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Polymeric carbon nitrides (PCNs) are intriguing and versatile semiconductors with 2D stacked architec-
ture and hold promise for applications in photocatalysis and optoelectronics. However, our fundamental
understanding of their unique electronic and optical properties is still limited, without any clear link
between theoretical calculations and the experimentally observed properties. Herein, we investigate the
relationship between the structural, electronic and optical properties of PCNs through first-principles
calculations. Our results highlight the significant influence of the PCN structure on the electronic
and optical properties, especially near the band edges. Specifically, the degree of condensation and
corrugation influences the electron/hole localization and the energy levels of m electrons, which
determine the optical behavior. Through the investigation of both 2D and 3D model structures, exciton
photophysical processes in PCN materials are elucidated, emphasizing the crucial influence of increasing
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dimensionality on fundamental optical properties, and establishing a direct link to experimentally
observed optical spectra. Further, a mechanism is proposed for carrier and energy transport occurring
DOI: 10.1039/d5tc01121c between the layers, i.e. perpendicular to the material plane. This study provides new theoretical insights

into the intricate relationship between the structural, electronic, and optical properties of PCNs, paving
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Introduction

Quantum confinement effects in, 1D and 2D nanostructured
materials have attracted considerable attention due to their
unique physicochemical properties and significant potential
in energy-related applications.'™ Notably, 2D semiconductor
materials have received substantial interest in artificial photo-
catalysis due to the tunability of their electronic structure.”®
In particular, 2D backbone materials composed of heptazine
and s-triazine, collectively referred to as polymeric carbon
nitride (PCN), are valued for their straightforward synthesis
and promising (photo-)catalytic applications, including CO,
reduction, oxygen evolution/reduction, H,O, production, and
hydrogen generation, all under UV and/or near-visible irradia-
tion.” ! The detailed classification of PCN materials depends
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the way for a rational design of PCN materials with tuned functionality and improved performance.

on their intricate structures and properties. Among these classi-
fications, the conventional PCN structures such as melon and
graphitic carbon nitride exhibit a suitable bandgap (2.7 eV),
which can extend the light absorption to visible light.>>>?
Moreover, ionic variants of carbon nitrides such as poly(heptazine
imide) (PHI) rank among the most studied materials in photo-
catalysis owing to their unique properties, based on charge
accumulation capabilities for the delayed catalysis,** or very
low photocurrent onset in photoanodes for photoreforming of
alcohols to hydrogen,>*® showcasing the material’s potential
in numerous applications.

Despite the growing interest in PCN materials, understand-
ing of their photophysical and chemical properties—and the
connections between these properties and structural features—
remains limited. Therefore, it is difficult to explain their photo-
chemical and photophysical properties, which often depend
heavily on synthesis methods and conditions.”®*"*”*® Addi-
tionally, the relationship between charge carrier dynamics and
photocatalytic efficiency is barely reported.”® In this context,
computational simulations, particularly those utilizing the
first-principles calculations, are a promising tool for under-
standing the atomic-level properties of materials, including
their electronic structure. Previous calculations have been performed

This journal is © The Royal Society of Chemistry 2025
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in order to identify the desirable model structure for PCN,
aiming to reveal its unique properties. According to these
calculations, PCNs are expected to exhibit strong exciton bind-
ing, similar to other organic semiconductors, in a Frenkel-type
excitation.>* > However, uncertainties in the structural models
of PCNs, besides discrepancies between calculated results and
experimental data, underscore the need for improved models
that can more accurately represent the properties of PCNs. In our
previous studies, we calculated the thermochemical stability of
reported PCN models and concluded that the actual PCN
configuration is closer to a linear structure rather than a 2D
structure, coexisting with melon and graphitic features. Further-
more, the energetic preference for stacking over size expansion
allowed us to provide valuable insights into the shape of the real
PCN structure.*

In this study, we explore the intricate relationship between
the structural properties of PCN and their impact on optical
behavior using an enhanced computational approach, incor-
porating hybrid functionals, TDHF@Casida formalism, and
scissor corrections to achieve higher accuracy in calculations.
Our research elucidates shared characteristics of 2D and 3D
PCN materials, notably electron/hole localization and the key
role of m electrons in carbon-nitrogen bonds. Furthermore, we
reveal that microstructural variations profoundly affect the
energy levels of n electrons in 2D PCNs, thereby defining their
optical signatures. Moreover, we identify intricate interlayer
interactions within these structures, which are integral to the
distinct configuration of each 2D layer.

