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ABSTRACT: The quasi-hexagonal phase of the two-dimensional fullerene network (qHPCq), GHPCio NOeBaHPCy
recently synthesized, has emerged as a stable carbon-based material with distinct structural and
electronic features. In this work, we employed density functional theory (DFT) calculations within
the PBE functional to investigate the electronic and optical properties of its endohedral derivatives.
The encapsulation of nitrogen, cerium, and strontium atoms inside fullerene cages was systematically
analyzed at different concentrations. Our results show that nitrogen encapsulation preserves the
semiconducting character of pristine qHPCy, and introduces localized intragap states with potential Ce@EGHP o Sr@EQqHPCy
relevance for discrete optical emission, whereas cerium and strontium encapsulation induces a 2 2
metallic behavior associated with intraband states near the conduction edge. These modifications
induce a red shift of the absorption onset into the visible spectrum, accompanied by enhanced
refractive and absorptive responses. The main electronic features identified at full encapsulation are
preserved at intermediate fillings, with Ce and Sr reverting to a semiconducting behavior at the
lowest filling examined. Overall, the findings highlight impurity-endowed qHPCy, as a promising
platform for optoelectronic and light-harvesting applications.

B INTRODUCTION and strongly influenced by lattice anisotropy,*’ and hydrogen
storage capaci’fy.41 These investigations confirm that 2DCy,
represents a stable and versatile platform with potential for a
wide range of technological applications.

Endohedral fullerenes (endofullerenes) form another very

Carbon-based two-dimensional (2D) materials have been
extensively investigated due to their mechanical, optical, and
electronic properties.l_3 In general, they exhibit high
mechanical and thermal stability, good electron mobility, and

optical transparency, which make them promisin% candidates important class of fullerene derivatives, in which atoms or small
for the development of optoelectronic devices."™ molecules are encapsulated inside the Cg or larger full-
Among the already synthesized structures, graphene is one erenes.””~* Encapsulation can significantly alter the electronic,
of the most important (together with fullerenes and nano- optical, and magnetic properties of the S}’Stem-%_48 Several
tubes), combining high electrical conductivity, mechanical synthesis routes have been reported for endofullerenes,
robustness, and broad applicability in different technological including chemical reactions,” high-pressure techniques,
contexts.' " Its discovery and impact stimulated the search for and solid-state methods.”'
other 2D carbon allotropes with complementary properties Recently, Baldovi et al. reported the theoretical realization of
and the potential to overcome some of graphene’s limitations. graphendofullerenes, 2D networks composed of covalently
Within this effort, it is worth mentioning the synthesis of bonded endohedral CSO units encapsulating V3N Clusters_s2
biphenylene network (BPN),"'* y-graphyne (y-GY),*"* and Their results revealed an interesting magnetic response arising
monolayer amorphous carbon (MAC).""*" More recently, from the interaction between the encapsulated clusters and the
Ceo fullerene monolayers (2DCq)*'~** have attracted much extended Cg, framework, demonstrating that the host—guest
interest because they present a topology that combines closed coupling can significantly modify the collective electronic

and open cage-like motifs, sometimes described as 2.5-
dimensional materials. This configuration is particularly
suitable for applications such as encapsulation, gas capture,
lithium storage, catalysis, and lubrication.”* ™3¢

Recent studies have investigated the fundamental properties
of 2DCg,. These include anisotropic thermal expansion
associated with different types of intermolecular bonding,*”
the effect of strain engineering on thermoelectric perform-
ance,”” interfacial thermal conductance in graphene/qHPCg,
heterostructures,” charge transport mediated by large polarons

behavior of 2D carbon systems. Concerning Cg, units, which
constitute the fundamental building blocks of recently
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(a) qHPCbO

(f) C = 75%

X@EqHPC€O

(c) Ce@EqHPCg (d) St@EqHPCg

N

Figure 1. Structures of qHPCg, and endohedral variations. Pristine gHPCg, (a), encapsulation with N (b), Ce (c), and Sr (d), and encapsulation
fractions of 100% (e), 75% (f), S0% (g), and 25% (h). Here, X denotes a generic encapsulated atom (N, Ce, or Sr).

