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Abstract

Although graphitic-carbon nitride (gCN) is a highly investigated inorganic
semiconductor, especially in the �eld of photocatalysis, it is still the object of
many controversial discussions. The possibility to easily synthesize a homo-
geneous heterostructure through the condensation and the polymerization of
simple molecules allows the growth of a variety of structures with di�erent
electronic and optical properties. With the aim of driving the development
of the catalyst towards improved performances or newer applications, it is
paramount to understand the optically-driven excitation process within each
polymer.

In this work, we focus on two models of melem-based gCN, i.e. the fully
and the partially polymerized structures, and we perform a computational
investigation, based on hybrid density functional theory calculations, of their
optical properties in terms of vibrational and electronic excitations. First,
we determine the normal modes of the ground state and we interpret the IR
absorption spectrum. Then, we simulate the electronic excited state with
an electron-hole pair model and we determine the exciton binding energy,
the self-trapping energy and the photo-emission energy. We compare these
numerical results with the experimental data available in literature and in
addition we discuss the role of the di�erent polymeric arrangements.
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1. Introduction

Graphitic-carbon nitride (gCN) is a layered inorganic semiconductor,
which is widely studied in the �eld of catalysis because of its low-toxicity,
thermal stability and relatively cheap and simple synthesis[1, 2, 3, 4, 5, 6].
Its conformation exposing N-rich coordinating atoms and its electronic struc-
ture make gCN an interesting candidate for the application in sensing or
biomedical devices[3] as well as an ideal platform for the embedding of tran-
sition metal atoms for single-atom heterogeneous catalysis[7, 8]. gCN is
expected to catalyze a large variety of chemical reactions, such as water
splitting, degradation of pollutants or selective transformation of organic
compounds, which can be triggered by the irradiation with light at di�er-
ent wavelengths[2, 3, 9, 10, 11, 12, 13]. The possibility to use visible light
makes it more interesting than other semiconducting materials that do not
match the solar light spectrum. Additionally, the chemical activity of pris-
tine gCN can be further tailored through several modi�cations[14, 15] and,
among those, the inclusion of single metal or non-metal atoms is one of the
most investigated[16, 17, 18, 19, 20, 21, 22]. Therefore, in order to under-
stand the catalytic properties of gCN, it is extremely important to rationalize
the dynamics of the charge carriers, which would mediate any photoactivated
process.

Because of the polymeric nature of gCN, the actual structure and com-
position of a sample are dependent on the growth conditions, among which
the chosen molecular precursor and the temperature are the most crucial. In
the case of the melem monomer, object of the present study, it has already
been shown that polymerization is only partial, as a Liebig's melon, rather
than full, through all of its amino terminal groups[23, 24, 25, 26, 27].

From an experimental point of view, gCN is commonly characterized
through optical spectroscopy: the IR window is analyzed in order to �nd
the �ngerprints of the functional groups present in the sample and there-
fore obtain indirect information about its morphology, while the excitonic
properties are studied in the UV-vis range. Most of the IR studies agree on
the observation of a strong similarity between the spectra recorded for the
polymer and the monomer/precursor[19, 23, 28, 29, 30, 31], which suggests
an incomplete polymerization, despite the sample being frequently modeled
with an ideal fully-polymerized structure. The electronic absorption or the
emission spectra present a direct transition at ∼ 2.7 eV with negligible or
minimal Stoke shift at room temperature[19, 20, 29, 30, 31, 32, 33, 34, 35, 36].
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In some other works[1, 37, 38, 39, 40], time- or temperature-dependent spec-
troscopies are used to highlight the important role of the temperature, either
during the sample growth or during the characterization.

Similarly, the existing theoretical and computational literature on the
optical properties of gCN is rather confused, with still many open ques-
tions. On one side, the formation of excitons with few hundreds of meV
of binding energy is expected from general considerations on semiconduct-
ing polymers[41, 42]. On the other side, the experimental �ndings of both
faster (∼ 1-5 ns) and slower (∼ 15-40 ns) recombination times of the photo-
induced electron-hole pairs[38, 40, 43, 44, 45, 46, 47] suggests the presence
of more complex dynamical e�ects. In fact, the time decay of the photoe-
mission pro�les can be compared with analytical models assuming both the
direct recombination of the excitons and the recombination of free charge
carriers[38]. The band structure or the absorption spectrum of gCN are the
most frequent targets of the computational investigations, but, however, they
are calculated with a setup chosen to reproduce the experimental onset of the
visible light absorption[16, 17, 21, 48]. This constraint annihilates the di�er-
ence between the electronic and optical gap, thus neglecting any excitonic or
polaronic e�ects. Additionally, even if more re�ned methods are considered,
for example many-body perturbation theories, like solving the Bethe-Salpeter
equation (BSE), or time-dependent density functional theory (TD-DFT), the
model structure is either too constrained[49, 50], i.e. symmetrical or �at, or
too simpli�ed[50], i.e built as a non-periodic cluster, therefore hampering
a direct comparison with actual gCN polymers in real samples. Little at-
tention has been paid to the number of simulated layers, which can play
an important role in determining the excitonic binding strength, because of
a reduced screening in an exfoliated two-dimensional layer with respect to
a bulk multilayered heterostructure[51, 52]. Finally, only the out-of-plane
electron-hole correlation is commonly discussed and reported[39, 53], which,
however, should have a minor impact on the actual properties of gCN, given
the generally accepted picture of weakly interacting layers stacked in bulk
samples[26]. In-plane e�ects should also be evaluated because they could
play a crucial role.

