monomer
indicates that the interaction mechanism between the planar units in the
arrangement of the 3D molecular crystal is also dominated by hydrogen
bonds with the participation of the peripheral nitrogen atoms [28,29].
Nevertheless, the substitution of the amino groups impedes the forma-
tion of hydrogen bonds and results in a crystal structure where the
melem platelets are kept together by n-rn interactions between a pe-
ripheral nitrogen atoms and the heptazine cores of nearby molecules
[30]. This results in a separation between layers of 3.45 A [301, slightly
larger than the interlayer distance measured for carbon nitride (3.2 A).

Therefore, there exist different mechanisms that can be responsible
for the binding of the carbon nitride layers. In this case, the interaction
takes place between well-formed planar structures, which hinders the
contribution from n-n interactions or hydrogen bonds. Instead, two types
of possible interaction mechanisms between the melon planar struc-
tures: interplanar interactions between peripheral nitrogen atoms and
between the n-systems of face-to-face heptazine cores are found. The
extensive computational survey performed in this work has permitted to
evaluate the relative relevance of these mechanisms in the formation of
the 3D solid according to the total formation energies and the resulting
inter-planar distances by a detailed inspection of the optimized
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Fig. 14. The network of N-H---N bonds that keep together polymer sheet are
marked using dashed black lines. The geometry has been calculated using the
PM6 Hamiltonian [9]. The unit cell boundary, with the a axis directed along the
y direction, is outlined with a green dashed line. The distances between the H
and the peripheral N atoms in the hydrogen bonds range between 1.95 A and
2.51 A. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

geometries. The investigations presented herein show that interactions
between peripheral nitrogen atoms are the prevalent interaction
mechanism between carbon nitride sheets in the most energetically
favorable configurations.

We first evaluate the importance of the N-H:--N bonds in the inter-
layer interactions. The H---N distances in the 2D linkage network
shown in Fig. 14 range between 1.95 A and 2.51 A. When the distances
for possible inter-layer H---N bonds are evaluated in the optimized two-
layer systems, the values are always larger than 2.79 A. This observation
permits to dismiss the role of, otherwise dominant, hydrogen bonds as a
relevant interaction mechanism in the stacking of carbon nitride layers.

Fig. 15 displays the geometries of the four most energetically
favorable optimized configurations. In this figure, zenithal projections of
the two-layer systems comprising one 2D unit cell are plotted side by
side with the corresponding perspective views. The two layers can be
easily identified by the color of the atoms belonging to each of them. At
every plot, the inter-planar interacting peripheral nitrogen atoms are
marked with a circle and linked with a black line. A label indicates the
corresponding inter-atomic distance in angstroms. At some points, a
slight relative displacement of the overlapping atoms can be appreciated
in the zenithal projection and this can be attributed to the small tilts
featured by the melem units in the 2D polymer [9]. It is remarkable that
individual N—N distances can be smaller than the average layer sepa-
ration of 3.22 A but are always larger than twice the Van der Walls
radius of nitrogen, i.e., 3.1 A. This shorter inter-atomic distances are also
allowed for by the local oscillations of the positions of individual atoms
around the average layer center due to the tilting of the melem units in
the polymer sheets. The lowest energy configurations shown in Fig. 15
are characterized by the existence of a large number of peripheral N—N
inter-planar interacting sites with a small inter-atomic distance. Also,
there is a very small overlap between the melem units in the two planes,
indicating a negligible contribution from interactions with n-systems or
between inter-planar n-systems.

Fig. 16 shows four optimized geometries with consecutive values of
formation energies and in the intermediate region of the full range of
energies. Again, interactions between peripheral nitrogen atoms in the
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two layers with a distance below 3.35 A have been highlighted. These
optimized geometries with a higher total energy display a lesser number
of interacting peripheral nitrogen atom pairs and larger inter-atomic
separations. Also, in some of the cases, the overlapping between hep-
tazine cores in the two layers becomes larger than in the lowest energy
cases, indicating the possibility of a larger contribution from in-
teractions between n-systems. Fig. 17 plots similar results for three of the

Diamond & Related Materials xxx (XxxX) Xxx

Fig. 15. The figure displays the heavier atoms (N and
C) lying within a unit cell for each of the four lowest
energy two-layer arrangements. Atoms belonging to
each melon sheet are identified by the same color
where red and blue correspond, respectively, to the
top and bottom sheets. The left panels show zenithal
views and all the peripheral N—N interplanar pairs
with distances smaller than 3.35 A are marked with
black circles and linked with a solid black trace. The
inter-atomic distances (in angstroms) are also
labelled. The right panels show the corresponding
perspective views. The total energies of the geome-
tries displayed are, from top to bottom,
—19,115.585960 eV, —19,115.585380 eV,
—19,115.581080 eV, and —19,115.579650 eV. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)

highest energy configurations optimized using the PM6 Hamiltonian.
Only one of the geometries displays interactions of peripheral nitrogen
atoms with inter-atomic distances below 3.35 A and, in this case, the
inter-atomic distances are close to this threshold. On the other hand,
these three geometries display large overlaps between the melem units
in the two planes indicating a dominance of n-n interactions. It can be
concluded that inter-planar linkage based on -7 interactions results in a
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Fig. 16. The figure displays the geometries of four consecutive configurations in the middle energy range of the optimized structures. The characteristics of the
representation are the same as those of Fig. 15. The total energies of the geometries displayed are, from top to bottom, —19,115.100110 eV, —19,115.100060 eV,