synthesized 2D fullerene materials,”’ Zhao and collaborators
investigated, through Density Functional Theory (DFT)
calculations, endohedral qHPCy, systems modified by Cg,
units encapsulating uranium and thorium dimers (U, and
Th,). They identified the formation of single bonds between
the encapsulated metal atoms and magnetic properties induced
by the fullerene confinement.’> Nevertheless, although
significant progress has been achieved in the synthesis and
characterization of the 2DCyg, system, as well as in the study of
endofullerenes in isolated cages and van der Waals solids, the
investigation of endofullerenes in two-dimensional Cg, net-
works remains largely unexplored. Understanding how
encapsulated species influence the electronic and optical
properties of these 2D architectures is crucial for advancing
their applications in energy-related, catalytic, and optoelec-
tronic fields.

In this work, we have carried out a comprehensive DFT-
based investigation on the electronic and optical properties of
endofullerene derivatives based on the closely packed quasi-
hexagonal Cg4, monolayer (EqHPCg,) phase. We have
considered the encapsulation of nitrogen (N), strontium
(Sr), and cerium (Ce) atoms, which have previously been
studied in van der Waals crystals formed by Cg."* " The
results reveal semiconducting electronic band gaps with
localized states for N-encapsulation, as well as a metallic
behavior for Ce and Sr.

B METHODS

As mentioned above, we have considered the quasi-hexagonal phase
of C4 (qHPCgy), which has been identified as the most stable
configuration for 2DCg.>> This phase is described by a rectangular
unit cell containing 120 carbon atoms, corresponding to two Cg,
molecules, as illustrated in Figure la. From this pristine cell,
endohedral systems were generated by placing one atom of N, Ce,
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and Sr inside each Cg, cage, Figure 1b—d. When both cages of the
unit cell were filled, the fully encapsulated configuration with 100%
concentration was obtained, as schematically depicted in Figure le.
To explore other concentrations, a 1 X 2 X 1 supercell, containing
four Cg, molecules, was created.

We have considered five cases, all encapsulated fullerenes,
removing one, two, and three atomic species to obtain filling
concentrations of 75% (Figure 1f), 50% (Figure 1g), and 25% (Figure
1h), respectively. Figure 1 summarizes the setup of the investigated
systems, from the pristine structure to different degrees of filling of the
Cgo cages.

All structures were fully optimized (atomic positions and lattice
parameters) prior to the electronic and optical analyses. Structural
relaxations and property calculations were performed within DFT,
including van der Waals corrections,”® ™" as implemented in the
SIESTA code.”” Localized basis functions with a single-{ (SZ) set
were employed. This choice was dictated by the size of the systems
considered (120 to 240 atoms per cell) and by the cost associated
with the lanthanide 4f states in Ce@EqHPCg,. While polarized bases
refine the absolute values of bandgaps and lattice parameters, the
qualitative features supporting the present conclusions, namely the
position of the impurity-derived levels and the semiconductor-to-
metal transition driven by Ce and Sr, are not expected to be altered by
basis truncation. Spin—orbit coupling was likewise omitted, since N is
a light atom, the Sr Ss states form a closed shell, and the Ce 4f states
are nearly dispersionless and lie above the Fermi level, so that the
semiconductor-to-metal transition reported here is governed by Ce—
C and Sr—C hybridization rather than by fine-structure splitting. The
obtained lattice parameters, electronic band structures, and optical
properties were found to be consistent with previous investigations of
qHPCy,>” validating the methodology.

For lanthanide atoms such as cerium, the presence of 4f orbitals
leads to a large number of degenerate states near the Fermi level,
which sometimes makes the convergence of the self-consistent field
(SCF) cycle difficult. To address this difficulty, thermal smearing was
applied.”®> Exchange-correlation effects were described within the
generalized gradient approximation (GGA) using the Perdew—