In this work, we perform an ab-initio investigation of the electronic, op-
tical and vibrational properties of melem-based gCN models that are com-
monly proposed in the analysis of experimental samples. With respect to
previous studies, we remove all structural constraints and we employ both a
di�erent density functional with some exact exchange and a more state-of-
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the-art correction for the dispersion interactions (B3LYP[54, 55]+Grimme-
D3[56]). We simulate IR spectra, band structures and exciton binding en-
ergies for di�erent periodic arrangements of the monomer and we discuss
the similarities with the melem monomer itself. We evaluate the excitonic
properties of 2D and 3D gCN models using an hydrogen-like model, with the
addition of the contribution of the ionic lattice vibrations to the dielectric
response. For the 2D systems, since the dielectric constants are not known,
we estimate them through two di�erent numerical approaches, based on the
treatment of the 2D sheet as an ideal two-dimensional layer[57, 58] or as a
plate of a capacitor[59, 60], which we then compare. Finally, we analyze our
results with reference to available experimental data in order to provide a
rationale in the analysis of the properties of actual samples.

2. Computational Methods

All ground state calculations were performed within the DFT frame-
work using the CRYSTAL17 package[61, 62], with an all-electron basis set of
Gaussian-type orbitals as (C) 6-311(d1), (N) 6-311(d1), (H) 3-11(p1)[63]. We
used the B3LYP hybrid functional[54, 55] and we accounted for the disper-
sion interaction by including the Grimme D3 algorithm[56]. The fully relaxed
supercells were constructed including four monomers, to ensure proper opti-
mization constraints; the reciprocal space was mapped through a grid of 4
k-points along each periodic direction, generated by the Monkhorst-Pack al-
gorithm. For selected models, we performed additional calculations using the
HSE06[64, 65] (for structural optimization and band structure calculations)
and the PBE0[66] (for dielectric response calculation) hybrid functionals.

The cases in which a single electron or hole was added to the ground
state model were dealt with the addition of a uniform background in order
to enforce the neutrality of the supercell, while a spin-doublet solution was
imposed. When an electron-hole pair was considered, the system was kept
neutral, but the solution was constrained into a triplet spin state. The self-
trapping of the charge carriers was simulated by optimizing the structures
while constraining the charge and spin state of the system just as discussed.
This approach represents indeed an approximation for the actual �rst ex-
cited state, which should be a spin-singlet; however, such a methodology has
been already successfully employed in the study of other semiconductors, like
TiO2[67] or WSe2[68].
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The vibrational properties of the neutral ground state, i.e. the frequencies
and displacements of the normal modes, were calculated within the harmonic
approximation as implemented in CRYSTAL17; the IR spectra were gener-
ated by the convolution of the calculated peaks with Gaussian line pro�les
broadened with σ=15 cm−1.

The binding energy of the exciton (Ebind) in two-dimensional models was
calculated through the hydrogenic approximation[69], for an in-plane exci-
tation only. Indeed, this component is the least a�ected by dimensionality
e�ects, i.e. the reduced electron screening, but the perturbation perpendicu-
lar to the plane in two-dimensional systems is intrinsically microscopic, and
we deem it not suited for being consistently paired with a more macroscopic
approach such as the hydrogen-like model. Therefore, we considered:

Ebind =
4m∗

r

ε22D
EH (1)

1

m∗
r

=
1

m∗
e

+
1

m∗
h

(2)

where EH is the Rydberg energy unit and m∗
r is the reduced mass of the

exciton, calculated from that of the electron (m∗
e) and the hole (m∗

h). These
two values were calculated by �tting the highest occupied and the lowest
unoccupied bands with parabolic functions:

ε(ki) = ε0(k0)±
~2

m∗
e,h

(k0 − ki)
2 (3)

around their respective minimum energy ε0(k0), along an user-de�ned di-
rection in reciprocal space ki. The dielectric constant of the two-dimensional
layer ε2D was evaluated from the macroscopic one εSC , calculated for the �c-
titious three-dimensional supercell through two di�erent approaches which
are frequently found in literature.

One is based on the analytic treatment of the reduced screening of a
charge con�ned in an ideal sheet represented by a Dirac delta[57]. The re-
sulting dispersion relation of the dielectric function is averaged on an e�ec-
tive sphere with radius equal to Bohr radius to obtain an e�ective dielectric
constant[58]:

ε2D =
8m∗

r(
1 +

√
1 + 32παSCLz/3

)2 (4)
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where αSC is the polarizability calculated in the supercell setup, with
height Lz in the non-periodic direction[57].