Results and discussion
Structural models

Fig. 1 illustrates the 2D monolayer and 3D stacked structural
models of the heptazine-based carbon nitrides, representing
melon (linear structure), PHI, as well as the corrugated (cg-CN) and

(a) melon b) PHI
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Fig. 1
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planar graphitic carbon nitride (pg-CN) structures, respectively.
While the graphitic structure (100% degree of condensation)
is regarded as ‘“‘ideal,” both theory and experiment suggest a
partial presence of graphitic domains within less condensed
matrices.”>**® This study excludes the effect of struc-
tural inhomogeneity since the electronic contribution of the
dangling triazine or heptazine moiety near the band edges is
negligible.”® Furthermore, given the strong exciton binding
energy and compact exciton radius associated with Frenkel
excitons, which are typically assumed for heptazine-based
carbon nitrides, the structural models used in this study
effectively describe the localized electronic characteristics and
adequately represent the overall properties of the general PCN
structure.””

In Fig. 2, we analyzed the projected density of states (PDOS)
of both 2D monolayer and 3D stacked structures using DFT
with the HSE06 hybrid exchange-correlation functional. This
analysis was conducted to characterize the orbital distribution
of the elements, based on structural effects such as the degree
of condensation, the degree of corrugation, and stacking.
Notably, in both the 2D monolayer and 3D stacked models that
nitrogen orbitals largely contribute to the occupied orbitals
near the valence band maximum (VBM). In comparison, the
unoccupied orbitals near the conduction band minimum
(CBM) are shared by both carbon and nitrogen atoms. This
configuration indicates that the typical electronic transition
near the Fermi level in PCNs occurs between the occupied N-p
orbitals and the unoccupied C-p and N-p shared orbitals. This
finding strongly supports the conclusion that n-n* transitions
are the dominant electronic transitions in PCN materials,
consistent with findings reported in the literature.*® To provide
more specific details, the PDOS analysis of both 2D and 3D
structures reveals a significant alteration in the primary
contribution of the VBM orbitals, shifting from N-p, orbitals
to N-p,i, orbitals as the degree of condensation increases
(melon — PHI — g-CN). Notably, the N-p,., orbital contribution

c) cg-CN

Illustration of the PCN structural models used in this study: (a) melon, (b) PHI — poly(heptazine imide), (c) and (d) corrugated and planar graphitic

nitride (cg-CN and pg-CN). The top images are the 2D monolayers and the bottom images depict the stacked 3D structures, which are adopted from our

previous publication.®*
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Fig. 2 The projected density of states of (a) and (e) melon, (b) and (f) PHI, (c) and (g) pg-CN, and (d) and (h) cg-CN. The projection is performed on s and
p orbitals corresponding to carbon and nitrogen atoms. The trivial contribution of hydrogen is omitted. Fermi energy is referenced to 0 eV.

becomes the most prominent in the graphitic and planar
structures (pg-CN). In these structures, the projected electron
density of N-p,, can represent both n bonding and non-
bonding electron pairs due to the distortion in the p, orienta-
tion caused by the buckled structure—an effect not captured by

8684 | J Mater. Chem. C, 2025, 13, 8682-8693

simple spatial projections. To clarify, Fig. S2 (ESIt) presents the
actual electron density at the relevant energy levels, demon-
strating that in flat structures (melon and pg-CN), the lone-pair
electrons are primarily associated with the N-p,,, orbitals. In
corrugated structures (PHI and cg-CN), the lone-pair electron