https://doi.org/10.1021/acs.jpcc.6c02579
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Burke—Ernzerhof (PBE) functional.®*®> Core electrons were treated
with norm-conserving Troullier-Martins pseudopotentials.®®
Convergence tests were performed for the energy cutoff, k-point
mesh, and vacuum spacing. Based on these tests, an energy cutoff of
200 Ry, a Monkhorst—Pack 5 X S X 1 k-point grid, and a vacuum
spacing of 30 A along the z-direction were adopted to prevent
spurious interactions between periodic (mirror) images. Atomic
positions and in-plane lattice vectors (x and y) were fully relaxed,
while the out-of-plane vector (z) was kept fixed. The convergence
criterion for maximum forces in each atom was set to 0.05 €V/A. Both
the unit cell and the 1 X 2 X 1 supercell used to access partial fillings
were independently optimized, and the fully encapsulated limit
obtained in each yielded consistent structural and electronic results,
confirming the adequacy of the periodic representations adopted. The
thermodynamic stability of the endohedral configurations is
supported by the cohesive and formation energies discussed below,
while the dynamical and thermal stability of the pristine qHPCy,
scaffold has been characterized in previous theoretical studies.”>™>*
The electronic band structure was calculated along the high-
symmetry path of the rectangular Brillouin zone defined as I" = (0.0,
0.0) to X = (0.5, 0.0), U = (0.5, 0.5), Y = (0.0, 0.5), and back to I =
(0.0,0.0). An external electric field of 1.0 V/A was applied along three
polarization planes to estimate the optical coefficients.”” The optical
coefficients were extracted from the complex dielectric function,
where the imaginary part was obtained using Fermi’s golden rule®®
and the real part from the Kramers—Kronig relation.” From these
functions, we calculated the absorption coefficient a according to

a(w) = V2ol(ef(0) + &) - ¢ /()] (1)
the refractive index 7 using
1@) = =l(6(@) + @) + (@) o

and the reflectivity R given by

(e, (@) + iey(@)/* — 1]
(e)(@) + iey(@))'* + 1 (3)

R(w) =

B RESULTS AND DISCUSSION

The initial analysis focuses on the structural and energetic
aspects of the investigated systems. Table 1 summarizes the

Table 1. Structural Parameters Including Cohesive Energy
(Econe)) Formation Energy (Eg,.,), Charge at the Cg4, Units,
and Lattice Vectors (a and b)

Ecohe Eform QqHPC“‘ . .
structure (eV/atom) (meV/atom) (e) a(A) b(A)
qHPC, -7.10 1604 926
N@ —7.02 —40.79 +0.001 16.35 9.47
EqHPC,
Ce@ -7.17 —178.13 +0.033 16.36 9.48
EqHPCq,
Sr@ -7.13 —145.18 +0.032 16.35 9.47
EqHPCq,

lattice parameters, cohesive energies (Ey.), formation
energies (Eg,,), and the charge accumulated in the Cg, units
for the pristine qHPCy, and for the endohedral configurations
containing N, Ce, and Sr, hereafter denoted as N@EqHPCy,
Ce@EqHPCy,, and St@EqHPCy.

The E., was obtained using the following expression:
P Ex@rqurc, — NcEc — NxEx
cohe —
Nc + Nx (4)

7902

where Exggqrprc,y Ec; and Ex represent the total energy of the

X@EqHPCy, system, and the energies of isolated C and X
atoms, respectively, with X = Sr, Ce, or N. N and Ny
correspond to the number of carbon and endohedral atoms
in the system. The calculated E_. values indicate that all
endohedral configurations remain stable with respect to the
pristine qHPCg, structure. The Eg,, was computed as

Efyrm = EX@EqHPc60 - EqHPc60 — NxEx (5)

where Eypc,, is the total energy of the pristine gHPCy, system,

and the remaining terms are defined as above. A consistent
trend is observed between E_;. and Eg,,, such that more
negative formation energies correspond to more stable
configurations. Within this framework, Ce@EqHPCy, emerges
as the most stable case, showing the smallest values for both
quantities.

No significant transfer charges were observed. The larger
values for Sr and Ce can be attributed to the differences in
atomic radii and cage interactions. Sr (2.15 A) and Ce (1.81
A) are considerably larger than N (0.65 A), which brings them
closer to the cage walls and increases the electrostatic coupling.
Their more negative Eg, . values also reinforce the stronger
interaction with the host lattice. The lattice vectors a and b
exhibit a slight expansion compared to the pristine
configuration and are basically the same for all encapsulated
cases. The angle values remain essentially at 90°, confirming
that encapsulation preserves the underlying lattice symmetry.