The second approach we considered for the evaluation of ε2D is based
on the e�ective medium approximation: in this case the periodically re-
peated slabs are treated as a capacitor made of dielectric plates separated
by vacuum[59, 60]; therefore it is possible to de�ne the in-plane dielectric
constant as:

εSC = 1 +
δz
Lz

(ε2D − 1) (5)

After performing the calculations of εSC for several supercells with di�er-
ent size, the actual electronic thickness δz and the two-dimensional dielectric
constant are obtained by �tting the data with the equation above.

Through the hydrogenic approximation, we can evaluate the contribution
of the polaronic response of the ion cores of the atoms to the polarizabil-
ity. In fact, in a perturbative scheme, the total dielectric function can be
written as ε = εopt + εvibr, i.e. the sum of an optical and a vibrational con-
tribution, respectively. While the latter is calculated after the vibrational
spectrum[70], the former is calculated with the coupled-cluster Kohn-Sham
approximation[71, 72, 73].

In case of a bulk calculation, the binding energy is calculated in a similar
way as the two-dimensional system, but the factor 4 in Equation 1 is dropped
and the dielectric constant is taken directly from the supercell calculation.
The reduced mass is calculated from the parabolic �t of the highest occupied
and the lowest unoccupied bands considered for the whole �rst Brillouin zone,
i.e. also accounting for the dispersion along the stacking direction of layers.

For the melem monomer only, the hydrogenic approximation cannot be
applied because of the non-periodic nature of the calculation. Therefore, in
order to estimate the excitonic binding energy of the molecule, the proper-
ties of its excited states were calculated using the GAUSSIAN package[74],
within the TD-DFT framework, using the B3LYP exchange and correlation
functional and a 6-311++(d,p) atomic-centered Gaussian basis set: in this
case the excited state can be properly simulated as a spin singlet.
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3. Results and Discussion

3.1. Melem monomer

Ground state structure and properties. Given the importance of
melem as the building block of the polymers structure, we �rst present the
ground state properties of a single isolated molecule, which can be consid-
ered as a reference. The molecular and electronic structures are reported in
Figure 1a,b: the calculated HOMO-LUMO gap is 4.91 eV; the electrons in
the HOMO state are localized on the pz orbitals of the pyridinic N atoms,
while the LUMO is shaped as a fully delocalized Π∗ state.
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Figure 1: Ground state con�guration of the melem monomer: (a) charge distributions of
HOMO and LUMO orbitals and (b) energetic scheme of the frontier molecular orbitals
(MOs). The arrows in scheme (b) highlight the MO to which a single electron added to
the system (red) or the one to which it is removed (green) in order to simulate a hole.
The black arrow represents the �spectator� electron. The C, N, H atoms are shown with
gray, blue, white spheres; isovalues 0.02 e/Å3. The calculated IR absorption spectrum
is reported in panel c: the red arrows show the red-shift estimated through anharmonic
corrections.

Starting from this optimized structure, we calculated the IR absorption
spectrum, which is reported in Figure 1c, where three populated regions
can be identi�ed, in good agreement with both experimental and theoretical
results already reported in literature[28]. Starting from the lowest energy side
of the spectrum, in the �rst region a major feature at ∼ 815 cm−1 is observed.
The analysis of the dislocations of the corresponding normal modes, shown
in Figure SI1, associates this mode with the anti-phase oscillation, out of
the σh plane of the molecule, of the C and N atoms. The most absorbing
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vibrational modes are found in the second region of the calculated spectrum,
in the frequency range between 1400-1600 cm−1. These features correspond
to the combination of the scissor or rocking motions of the atoms in the
amino group with the stretching or bending of N-C bonds. Lastly, at the
highest end of the calculated spectrum, in the third region, two main features
are observed, at ∼ 3635 cm−1 and ∼ 3778 cm−1, which we assign to the
combination of stretching motions of the N-H2 bonds. Such modes, however,
are known to su�er from anharmonic e�ects and, in fact, the agreement with
the experimental values is less good, since the same modes have been recorded
at 3428 and 3488 cm−1[28]. Therefore, we have estimated the error due to
the harmonic approximation through a dedicated module in the code[75,
76], which allows to compute a scaling factor (here 0.96) that can be used
to correct the frequencies above to 3491 and 3627 cm−1. These corrected
values, although not perfectly matching the experimental data because of
the crudeness of the scaling method, still allows us to obtain a qualitative
understanding of the vibrational properties of the system.

Excited state structure and properties. The investigation of the
excitation process was performed step-by-step, as schematically represented
in Figure 2a. First, we obtained the (�rst) vertically excited triplet state
(T1[GS], where [GS] indicates the geometry of the molecule is still that of
the optimized ground state), from which we can evaluate the vertical absorp-
tion energy, Eabs=E(T1[GS])-E(S0[GS]). We used the total energy from DFT
calculations, which is a ground-state theory, because T1 is formally a ground
state for the spin triplet multiplicity. This is clearly a spin-forbidden exci-
tation but we expect it to highly resemble the S0[GS] → S1[GS] excitation
that we cannot compute in this simpli�ed approach. As a second step, we
fully relaxed the T1 structure to simulate the exciton self-trapping, obtain-
ing the energy minimum (T1[Ex]) state and derived the exciton self-trapping
energy as Est=E(T1[Ex])-E(T1[GS]). Using the same atomic con�guration,
we calculated the distorted ground state energy for S0[Ex] and the polaronic
distortion energy, Edist=E(S0[GS])-E(S0[Ex]). Finally we derived the photo-
emission energy as Epl=Eabs+Est+Edist.