This journal is © The Royal Society of Chemistry 2025
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density is limited to energy levels where the density of states of
N-py+y is higher than that of p, (see Fig. 2, marked with arrows).
This lower energy profile of the lone-pair electrons in corru-
gated structures, approximately 0.5-1.0 eV lower compared to
the p, orbitals, indicates that the utilization of lone-pair elec-
trons is less favorable than that of n electrons. The elevated
energy levels of the lone-pair electrons in pg-CN can be attrib-
uted to the substantial confinement of electrons resulting from
the highly symmetrical structure.’® This symmetry enhances
interactions among N-p,., orbitals, maintaining the locally
stable structure.®®* We have also observed that the impact of
stacking on the electronic structure differs between planar struc-
tures (melon and pg-CN) and buckled structures (PHI and cg-CN).
In planar structures, the emergence of small N-p, peaks at the VBM
can be attributed to the overlapping p, orbitals between the layers
(Fig. 2). These energy levels indicate the presence of interactions
between the layers, occupying the band edge. On the other hand, in
buckled structures, the peaks in the stacked 3D structures exhibit
almost the same pattern as the 2D monolayer, indicating mini-
mized interaction between different layers. Importantly, the over-
lapping p, orbitals are situated near the Fermi level. This
underscores that the interlayer interactions in 3D structures
have a significant influence on the bandgap and photoexcitonic
process.” It is crucial since the pronounced contribution of p; (r)
orbitals can be captured by the hybrid functionals, which con-
sider the exact exchange energy.*®
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Fig. 3 The band structure (left) and its orbital projection (right) of (a) melon-3D, (b) PHI-3D, (c) pg-CN-3D, and (d) cg-CN-3D. The projection is
performed on s and p orbitals corresponding to carbon and nitrogen atoms. The trivial contribution of hydrogen is omitted. Fermi energy is referenced to
0 eV. The inset provides a comparison of energy levels near the VBM in the corresponding 2D structure, illustrating different degrees of interlayer

interactions.
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Fig. 3 presents the band structure and its elemental/orbital
projection for the stacked structures while the band structure
for the monolayers can be found in Fig. S1 (ESIt). Firstly, a flat
band structure is evident at the band edges and other energy
levels, indicating localized electrons resulting from discontinu-
ous potentials.>*>*"**?> Specifically, these flat bands are observed
no matter how the structure is corrugated or flat. It indicates that
the highly localized electrons actually come from the heptazine
units, which have the conjugated m electrons. Moreover, these
similar shapes of bands between the 2D and 3D structures with a
consistent flat-band nature may imply the potential interlayer
excitation from N-p, orbitals of the one layer to the N-p, or C-p,
orbitals of the other layer, which is not common nature in
2D materials. The pg-2D structure exclusively exhibits an indirect
bandgap, whereas the other 2D and 3D structures have direct
bandgaps. However, the disparity between the direct and
indirect gap could be negligible not only in the pg-2D structure
but also the others due to the observed flat band nature
throughout the highly symmetric k-point. These small devia-
tions between the indirect and direct transitions may give rise
to various shallow trapping levels due to the strongly localized
electrons and holes.*>™*°® The calculated bandgap energy of
the 2D and 3D structures is provided in Table S1 (ESIt). The
bandgap tends to decrease as the 2D monolayer transitions into
a stacked 3D structure, primarily due to reduced electron
confinement with increasing dimensionality.*” Specifically,
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the decrease in the bandgap of PCNs is a consequence of the
discrete arrangement of energy levels, resulting from the inter-
play of localized electrons within each layer. This interaction of
localized electrons leads to a rearrangement of energy levels,
elevating the occupied orbitals while lowering the unoccupied
ones accordingly. The bandgap reduction due to stacking is
more pronounced in the planar structures (melon: 0.56 eV and
pg-CN: 0.44 eV), whereas it is relatively suppressed in the
corrugated structures (PHI: 0.14 eV and cg-CN: 0.04 eV). Hence,
we can comprehend the role of corrugation in the electronic
structure, which minimizes the interlayer interaction by dis-
torting the structure. Particularly in the 3D stacked structures,
it is observed that as the degree of condensation increases, the
structure becomes more corrugated, except for the pg-CN
structure, which remains as a local minimum configuration.
However, this pronounced corrugation does not lead to a
substantial decrease in the bandgap. This suggests that for
PCN structures where the degree of condensation®® exceeds
that of PHI (75%), local flattening significantly influences the
effective bandgap. Interestingly, these findings emphasize the
significance of interlayer interactions and depth-related =
electrons as the principal contributors to the bandgap of
conventional PCN structures. Furthermore, of note, the calcu-
lated bandgap from the ground state should correspond to the
positions of the absorption peaks in the absorption spectra,