The electronic band structures for the pristine and
endohedral systems are shown in Figure 2, which includes
qHPCy4, as well as the encapsulated configurations N@
EqHPCy,, Ce@EqHPCy, and St@EqHPCy,.

As a reference, pristine qHPCy, displays a direct electronic
bandgap at the I" point of approximately 0.86 eV, in agreement
with previous reports, with the valence and conduction bands
dominated by C,, orbitals. This configuration serves as the
baseline for evaluating the modifications introduced by
encapsulation.

For N@EqHPCy, (see Figure 2b), a localized level emerges
within the gap, associated with N, orbitals. This intragap state
reduces the effective bandgap to approximately 0.46 eV,
introduces additional recombination channels, and indicates a
localized regime compatible with discrete emission. There is a
conceptual parallel with wide-bandgap semiconductors such as
hBN, where localized states have been identified as the origin
of single-photon emission (SPE) at room temperature.”’
Although confirmation of such behavior in qHPCy, requires
further investigation, this result suggests potential applications
in optical and quantum information.

Figure 2c¢ shows the case of Ce@EqHPCy,, which exhibits a
nearly flat state in the conduction region, located approx-
imately 1 eV above the Fermi level, predominantly of Ce,
character, with noticeable hybridization with C,, states. This
feature reflects the charge transfer from the encapsulated atom
to the carbon cage and is consistent with the more negative
formation energy observed for the Ce-containing system. As a
consequence, the material displays a metallic character, with
the Fermi level crossing the conduction band. These properties
indicate a strong electronic coupling between the encapsulated
atom and the fullerene cage, which may influence charge
transport mechanisms and enable additional optical transitions
near the conduction band edge.

https://doi.org/10.1021/acs.jpcc.6c02579
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Figure 2. Electronic band structures for pristine qHPCy, (2), N@EqHPCg, (b), Ce@EqHPCy, (c), and St@EqHPCg, (d).

A similar behavior is observed in Figure 2d for Sr@
EqHPCy,, where a nearly flat state associated with Srs, orbitals
appears approximately 2.1 eV above the Fermi level. This state
exhibits slightly higher dispersion compared to that observed
for the Ce@EqHPCy, system, indicating a lower degree of
localization, yet still sufficient to modify the conduction band
profile. The crossing of the Fermi level with the conduction
band confirms the metallic character of the system, reinforcing
the role of the interaction between the encapsulated atom and
the carbon cage in defining the electronic behavior. The
correlation between charge transfer and formation energy,
which is less pronounced in the case of N, further highlights
the combined influence of the atomic radius and electrostatic
interaction discussed in the structural analysis.

Taken together with the band-structure analysis, Figure 3
consolidates the electronic trends by displaying the Density of
States (DOS) for the pristine and endohedral 2D systems, all
aligned to Ep = 0 eV. The pristine system exhibits a clear gap,
whereas nitrogen introduces a sharp localized level inside the
gap, consistent with the flat midgap band discussed earlier.

- | W Pristine
E 7 h \”
2 [ Mﬂ‘M " ’\ ]
SEUY M T
=z MY JuUW \ . VWVUW. J‘UL Jw\/\j“.
: — ‘ —
| |
(\W‘ \ I |
AN I |
ATRA i I |
AR M l |
M | JJ‘\J‘” L J‘ CL A, | ) I\
' Ce
WJL; ' S
—2.0 1.0 0.0 1.0 2.0

Energy [eV]

Figure 3. Electronic densities of states for pristine qHPCg, N@
EqHPCgy, Ce@EqHPCy,, and St@EqHPCy,. Energies are aligned to
Eg = 0. The shaded region indicates the bandgap.
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Cerium and strontium produce intense features just above Eg
that originate from Ce,s and Sry, states and are coherent with
the weakly dispersive conduction bands near the Fermi level.
These impurity-derived states are expected to alter the optical
response by enabling additional transitions from the valence-
band maximum (VBM) to intragap levels and from the VBM
to intraband states near the conduction-band minimum
(CBM). The concentration dependence of these features is
examined next, followed by a quantitative analysis of the
derived optical coefficients.