There are, however, additional physical quantities involved in the picture
described above that have to be carefully evaluated: the most important is
indeed the exciton binding energy, which is not guaranteed to be included
in the calculation of polaronic e�ects[68]. If we remove the polaronic con-
tributions of the two isolated charge carriers (of the photoxcited electron,
Ee

st, and of the photoexcited hole, Eh
st) from the exciton self-trapping energy,
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we can isolate the interaction energy of the e-h pair. These contributions
are evaluated by constructing the charged ground state and calculating the
energy di�erence before and after the optimization of the atomic structure,
as described in the next paragraph.

First, one extra electron o extra hole is added to the molecule and the
total wavefunction is relaxed; then, the atomic structure in the charged state
is optimized to assess the polaronic distortion and energy. The charge dis-
tributions for the systems with an extra electron and an extra hole, shown
in Figure 2b, correspond, as expected, to that of the LUMO and that of the
HOMO of the neutral molecule (Figure 1b), respectively.

Figure 2: Panel (a) reports a sketch of the structure, in the con�guration space, of
the ground (S0) and excited (T1) state, the latter including an electron-hole pair (e,h).
Panel (b,c) Charge distribution of the melem molecule with the addition of a single elec-
tron(red)/hole(green) (b) and of an (e,h) pair (c): isovalues 0.02 e/Å3; the C, N, H atoms
are shown with gray, blue, white spheres.

10

https://doi.org/10.1016/j.apsusc.2022.155164



In addition to these total energy calculations based on DFT considering
the T1 excited state, we have also performed some TD-DFT calculations,
as described in Section 2, for the S1 excited state. In Table 1 we collected
all the energy terms calculated with the two methods for direct comparison:
the absorption and the binding energies are rather similar, con�rming that
using the T1 state as the analogous of the true �rst excited state S1 is a vi-
able and acceptable approximation. Our results for the HOMO-LUMO gap
are in agreement with the experimental excitation peak at 4.30 eV observed
at room temperature[28]. The DFT and TD-DFT methods di�er, however,
on the strength of the self-trapping, as the DFT optimization of the triplet
state overestimates Est and Edist and, consequently, reduces the photoemis-
sion energy; interestingly, the DFT value is in better agreement with the
experimental peak at 3.39 eV[28]. We note that the self-trapping energy of
the exciton is quite smaller than that for the isolated electron or for the iso-
lated hole, indicating an additional interaction of the two polarons, which is
also suggested by the less symmetric charge density of the exciton, shown in
Figure 2c, compared with that of the isolated polarons (Figure 2b).

Table 1: Excited state properties of the melem monomer, calculated by two di�erent
methodologies: the optimization of the triplet state (DFT) and the optimization of the
singlet state (TD-DFT). Note: * the binding energy is calculated here as the di�erence
between the HOMO-LUMO gap and the absorption energy.

(eV) DFT(T1) TD-DFT(S1)

Egap 4.91 4.99
Eabs 3.88 3.86
E∗

bind 1.03 1.13
Est −0.19 −0.06
Edist −0.36 −0.06
Epl 3.34 3.74
Ee

st −0.41 -
Eh

st −0.08 -

3.2. Ideal 2D Graphitic Carbon Nitride

Ground state structure and properties. From the single melem
monomer we now move to the extended polymeric systems by considering
�rst the most regular two-dimensional fully-polymerized gCN (igCN). This
polymer could be modeled as �at, as often previously done, but it is ac-

11

https://doi.org/10.1016/j.apsusc.2022.155164



tually more stable in the buckled form, which we have already discussed
elsewhere[27] and is shown in Figure 3a. We must point out that, because
of the aggregation of the monomers, no amino N (N amino) atoms are left
in igCN. We can distinguish here three types of N atoms: N atoms joining
the monomers (N joint), pyridinic N species (N pyridinic) and N atoms at
the center of the molecule (N center). The asymmetric corrugation along the
x or y axis breaks the symmetry of the ideal crystal, which is con�rmed by
the presence of two, now not equivalent, high-symmetry paths in the band
structure reported in Figure 1b. The calculated band gap is 3.03 (direct)
eV at the K point. The states at the top and at the bottom of the valence
and the conduction band, whose charge densities are reported in Figure 3a,
do not di�er from the HOMO and the LUMO, respectively, of the isolated
monomer (Figure 1b). Similarly, the analysis of density of states (DOS) of
the polymer (Figure 3c) suggests that the top of the valence band is localized
on pyridinic N atoms, while the bottom of the conduction band is composed
of Π∗ states.