View Article Online
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rather than the main peaks in the emission spectra at 2.7 eV or
the bandgap obtained from the absorption coefficient using the
Kubelka-Munk theory.*® In calculating the bandgap of the
periodic PCN models using the first-principles calculations, it
is crucial to strictly adhere to the Franck-Condon principle,
given the current absence of methods to obtain the excited
geometry. Therefore, determining the experimental bandgap
corresponding to the 2.7 eV emission necessitates further
calculations that consider both the excited geometry and vibra-
tional contributions. This also indicates that the position of a
major peak the nearest band edge from the experimentally
observed absorption spectra (band edge of ca. 400 nm, approxi-
mately 3.09 eV for PHI and band edge of ca. 410 nm, approxi-
mately 2.78 eV for the conventional PCN) should align with
either the calculated bandgap or the position of the calculated
absorption spectra.”> Our computed bandgaps for PCNs, which
consistently group at approximately 3.0 eV for 3D structures, such
as the linear melon and PHI configurations, align seamlessly with
the experimental values (¢f Table S1, ESIt). Further discussions
on detailed optical—electronic characteristics depending on struc-
tures will be addressed in the following section.

Dielectric functions and optical properties

In this section, we discuss the dielectric function and optical
properties of both 2D and 3D PCN structures (Fig. 4). Our primary
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Fig. 4 The imaginary part of the macroscopic dielectric functions of (a) melon, (b) PHI, (c) cg-CN, and (d) pg-CN structures on top of the TDHF@Casida
method. Imaginary parts corresponding to the respective cartesian direction (xx, yy, zz), obtained by egn (4) in the ESI,{ are shown.
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emphasis is placed on the imaginary part of the dielectric function,
which has a strong relation with absorption spectra. For 2D
structures, we observed that the imaginary parts of the dielectric
functions calculated using TDHF@Casida exhibit systematic shifts
in absorption edges when compared to GW@BSE results (Fig. S3,
ESIt). In particular, the consistent and predictable nature of these
shifts, as identified in pg-CN-2D results, suggests that TDHF@
Casida calculations, when combined with a scissor correction,
could sufficiently approximate GW@BSE-level results for 2D PCN
systems. However, for 3D PCN structures, applying the scissor
correction is less straightforward. Existing literature highlights
limitations in the cg and pg models used for 3D systems, which
constrain the validation of this approach.>**' Furthermore, our
GW@BSE simulations reveal additional energy shifts in 3D PCN
structures, indicating significant excitonic interactions between
layers.>® Nonetheless, our results suggest that for 2D PCN struc-
tures, the scissor correction provides a reasonable approximation
of GW@BSE-level theory, allowing for a simplified and effective
description of their optical properties. While this approach has
limitations for 3D structures, it still offers valuable insights,
demonstrating the feasibility of TDHF@Casida with scissor
corrections as an indirect but practical approximation.

The calculated imaginary parts reveal a prominent bright
exciton consistently located near 310 nm (4.0 eV) in both
2D and 3D PCNs. For the wavelengths longer than 310 nm
(<4.0 eV), multiple bright states are observed with relatively
weak intensities, attributed to structural variations within the
PCNs. Notably, as the transition occurs from 2D to 3D struc-
tures, the imaginary parts demonstrate an overall similarity,
particularly near the band edges. Interestingly, when transition-
ing from 2D to 3D PCN structures, the imaginary parts demon-
strate an overall similarity, particularly near the band edges.
While interlayer interactions induce distinct changes in the
band structure, the changes in optical properties remain minor
due to their relatively weaker intensities compared to the
absorption peaks near 4.0 eV. This observation illustrates that,
despite the pronounced structural differences in PCN, the
absorption behavior near the band edge yields only minor
variations. Consequently, this explains the challenges of char-
acterizing PCN microstructures from absorption spectra alone.
Fig. 4 shows the imaginary part of dielectric functions for 2D and
3D melon structures, revealing distinct optical anisotropy.>">> This
distinctive feature reflects the linear structure characteristic of
melon, raising considerations regarding its directional polariz-
ability and potential limitations in optical efficiency.