In Figure 4, the electronic band structures of N@EqHPCy,
Ce@EqHPCy,, and Sr@EqHPCy, are presented for filling
concentrations of 75% (Figure 1f), 50% (Figure 1g), and 25%
(Figure 1h).

The results show that the main features of the EqQHPCy,
band structure are preserved under partial encapsulation,
confirming the structural and electronic stability of the carbon
framework. The band dispersion remains nearly unchanged
relative to the filled systems, with the differences limited to the
intensity and energetic position of the localized states
introduced by the encapsulated atoms.

For N@EqHPC,, shown in Figure 4a—c, the systems
remain semiconducting at all filling levels. The N,,-derived
intragap states appear consistently within the same energy
range and maintain their separation from the band edges. The
reduction in filling concentration only decreases their spectral
intensity, without modifying the overall electronic character.

For Ce@EqHPCy, shown in Figure 4d—f, nearly flat Ce,
states persist near the Fermi level. At 75 and 50% fillings, these
states overlap with the conduction band, producing metallic
behavior comparable to that of the fully encapsulated case. At
25%, the system becomes semiconducting, with midgap states
into the conduction band and a bandgap of approximately 0.44
eV.

A similar trend is observed for St@EqHPCy, in Figure 4g—i.
For 75 and 50% fillings, Sr, states intersect the valence band,
resulting in metallic behavior. At 25%, the system exhibits an
electronic bandgap of approximately 0.18 eV, with midgap
states located in the valence band. The decrease in Sr
concentration weakens hybridization between Sr and the
carbon framework, thereby increasing electronic localization.

The optical response of pristine qHPCy, and their
investigated endostructures is summarized in Figure S, which
presents the simulated absorption spectra (@), refractive index

https://doi.org/10.1021/acs.jpcc.6c02579
J. Phys. Chem. C 2026, 130, 7900—7908
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Figure 4. Electronic band structures of endohedral gHPCy, systems at different filling concentrations. Panels (a—c) correspond to N@EqHPCy,,
(d—f) to Ce@EqHPCg, and (g—i) to St@EqHPCy, with filling values of 75, 50, and 25%, respectively.

(1), and the reflectivity (R) as a function of photon energy for
the three light polarizations directions E||X, E||Y, and E||Z.

For the pristine case, shown in Figure S5a,e,i, the optical
response is markedly anisotropic across the three polarization
directions. The first absorption peak is located around 2.6 eV
for E||X and E||Z, within the blue region of the visible
spectrum. For E||Y, it is shifted to the ultraviolet region near
3.5 eV. This transition is associated with the excitation
between the highest occupied crystalline orbital (HOCO) and
the lowest unoccupied crystalline orbital (LUCO). Subsequent
peaks lie in the ultraviolet region, consistent with typical
carbon-based optical responses.

For the endofilled systems, illustrated in Figure Sb—d, the
first absorption peaks are red-shifted compared to the pristine
case, and all fall within the visible range. For E||X and E||Z, the
initial transitions occur around 2.2 eV, corresponding to the
green region, while for E||Y the first peak appears near 3.1 eV,
within the violet region. These features are consistent with the
presence of localized electronic states created by the
encapsulated atoms, as identified in the band structure analysis.

The optical bandgap values were obtained from the Tauc
plots derived from the calculated absorption coefficients along
the three polarization directions (E||X, E||Y, and E||Z). In this
approach, the absorption coeflicient « is related to the photon
energy (hv) according to the expression:

(ahv)* = A(hw — E;pt) (6)

where A is a proportionality constant and E* is the optical
bandgap energy. The linear portion of the plot of (ahv)* versus
hv was extrapolated to intercept the energy axis, yielding the
value of Eg'. This method assumes a direct allowed electronic
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transition, which is appropriate for materials exhibiting strong
optical absorption near the band edge.

For the pristine EqQHPCy, the extracted optical gap is
approximately 0.78 eV, in close agreement with the electronic
bandgap obtained from the band structure calculations. This
result confirms the consistency between the electronic and
optical descriptions and indicates that excitonic effects play a
minor role in this system. In contrast, for the N@EqHPCy,
system, the optical bandgap decreases to about 0.48 eV,
reflecting the influence of the nitrogen-induced midgap states.
This decrease in the optical transition threshold corroborates
the presence of localized states within the electronic gap and
confirms that nitrogen encapsulation effectively narrows the
bandgap by introducing additional electronic levels near the
Fermi energy.