The IR absorption spectrum of the 2D layer calculated from the op-
timized, corrugated structure is reported in Figure 3d: the most striking
di�erence from that of the monomer is the absence of any absorption at
energies higher than 1800 cm−1. This is expected, however, based on the
fact that such normal modes are exclusive to stretching displacements along
N-H bonds in NH2 groups, as detailed above. The investigation of the dis-
placement for each individual mode, shown in Figure SI2, reveals a similarity
between igCN and the monomer: the lower energy end of the spectrum is
composed of out-of-plane displacements, which are retained despite the cor-
rugation of the layer, while the absorption between 1100 and 1800 cm−1 is
due to the overlap of modes involving either N center, N joint or N pyridinic
without a recognizable order.
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Figure 3: Properties of the ground state of 2D igCN. (a) top view of the charge distribu-
tions of the topmost valence (left) and bottommost conduction (right) states within the
supercell. Isovalues 0.02 e/Å3; C, N atoms are shown with gray, blue spheres. (b, c) band
structure and density of states, projected onto atomic orbitals. The energies are reported
with respect to the valence band maximum (VBM). (d) IR absorption spectrum.
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Excited state structure and properties. In order to construct the
lowest lying triplet exciton state (T1), we have considered di�erent possible
con�gurations for the position of the photoexcited electron and the photoex-
cited hole in the supercell and determined the one with the lowest energy.
From the band structure reported in Figure 4a, in analogy with what ob-
served for the monomer, in igCN the electron is localized on a LUMO-like
state at the bottom of the conduction band, while the hole is localized on
a HOMO-like state at the top of the valence band (see Figure SI3 for the
inclusion of a single electron/hole). The polaronic optimization of T1 slightly
increases the corrugation of the layer as the repulsion between the adjacent
monomers intensify, but the displacements are smaller than 0.05 Å, as it is
shown in Figure SI4. These results are in contrast with the charge density
of the cation of melem dimer proposed by Meek et al.[50] where the hole is
centered around the N joint atom. We deem such a di�erence due to several
factors, the most important of which is geometrical: a non-periodic con�gu-
ration allows for lower corrugation, reducing the repulsive N-N interactions
through displacements within the plane in which the molecule lies. As it
will be shown below, a �at igCN presents rather di�erent properties than its
buckled counterpart.

Interestingly, while the separated charge carriers are somehow spread on
all the four monomers in the supercell (Figure SI3a), the exciton is local-
ized on a single melem unit, as shown in Figure 4b, which suggests that
the electron-hole pair is electrostatically bound. We observe such con�ned
behavior even before optimization of the T1 state (not shown here); there-
fore, we expect that our �rst approach, i.e. the evaluation of the polaronic
self-trapping, will not account for the binding energy of the exciton, which
we need to evaluate through a di�erent approach, i.e. using the hydrogenic
approximation (see Equation 1).
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Figure 4: Electronic properties of the optimized triplet exciton in 2D igCN: (a) spin-
resolved band structure, (b) charge density distribution. In panel a, the ground state
band structure is reported as well (S0, black dots) for comparison, by aligning the least
perturbed bands. The energies are referred to the valence band maximum (VBM). The
arrows highlight the state getting �lled in (red arrow) and that getting emptied (blue
arrow). Isovalues 0.02 e/Å3; C,N atoms are shown with gray, blue spheres.

The �rst term of Equation 1 that we are going to discuss is the reduced
e�ective mass. To evaluate it, we consider the representation of the eigenval-
ues in the reciprocal space for the topmost state in the valence band and the
lowest one in the conduction band, as shown in Figure 5 and we perform the
�t, around the K point, with isotropic parabolic functions (Equation 3). The
results are collected in Table 2 the e�ective masses are in good agreement
with those calculated for a bulk model of igCN [51], despite the rather di�er-
ent band structure: the reported band gap is 2.8 eV at the Γ point. We deem
such a discrepancy to be related to both the di�erent exchange-correlation
functional, HSE06 rather than B3LYP, and the di�erent supercell structure,
orthorhombic rather than hexagonal-like.
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The type of representation introduced above is also helpful in clarifying
some details of the electronic structure of the ground state: the band gap is
clearly located at the K point only in the reciprocal space, while additional
minima that could be observed in the band structure (Figure 3b), for example
at the M point, are only apparent ones, generated by the repetition of the
crystal structure and the proximity to the K point.

Figure 5: Reciprocal space representation of the eigenvalues of the highest occupied states
(panel a) and the lowest empty ones (panel b) of 2D igCN. The structure of the �rst
Brillouin zone and that the crystal are shown as well. Panel (a) reports the most important
high-symmetry points, included in the band structure calculation: Γ (black dot), M (white
dot), K (white square), M1 (green circle), K1 (green square)

The hydrogenic model is extremely sensitive to the dielectric function,
which in turn is expected to vary sensibly when the dimensionality of the
system is reduced, as in the case of exfoliated sheets. Since there is no
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de�nitive approach to evaluate unambiguously a macroscopic quantity, such
as ε, in a microscopic system (i.e. a non-periodic system, at least in one
direction), we decided to determine the two-dimensional dielectric constant,
to be used in Equation 1 to estimate the exciton binding energy, through two
di�erent approaches: in the �rst case we pursue an analytic solution, while,
in the second one, we rely on the �t of a capacitance model (see Section 2
for additional references).

Table 2: Excited state properties of 2D igCN as obtained in this work and of 3D igCN as
reported in Ref.[51].