Fig. 5 presents the average absorption spectra polarized in
the respective spatial direction for 2D and 3D PCNs. We also
provide the oscillator strength corresponding to the optical
transition probability plotted against wavelength. Notably, a
discrepancy between absorption spectra and oscillator strength
indicates that calculated absorption encompasses transitions
from different energy levels.>® This misalignment most likely
contributes to the major disparity between the calculated
absorption spectra of PCNs and experimental observations.
In line with the imaginary part of the dielectric functions
shown in Fig. 4, a strong oscillator strength is observed around

This journal is © The Royal Society of Chemistry 2025
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300 nm (approximately 4.1 eV) in both 2D and 3D structure
models. This peak reflects the highest degenerate state of
excited m electrons in C-N bonds within PCN structures
(Fig. S2, ESIT). Additionally, the absorption peak and oscillator
strength around 350 nm are linked to specific structural
features. The intensity of this peak is pronounced in the
buckled structures (PHI, cg) and shifts across structures, corre-
lating with the degree of condensation within the PCN. Lastly,
the absorption peak appearing around 400 nm (3.09 eV) is a
consequence of interlayer interactions. This wavelength for the
interlayer interactions is in good agreement with the literature
observing the interplanar electron hopping in melon from
transient absorption spectroscopy and transient photolumines-
cence using the pump wavelength of 388 nm.>* The peak
intensity and patterns are also in agreement with the afore-
mentioned PDOS results regarding the variation in interlayer
interactions due to corrugations. Additionally, the absorp-
tion edge in each 2D structure undergoes a red shift in 3D
structures. This red shift caused by interlayer overlap results
in the formation of new peaks in melon (400 nm), cg-CN
(400-450 nm), and pg-CN (450-500 nm), but it is not observed
in the PHI structure.” It is noteworthy that the subtle red shift
observed in PHI can be attributed to the minimized interlayer
interactions resulting from its structural flexibility. This struc-
tural adaptability allows the PHI structure to mitigate inter-
actions, including interlayer interactions and the lone-pair
repulsion of nitrogen atoms, by controlling interlayer spacing
and local corrugation, respectively. Consequently, the PHI
structure exhibits a remarkable independence between layers
and heptazine units. The suggested independence between
the different layers can be confirmed by the band structure in
Fig. S1 (ESIt) and Fig. 3. When the PHI structure becomes 3D
from 2D, the simple overlap of energy levels is exhibited near
band edges. In contrast, the corrugated structure shows that
one energy level moves upwards, while the others shift down-
ward. It indicates that stronger interlayer interaction exists in
the cg structure than in the case of the PHI structure. Addi-
tionally, the peaks ranging from 400-500 nm may provide the
theoretical explanation that the forbidden transition, known as
n-7 transition, can be attributed to the graphitic regions. It is
noted that these absorption peaks are specific to pure PCNs.
This study does not consider interactions with other chemical
species, such as radicals, charged, or heteroatom species, which
might alter the behavior. The calculated absorption peaks for the
PCN structural features are summarized in Table 1.

In our prior research, we introduced two microstructure
patterns for PCNs, representing more amorphous configura-
tions.*® Fig. 5 illustrates the amorphous structures (inset) and
their absorption spectra and oscillator strength. These two
structures are virtual models that partially incorporate micro-
structures from melon (at the edge boundary), PHI, and gra-
phitic structures. The mix1-3D structure contains minimal
graphitic structures, positioned on both sides, while the
mix2-3D structure features a larger graphitic region. Although
neither structure fully replicates the experimental absorption
spectra, our analysis suggests that the characteristic dimension

J. Mater. Chem. C, 2025, 13, 8682-8693 | 8687
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Table 1 The assignment of calculated absorption peaks for the PCN structural features