—19,115.100010 eV, and —19,115.099920 eV.

higher formation energy and larger inter-planar separations than in the
linkage based on peripheral N—N interactions.

4. Discussion
We have performed an experimental and theoretical study of a thin

film sample grown on a ceramic glass substrate using thermal CVD in air
atmosphere. For reference purposes, we have used the results obtained
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from the characterization of a formerly synthesized powder polymeric
carbon nitride and we have also evaluated the deposition on an ordinary
glass, with a diminished performance at the synthesis temperature of
600 °C.

The FTIR measurements show that all the samples display the same
vibrational modes in the whole frequency band, which indicates that the
materials analyzed share the same molecular structure. Nevertheless, in
the thin film sample, the absorption at the backbone vibration at 815
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Fig. 17. The figure displays the geometries of three of the highest energy configurations. The characteristics of the representations are the same as those of Fig. 15.
The total energies of the geometries displayed are, from top to bottom, —19,114.163570 eV, —19,114.141050 eV, and —19,114.110970 eV.

cm ™! is particularly pronounced as compared with the other vibrations,
which can be attributed to an improved organization of the material
layers. This interpretation is reinforced by the XRD measurements with
the X-ray beam incident on the film plane, which show a very clear
signal from interplanar reflections. At the same time, there is a complete
absence of the type of the reflections that would be associated to a re-
petitive patterning in the stacking structure. Moreover, when the sample
is rotated to analyze the in-plane diffraction in the SAED measurement,
any trace from the 3D ordering in the material structure fully vanishes,
therefore confirming the complete lack of crystalline ordering which is,
otherwise, compatible with a very good stacking of the layers con-
forming the thin film. The relative shift of the Raman G band is also
consistent with the properties of the material described above.

In our theoretical analysis, we have obtained optimized geometries
for initial conditions that systematically explore the possible confor-
mations of a two-layer arrangement. Instead of well-defined minima, the
results display a multiplicity of different configurations with similar low
energy values covering broad regions in the conformation space. The
existence of a multiple manifold of low energy two-layer conformations
does not preclude the organization of the material in a proper crystal,
especially if this is of microscopic size, and there exist experimental
evidences of such crystallites in different types of samples. Nevertheless,
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it definitely makes the production of large size crystals extremely diffi-
cult and favors mostly amorphous syntheses with spatial conformations
that will depend on the specific growth procedure.

A detailed study of the available inter-layer binding mechanisms has
permitted to explain the energy ordering of the conformation space
obtained in the computations. Three different types of binding forces
have been identified. Hydrogen bonds keep together the melon chains in
the polymer layers and are also predominantly responsible for the for-
mation of the molecular crystals of the melem monomers [28,29].
Nevertheless, the geometry restrictions arising from the stacking of the
polymer layers hinders the efficiency of these hydrogen bindings that
have a negligible contribution in the formation of the thin film. Other
types of possible interlayer binding mechanisms include interactions
between peripheral nitrogen atoms and n-r interactions. The generation
of a very large set of optimized geometries covering the whole space of
possible initial conditions has permitted to explore the relative effi-
ciency of these two types of Van der Waals mechanisms. The interactions
between peripheral nitrogen atoms dominate at the most energetically
favorable geometries, with the smallest inter-layer separations. n- in-
teractions, on the other hand, result in the highest energy configurations
with the largest inter-layer separations.
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5. Conclusion

A theoretical and experimental study of the properties of a CVD-
synthesized carbon nitride thin film has been performed. The compari-
son of the FTIR measurements with those of a formerly synthesized
graphitic carbon nitride powder indicates that both materials share the
same molecular composition but differ in their structural organization.
The results obtained from the characterizations of the material are
simultaneously consistent with a well-organized stacking of the polymer
sheets in the 3D solid and a fully amorphous conformation. These
apparently contradictory properties have been explained by the con-
clusions of an extensive computational study based on semi-empirical
quantum chemistry methods.

The reported synthesis procedure of the carbon nitride thin film is
based on a simple thermal CVD in air atmosphere. The characterization
of the film surface and the data obtained from the XPS analysis indicate
the presence of remains of the precursors placed in small islands spread
on top of the thin film surface. Further investigations will include the
trimming of the processing time to control the film quality.
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