This work Bulk-HSE06[51]

m∗
e 0.75 0.4

m∗
h 1.03 1.4

m∗
r 0.43 0.3

ε2D analytic ε2D �t

ε 3.9 5.5 7.2
εopt 3.2 4.3 5.0
Ebind (eV) 1.56 0.79 0.33
Eopt

bind (eV) 2.35 1.26 0.68
Egap (eV) 3.03 2.8
Eabs (eV) 2.72 -
Est (eV) −0.20 -
Edist (eV) −0.38 -
Epl (eV) 2.14 -
Ee

st (eV) −0.08 -
Eh

st (eV) −0.03 -

The analysis of the values of the ε reported in Table 2 reveals two opposite
trends: the �rst one is the reduction of the dielectric constant, up to 46% for
a perfectly 2D charge distribution, given by the reduced electronic screening
taking place in the single layer compared with that of a three-dimensional
structure (results from Ref.[51]). However, given the signi�cant corrugation
of the igCN structure, we have evaluated the dielectric constant also through
a more macroscopic model, i.e. using the e�ective medium approximation.
In this case, the value of ε is larger than that of the analytic model and,
although, it gets closer to the value reported for the bulk system[51], it is
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still 24% smaller. A second trend is the increase of the values of ε given
by the contribution of the ionic response to the perturbing electric charge,
which is of the order of ∼ 20% of the total, almost independent from the
dimensionality of the system.

As a consequence, the binding energy of the exciton of an exfoliated layer
is more than doubled with respect to that reported for the stacked layers[51],
which agrees with the strongly bound excitons, with Ebind in the range of 1.3-
2.2 eV, predicted for two-dimensional layers using BSE calculations[49, 77].
Finally, we observe that for the 2D igCN, the polaronic self-trapping and the
distortion energies of the exciton are similar to those of the isolated monomer
and are of the same order of magnitude of those calculated for the melem
hexamer[50].

In the following we analyze how the results on the reduced e�ective mass,
on ε and on the exciton binding energy vary depending on the computa-
tional setup, i.e. the exchange and correlation functional or the geometrical
structure and other eventual constraints. For example, most of the com-
putational results available in literature are calculated through the HSE06
functional[16, 17, 21, 48], which is chosen because the band gap predicted
with it is in good agreement with the measured optical absorption peak at
∼ 2.7 eV, therefore neglecting the additional excitonic and polaronic interac-
tions. In this case, the 2D igCN model has a rather similar electronic struc-
ture (Figure SI6a-c) and its values of the e�ective masses m∗

e=0.74, m
∗
h=1.01

are almost identical to those calculated with B3LYP functional in the present
work; the only di�erence is the magnitude of the band gap, which is smaller
(2.84 eV vs 3.03 eV). Additionally, the evaluation of the dielectric constant,
for example through the analytic model, produces values very close to those
reported here for B3LYP (ε=3.8, Ebind=1.62 eV). Similarly, Est=−0.15 eV
and Edist=−0.34 eV are in close agreement with B3LYP results.

For comparison, we also optimized a model of igCN, which has been con-
strained to be �at, in order to resemble the structure proposed by Wei and
Jacob[39], using the same HSE06 exchange-correlation functional. Our re-
sults show the same exciton charge distribution reported in Ref.[49], which
is centered around the N joint atom (not shown here) and is clearly di�erent
from what observed for corrugated igCN. Also, the band structure of the
ground state of �at igCN (see Figure SI5c) is characterized by �atter con-
duction band minimum (CBM) and valence band maximum (VBM) bands
than those of corrugated layer. Correspondingly, we calculated a much larger
m∗

h, 1.92 instead of 1.03 and a slightly smaller m∗
e, 0.56 instead of 0.75. How-
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ever, the overall reduced mass is the same as for the corrugated igCN and
the excitonic and polaronic results are almost identical, except for a slightly
smaller Eabs, i.e. 2.59 instead of 2.72 eV.

As a �nal alternative model, we optimized a bulk model with AB stacked
layers, whose geometry is reported in Figure SI5e. In this case, the inter-layer
interaction is not negligible[27], as con�rmed by the band structure details,
shown in Figure SI5f: taking the whole three-dimensional crystal structure,
the band gap is still ∼ 3.0 eV but it is now indirect (always around Γ in the
kx-ky plane, but at di�erent kz coordinates). We have �rst investigated the
possibility to obtain a bound electron-hole pair with the photoexcited charge
carriers delocalized on adjacent igCN layers, as proposed in some studies[38,
39]. However, even without any polaronic relaxation, the exciton is formed
on the single layer, which allows us to compare the absorption and self-
trapping properties of the bulk to those of the isolated layer. Additionally,
we investigated the optical dielectric constant of the system in the case of the
direct Γ-Γ transition, which does not require any further processing, and the
values of εopt=5.12 and E

opt
bind=0.90 eV are in agreement with those reported in

literature for HSE06[51], despite the e�ective masses being "locally" di�erent,
i.e. m∗

e =1.70, m
∗
h =0.82, but m∗

r =0.55 overall.
Within the limits of the two approaches we employed in this study, the

binding energy of the excitons in the exfoliated layers of fully polymerized
gCN is evaluated to be much larger than the thermal energy available at
room temperature. Therefore, large energy di�erences are expected between
the position of the onset and that of the maximum of the optical absorp-
tion spectra (assuming direct transitions only, as indirect channels which
are not accounted for in our study). Additionally, the self-trapping ener-
gies and distortion should contribute to a measurable Stoke-shift. Notably,
temperature-resolved UV-vis absorption spectra seem to con�rm our hypoth-
esis: binding energies in the range of 0.3-0.5 and Stoke-shifts ∼ 0.4-0.5 eV
can be extrapolated from the reported data[32, 37, 38, 78].