Absorption feature Attribution

<300 nm
Around 350 nm
Around 400 nm

Degenerated w electrons
Structural feature
Interlayer interaction

of graphitic domains in the real-life PCN samples might be
larger than in our mixed model structures. However, the
agreement between our calculated results and the experimental
data is still remarkably good. These results are also fully in line
with experimental data from the literature that typically feature
the fundamental absorption edge of ca. 2.7-2.9 €V.*?*** In this
context, it should be noted that some experimentally observed
PCN modifications with significantly shifted optical absorption
(down to 600-700 nm) are typically the result of the presence of
structural defects that can be produced during the synthesis,
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Weak at melon and pg-CN, PHI (365 nm), cg-CN (375 nm)
Melon (400 nm), c¢g-CN (400-450 nm), and pg-CN (450-500 nm)

for example, by fragmentation of heptazine moieties.>* Inter-
estingly, the most prominent bright excitons of the mix2-3D
model, found around 375 nm, show remarkable agreement
with the experimentally measured absorption spectra, particu-
larly near the absorption edge. This suggests that the interlayer
interactions present in the mix2-3D model might accidentally
capture the characteristics of real-life PCN structures. This
observation suggests that the absorption properties of actual
PCNs are more related to the interlayer interactions between
the graphitic regions and PHI-like or less condensed motifs

This journal is © The Royal Society of Chemistry 2025
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(mix2-3D), rather than the interlayer interactions between
the graphitic regions (mix1-3D). It may explain why stacking
patterns of single-phase PCN structures have been unsuccessful
in reproducing the experimentally observed absorption spectra.
The findings can highlight the importance of considering the
stacking patterns of diverse PCN microstructures to account for
the interlayer electronic interactions in real-life PCN samples.

Interlayer interactions: influence on electronic and optical
properties

Our results have consistently revealed the significant impact of
interlayer interactions within PCN structures on their electronic
structure and optical behavior near the band edge. Additionally,
we have established that fundamental features, common to both
2D and 3D PCN structures, including the degenerate n-n* transi-
tion peak associated with C-N bonds, the structural characteristic
peaks dependent on the degree of condensation, and interlayer
overlap peaks, are consistently present in typical PCN materials.
Based on these observations, potential photophysical processes
occurring in both 2D and 3D PCNs are illustrated in Fig. 6a and b,
respectively. In 2D PCNs, the electronic structure of a monolayer
near the band edges can be categorized into two m states: my
(localized = electron) and =, (delocalized w electron), with a non-
bonding (lone-pair) state positioned between them. The bright
excitation near 300 nm can be explained by m-mn* transitions
governed by the Franck-Condon principle for vertical transitions.

(a)
(4]

View Article Online
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Corresponding energy transitions can exist in two forms, case 1
and case 3 in Fig. 6, encompassing a wider energy range than the
bandgap. We claim that the excitons formed in this range
represent hot carriers, supported by the fact that PCN absorp-
tion prominently occurs around 300 nm and 400 nm, while the
primary emission converges at 450 nm. However, generic 2D
PCN structures have limitations in explaining the discrepancy
between the absorption and emission profiles of PCNs. This
limitation occurs due to the absence of factors facilitating the
relaxation of hot carriers. Instead, this energy range actually
corresponds to bound exciton states, which enhance hot emis-
sion. This indicates that the 2D PCN structure can show not
only the direct hot emissions (case 1 and case 3) but also the
emission after the cooling of hot excitons (case 2 and case 4)
simultaneously.*””*® This discrepancy implies that a single layer
of PCN can exhibit substantially different exciton behavior
when compared to multilayered PCNs.””