The reflectivity spectra, shown in Figure 5i—], also confirm
the spectral shifts induced by encapsulation. In pristine
qHPCy, the reflectivity peaks occur at 2.7 eV for E||X and
E||Z and at 3.1 eV for E||Y. In the endofilled systems, these
peaks shift to lower energies, with maxima at approximately 2.2
eV (green region) and 2.7 eV (blue region). Within the visible
spectrum, reflectivity reaches about 10% for pristine qHPCy,
and N@EqHPCy,, while for Ce@EqHPCy, and St@EqHPCg,
it decreases to around 7.5%. These findings indicate that
endohedral qHPCg, systems exhibit low reflectivity and
refractive indices greater than unity, which favors the efficient
absorption of visible photons, particularly in the green, blue,
and yellow regions.

In Figure 6, we present a schematic diagram of the spatial
localization of the HOCO and LUCO frontier crystalline
orbitals for all investigated systems. In general, these orbitals
are distributed along the C—C bonds, forming favorable
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Figure S. Simulated absorption spectra (a), refractive index (1), and reflectivity (R) as a function of photon energy for pristine qHPCy (a, ¢, 1),
N@EqHPC, (b, f, j), Ce@EqHPCq (c, g k), and St@EqHPCq, (d, h, 1). Solid, dashed, and dotted lines correspond to E||X, E||Y, and E||Z
polarization directions, respectively. Colored bands indicate the visible spectrum range.

(a) gHPCg (b) N@EgHPCg

(c) Ce@QEqHPCy, (d) StQREqHPCy

Figure 6. Spatial distribution of the HOCO (left) and LUCO (right) frontier crystalline orbitals for pristine qHPCyg, (a), N@EqHPCy, (b), Ce@
EqHPCy, (c), and St@EqHPCy, (d). In the color scheme, dark green indicates regions of high electron localization, and cyan corresponds to the
carbon atoms and C—C bonds.

pathways for electron transport and thereby supporting high
charge mobility. In the pristine system, Figure 6a, the HOCO
is mainly localized within the internal C—C bonds of the Cg,

units, while the LUCO, which governs electronic mobility, is
more uniformly distributed across the interunit bonds. A
similar behavior is observed for Sr@EqHPCg, Figure 6d,
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where delocalization over the bonds remains predominant. In
contrast, both HOCO and LUCO for N@EqHPCy, Figure
6b, and Ce@EqHPCy, Figure 6¢, exhibit strong localization
on the encapsulated atoms. These electronic states originate
primarily from 2p electrons, and their localization is consistent
with the reduced bandgap discussed earlier, since high charge
delocalization favors a smaller separation between the frontier
levels.

B CONCLUSIONS

We have performed a systematic investigation of the electronic
and optical properties of endohedral fullerene networks based
on the quasi-hexagonal phase of Cg,. Using density functional
theory, we examined pristine qHPC,, and its endohedral
variants with nitrogen, cerium, and strontium at different
encapsulation concentrations. The results reveal that nitrogen
encapsulation preserves the semiconducting character of the
pristine system through localized intragap states, whereas
cerium and strontium encapsulation induces a metallic
behavior associated with intraband states near the conduction
band minimum. These impurity-derived states modify the
optical absorption profile and shift the first absorption peak
into the visible region. The refractive index and reflectivity
spectra further demonstrate anisotropic responses, with
reduced reflectivity in the visible range, favoring efficient
photon absorption. The analysis of frontier orbitals confirms
that charge transport pathways are generally preserved, with
impurity localization modulating the magnitude of the
electronic bandgap. The concentration study indicates that
the main electronic features identified at full encapsulation are
preserved at intermediate fillings, with a reversion to
semiconducting behavior emerging at the lowest filling fraction
examined for the cerium and strontium cases. Taken together,
these findings establish impurity-endowed qHPCy, as a
versatile candidate for applications in optoelectronics, light-
harvesting, and potentially quantum information technologies.
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