3.3. Alternated melon 2D

Ground state structure and properties. Experimental evidences ex-
ist that full polymerization of precursors is not commonly achieved[25, 37,
38]. Therefore, we now consider models of partial polymerization of melem
monomers. Since at least two 2D con�gurations can be constructed[27], we
will focus on Liebig's or alternated melon structure. From its geometry and
its band structure shown in Figure 6, it is possible to observe the presence of
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a preferential direction, i.e. the y axis of the cell, along which the polymer-
ization takes place. The states at the top of the valence band and those at
the bottom of the conduction one are similar to those of the HOMO and the
LUMO of the isolated molecule (Figure 1b), although with a reduced charge
density on N amino atoms. The calculated band gap is direct at the Γ point
(3.90 eV), which is larger than that of the 2D igCN (3.03 eV).
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Figure 6: Properties of the ground state of 2D alternated melon: (a) top view of the charge
distributions of the topmost valence (left) and bottommost conduction (right) states within
the supercell. Isovalues 0.02 e/Å3; C, N atoms are shown with gray, blue spheres. (b, c)
band structure and density of states, projected onto atomic orbitals. The energies are
reported with respect to the valence band maximum (VBM). (d) IR absorption spectrum:
for energies around 3400 cm−1, we report with red arrows the shift given by anharmonic
corrections.
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The IR absorption spectrum, calculated from the optimized ground state,
is shown in Figure 6d: as in the case of the monomer, three regions can be
observed. Through the analysis of the displacements of the normal modes,
shown in Figure SI6, it is possible to attribute the low energy end of the
spectrum, around 800 cm−1, to the out-of-plane distortion of the core of
the monomers. At intermediate energies, from ∼ 1200 cm−1 to 1800 cm−1,
the normal modes involve mainly the bending of the atoms in amino groups
(both primary and secondary) with the superposition with stretching dis-
placements around N-C bonds. Lastly, for energies above 3000 cm−1 there
are the stretching modes of the N-Hx bonds, which were clearly not present
for the 2D igCN. In order to account for the anharmonicity of these modes,
we report in the spectrum also the corrected energies of these vibrations, by
rescaling the values with a coe�cient of 0.96, similarly to what we have done
for the monomer.

Excited state structure and properties. In this case of partial poly-
merization, the charge densities of the ground state including an additional
single electron or hole, shown in Figure SI7a, are less localized on the amino
groups than in the case of the monomer, suggesting a minor role played by the
hydrogen bonds between adjacent rows of polymerized molecules. However,
we note that the additional charges do not perturb much the band structure
of the ground state (see Figure SI7b,c), similarly to what we observed for
the igCN (see Figure SI3b,c). Therefore, upon the formation of the electron-
hole pair, the resulting exciton is localized on a single monomer of the chain
in the periodic system, where the electron occupies a state that resembles
the LUMO of the molecule and the hole occupies a state that resembles its
HOMO (see Figure 7), which is similar to what observed for 2D igCN.
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Figure 7: Electronic properties of the exciton of 2D alternated melon: (a) spin-resolved
band structure, (b) charge density distribution. In panel a, the ground state band struc-
ture is shown (S0, black dots) for comparison, by aligning the least perturbed bands. The
energies are reported with respect to the valence band maximum (VBM). The arrows high-
light the state getting �lled (red arrow) and that getting emptied (blue arrow). Isovalues
0.02 e/Å3; C, N and H atoms are shown with gray, blue and white spheres.

From the representation in the reciprocal space of the states around the
band gap, shown in Figure 8, we can extract the e�ective masses for 2D
alternated melon by �tting with the parabolic functions in Equation (3). In
this case here, we restrict the �t to k-point di�erences along the ky axis only,
because it is the main polymerization direction. The results are collected
in Table 3: all the e�ective masses are much di�erent from those we have
previously calculated for 2D igCN (see Table 2), which is a direct consequence
of the di�erent atomic con�guration of the polymer, and also from those of
a bulk melon model taken as a reference, despite the similarity with the
reported band structure[51].
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Figure 8: Reciprocal space representation of the eigenvalues of the highest occupied state
(panel a) and the lowest empty one (panel b) of the 2D alternated melon. The structure
of the �rst Brillouin zone and the crystal are shown as well. Panel a reports the most
important high-symmetry points, included in the band structure calculation: Γ (black
dot), X (green dot), S (green square), Y (white circle), S1 (white square).
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Table 3: Excited state properties of the 2D alternated melon, as obtained in this work and
of 3D igCN as reported in Ref.[51]. Notes: ∗ calculated along the y-axis only.