Consequently, the reported absorption patterns of PCNs so
far suggest the presence of PCNs in a multilayered form. This
is consistent with our previous study, which suggested that
the stacking processes are thermodynamically favored over
graphitic processes during the condensation reaction of PCN
precursors.>® In the stacked 3D PCN structure, a more discrete
energy structure can emerge, owing to the interplay between the 2D
layers and the alignment of energy levels (Fig. 6). This characteristic
indicates that the interlayer interactions within 3D structures can
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Fig. 6 The proposed photophysical process of the general PCN materials in (a) 2D monolayer and (b) 3D stacked structures. The electron density at the
respective energy level is illustrated below. The red corresponds to the absorption process, the blue is the photoluminescence process, the black is the
non-radiative internal conversion, and the magenta is the interlayer energy/electron transfer, respectively.
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give rise to more complex excitonic processes. The proposed absorp-
tion profile exhibits a similar pattern to the 2D materials, with minor
energy shifts, attributed to the independence of each layer. Remark-
ably, in 3D PCN structures, the cooling processes of hot carriers can
gain prominence, derived by the overlaid = orbitals from the stack-
ing. The orbital shapes corresponding to the respective energy levels
are represented in Fig. 6. In the absorption spectra, the electrons and
holes generated around 300 nm can undergo internal conversion
more readily in the stacked 3D structure compared to the 2D
structure. This phenomenon is attributed to the stabilization of
the generated holes through the Coulombic interactions with elec-
tron orbitals in other layers. Consequently, Auger relaxation (case 6)
and the relaxation of excited electrons due to screened holes (case 9)
can be boosted in 3D structures.”” These factors offer fundamental
insights into why PCNs exhibit multiple absorption peaks while
displaying a prominent emission peak.

Based on the results so far, we assert that interlayer interac-
tions play a pivotal role in the band edge properties of real PCN
materials. Our calculations, in particular, highlight that the
stacking indeed enables excited electrons, holes, and energy
transport perpendicular to the layers. Thus, it is anticipated that
tuning the interlayer interactions, such as modifying interlayer
distances by introducing alkali ions, could indeed influence the
exciton dynamics and also the related photocatalytic activity.
This is supported by the fact that the generated electron/hole has
sufficient orbital overlap with adjacent layers, and the interlayer
spacing for electron transfer falls within the range of 3.2-3.4 A,
suggesting the potential for Forster or Dexter-type energy trans-
fer, in accordance with Fermi’s golden rule, as well as electron
transfer.*” Furthermore, the 3D band structure in Fig. 3 reveals
that the energy at I'-Z or I'-A directions (both are perpendicular
to the plane) requires only 0.1-0.2 eV higher energy than the
direct bandgap. These small energy barriers can be less mean-
ingful if the cooling process of hot excitons is actually more
pronounced in 3D structures. Significantly, this overlap of
vertical orbitals selectively occurs at lone-pair N atoms in PCNs,
implying that interlayer transitions can occur more effectively in
the structures showing highly ordered crystallinity, rather than
in amorphous PCNs. This could result in a slight blue shift in
absorption/emission peaks. Additionally, the possibility of such
interlayer interactions provides a basis for explaining cascade
phenomena, electronic or ionic conductivity, recombination,
and charge accumulation (particularly in the presence of cations)
in PCNs or ionic PHL.>***° For a more meticulous understanding
of the electronic structure and corresponding optical properties
in 3D structures, further theoretical studies are needed, encom-
passing electron-hole interactions. However, our present studies
already underline the importance of interlayer interactions in
PCNs and opens up avenues for future investigations for this
intriguing class of materials.

Conclusion

In our study, we conducted the first-principles calculations to
unravel the complex relationship between the microstructural
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attributes of PCN materials and their optical and electronic
properties. This methodological approach allowed us to uncover
distinctive electronic properties, underscoring the influence of
condensation and corrugation degrees within PCN microstruc-
tures on their electronic and optical characteristics. The analysis
distinctly highlights the correlation between absorption spectrum
peaks and microstructural nuances, alongside the critical role of
interlayer interactions in shaping these properties. Notably, our
findings illuminate the stark differences in optical behavior
between 2D and 3D PCN structures, pointing to the pivotal role
of interlayer interactions in modulating properties near the band
edges. This research underlines the presence of strongly localized
electrons and the predominance of n electrons, associated with
carbon-nitrogen bonds, as fundamental determinants of optical
properties near the band edge in both 2D and 3D PCNs. Overall,
this study highlights the significant influence of interlayer inter-
actions on the near band edge properties of generic PCNs, which
paves the way for manipulating the electronic and/or optical
properties as well as charge dynamics in PCNs through rational
microstructural engineering.
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