This work∗ Bulk-HSE06[51]

m∗
e 0.31 0.9

m∗
h 1.32 1.6

m∗
r 0.25 0.6

ε2D analytic ε2D �t

ε 2.7 5.0 6.1
εopt 2.4 4.0 4.1
Ebind (eV) 1.60 0.54 0.84
Eopt

bind (eV) 2.30 0.85 1.88
Egap (eV) 3.90 3.4
Eabs (eV) 3.39 -
Est (eV) −0.17 -
Edist (eV) −0.27 -
Epl (eV) 2.95 -
Ee

st (eV) −0.06 -
Eh

st (eV) −0.00 -

If we focus the attention on the dielectric constant, the values show sim-
ilar trends to those we discussed above for 2D igCN, i.e. a reduction of ε
with respect to bulk model and the important contribution of the ionic po-
larizability toward the electronic response of the system. Nonetheless, the
values for the exciton binding energies are not as large as those for the fully
polymerized case, because of the di�erence in the e�ective masses. The po-
laronic relaxation is slightly reduced compared to that of 2D igCN, which is
a direct consequence of the di�erent structure of the melon polymer, where
the monomers are less tightly packed and the electrostatic repulsion is, thus,
smaller.

Also in the case of 2D melon, the comparison with experimental data is
di�cult, because of the scarcity of studies on exfoliated polymers. Indeed,
the similarity with the igCN would suggest the observation of both excitonic
and polaronic e�ects, even at room temperature and stronger than those
for samples containing stacked heterostructures. The only di�erence which
would permit to clearly distinguish one polymer from the other by optical
analysis is the higher band gap of the 2D melon compared to that of igCN,
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resulting in the shift towards higher energies of the spectral features, i.e. the
peak and the onset of the adsorption and the peak of photoemission.

Experimental evidence shows that melon is a more common polymer in ac-
tual samples[26, 27], i.e. through XRD and XPS signatures, therefore we are
tempted to look for similar �ngerprints also in the optical spectra. In these
regards, since the structure of the polymer is driven, among other factors,
by the temperature of the process, it can be guessed that complete polymer-
ization would be achieved at the highest temperatures. Indeed, the studies
of Tyborski and coworkers[37, 38] report (process) temperature-dependent
UV-vis spectra where, as T increases from 400◦C, a sharp reduction of the
energy of peak absorption and emission, as well as in the onset (direct) of
the optical absorption. The authors attribute such an e�ect to a change in
the inter-layer coupling; instead, we suggest that our results provide an al-
ternative explanation, based on a partial or complete polymerization of the
sample.

4. Conclusions

In this work, we performed a computational investigation of the excitonic
and vibrational properties of di�erent polymers of melem-based graphitic
carbon nitride (gCN). Our aims were to identify unique �ngerprints of each
polymeric arrangement within optical spectra, to perform a comparison with
the properties of the molecular precursor and to identify interesting e�ects
or trends, related for example the layered material thickness or to any con-
straints imposed to the structural model.

For this purpose, we carried out density functional theory calculations,
including hybrid methods, of the fully or partially polymerized gCN and we
investigated their optically excited state by approximating the �rst excited
singlet spin-state with the ground triplet spin-state, or in other words the
electron-hole pair. We evaluated the interaction between the charge carriers,
through the inspection of the electronic charge density and the analysis of the
band structure. Additionally, we studied polaronic self-trapping e�ects, by
further optimizing the atomic positions in the presence of the excited charge
carriers. We evaluated the exciton binding energy through the hydrogenic
approximation and, thus, calculated the e�ective masses of the charge car-
riers. This required to evaluate the dielectric constant, which we obtained
by two independent models, one analytical and one more macroscopic, also
including the ionic contribution to polarization.
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Our results show that, while the single electron and single hole are de-
localized on a Π∗/N pyridinic pz state, the electron-hole pair is bound and
is well localized on a single monomer unit in the supercell, independently
from the gCN model considered. Irrespective of the type of polymerization,
the exciton binding energy in a two-dimensional model is more than doubled
with respect to the corresponding bulk structure. We predict that the ex-
citon formed in the 2D systems to be stable, at least at room temperature,
and to give rise to an appreciable Stoke-shift between absorption and photo-
emission spectral maxima. Our calculations also indicate that the energies
for the photon absorption and the photon emission are larger for melon than
igCN (3.39 vs 2.72 eV and 2.95 vs 2.14 eV, respectively), which re�ects their
di�erent atomic con�guration and structure.

The vibrational simulations (IR spectra) of fully and partially polymer-
ized gCN can be distinguished from the absence/presence, respectively, of
two absorption features in the region between 3000-3600 cm−1, which are as-
signed to the N-H stretching by the residual amino groups, being these unique
�ngerprints of an incomplete polymerization of the precursor molecules.

We believe that the theoretical spectroscopic characterization of various
gCN models summarized above can be a useful guide for the experimentalists
to rationalize their �ndings and determine the type of polymer present in
their real samples.
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