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Emergent hierarchy in localized states of organic
quantum chains

L. L. Lage, a A. B. Félix, a D. S. Gomes, b M. L. Pereira, Jr. c and A. Latgé *a

Organic Quantum Chains (OQCs) represent a newly synthesized class of carbon-based nanostructures

whose quasi-one-dimensional nature gives rise to unconventional electronic and transport phenomena.

Here we investigate the electronic and transport properties of recently synthesized OQCs [X. Peng, H.

Mahalingam, S. Dong et al., Nat. Commun., 2021, 12, 5895]. Structural stability was first assessed through

molecular dynamics relaxation combined with density functional theory (DFT). The optimized coordinates

are then used in a tight-binding model with exponentially decaying hopping parameterization, which

reproduces the DFT results with high accuracy. Our calculations reveal a robust and nearly constant

energy gap across several OQC configurations, in agreement with experimental data. We also identify

emergent hierarchical states, characterized by distinct localization behaviors within sets of localized

bands. Finally, we analyze different transport responses in scenarios involving the one-dimensional OQC

coupled to carbon corrals, as observed in the experimental data, highlighting their potential as promising

systems for application in carbon nanodevices.

1. Introduction

Organic Quantum Chains (OQC) are a class of carbon-based
systems that exhibit peculiar electronic and structural pro-
perties due to their quasi-one-dimensional architecture.1–4

These systems are composed of conjugated organic molecules
arranged in a chain-like fashion, enabling efficient charge
transport and tunable electronic behavior. The properties of
OQCs make them promising candidates for applications in
molecular electronics, optoelectronics, and quantum-spin
computing.4–10 Such low-dimensional systems have been syn-
thesized employing self-assembly within chemical routes and
direct manipulation with scanning microscope tips.11

Moreover, when constructed exclusively from carbon-based
molecular building blocks (e.g., polycyclic aromatic hydro-
carbons, graphene nanoribbons, or conjugated polymers),
these systems exhibit emergent electronic localization, topolo-
gical, and magnetic properties absent in bulk materials.12–15

Very recently, nanoscaled chains were synthesized during a
growth process of organic molecules on a gold substrate.1

Stable macrocycle quantum corrals composed of twelve
molecular units, marked with a red arrow in Fig. 1(a), are also

generated, providing new designed quantum states. Such
structures have a precursor unit composed of four hexagons
and one pentagon, as depicted in Fig. 1(b). In the sequence,
Fig. 1(c) shows the building pair process in the construction of
an OQC, exemplified in Fig. 1(d) as an N1-OQC. In this work,
we employ various theoretical frameworks for modeling OQCs,
with a focus on their electronic structure, quantum transport
properties, and potential applications. By combining DFT with
Green’s function formalism, we provide a detailed understand-
ing of the fundamental properties of OQC and their impli-
cations for next-generation molecular devices.

Low-dimensional organic systems are characterized by a
unique interplay between electron delocalization, driven by
π-orbitals, and spatial confinement arising from the atomic
structure of the units. Unlike simple atomic chains, Organic
Quantum Chains, such as those reported,1 have large unit cells.
The structural complexity gives rise to rich electronic spectra in
which dispersive bands that support charge transport coexist
with confined molecular states, manifested as highly localized,
narrow-band modes. These states arise not from lattice topology,
as in Kagomé and Lieb lattices,12,13,16–19 or in higher-dimen-
sional flat band systems,20,21 but from the specific potential con-
finement of the molecules raised by an increasing number of
precursor units in the unit cell which brings dispersionless
states. The electronic probability density in such narrow-band
states remains localized within specific regions of the chain.

Typically, the coupling of finite molecules to continuum
systems results in Fano antiresonance phenomena,22–24 character-
ized by a dip in transmission responses due to destructive inter-
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ference. On the other hand, in the cases where molecular states
are completely decoupled from the chain system, perfectly loca-
lized modes are formed inside the continuum state, named a
bound quantum state in the continuum (BIC), without a change
in the conductance value related to the decoupled system.25,26

BICs are also discussed in wave problems such as acoustics,
microwaves and nanophotonics.27–29 In this work, we have investi-
gated the emergence of localized states of different natures, creat-
ing a unique set of properties that can be directly observed in elec-
tronic responses. Understanding localized states is crucial in
designing new devices that harness the robustness and quantum
interference of these unique states.

2. Theory & computational details
2.1 Systems modeling

To model the OQC formation process observed in the scanning
tunneling microscope (STM) experiments,1 we constructed the

organic chains by covalently linking C20H12 precursors. The
formation logic is detailed in Fig. 1(b and c). Specifically, we
removed the two outer hydrogen atoms located at the extremi-
ties of the precursor’s longitudinal axis, highlighted with red
markers in Fig. 1(b). This dehydrogenation activates the term-
inal carbon sites, promoting the C–C coupling that results in
the linear chain propagation observed experimentally. The pre-
cursor molecule was then replicated along the z axis, maintain-
ing its orientation within the xz plane. The replicated unit
underwent sequential rotations about the x and z axes. The
molecular units were positioned at an appropriate distance to
enable the formation of covalent bonds between the terminal
carbon atoms, and a vacuum region of 100 Å was added in the
x and y directions. The lattice vector along the z direction was
adjusted to allow the formation of covalent bonds between the
opposite ends of the replicated structure under periodic
boundary conditions. The resulting dimer, when infinitely
replicated in one direction, constitutes a one-dimensional
system here referred to as N1-OQC.

According to the experimental report, the precursor mole-
cule tends to exhibit natural curvature, a feature exploited in
the context of electronic confinement in corral-like structures.1

Based on this behavior, a molecular intercalation strategy was
adopted to enable the formation of periodic one-dimensional
systems with enhanced geometric stability. In this approach,
Ni-OQC is defined as a system whose unit cell contains a pair
of i covalently connected molecules arranged in sequence.
This configuration promotes mutual compensation of local
curvature between adjacent molecular chains of the same
length, contributing to the overall structural stability. In the
present study, values of i ranging from 1 to 10 were investi-
gated. The number of carbon sites ðN Þ in the unit cell is given
by N ¼ 40i, where i is the OQC index. The corresponding unit
cells contained between 60 and 600 atoms (carbon and hydro-
gen), depending on the number of molecules.

The initial geometries were constructed in a linear configur-
ation and did not account for the natural curvature of the
OQCs. Given the high computational cost of structural optim-
ization using DFT, an intermediate relaxation stage was
implemented using classical molecular dynamics (CMD),
carried out with the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS).30 The structural preparation pro-
tocol was divided into five stages to generate classically opti-
mized geometries, which were then used as input for sub-
sequent DFT calculations.

The first stage involved the simultaneous minimization of
potential energy and internal forces, excluding thermal effects.
The total energy was minimized using the conjugate gradient
algorithm. The cell volume was also relaxed under zero
pressure in the z direction. To escape from local energy
minima, a simulation in the NPT ensemble was performed for
50 ps at a temperature of 300 K and zero pressure along the
longitudinal direction. This step induced realistic structural
curvatures along the molecular chains. The system was then
linearly cooled from 300 K to 1 K over 25 ps in the same
ensemble. An additional simulation of 25 ps was carried out at

Fig. 1 (a) STM image highlighting: ring-like structures (red arrow) and
chain segments (green arrow) [Adapted1]. (b) Precursor used in the
OQCs. (c) Connected pair of precursors. (d) Infinite chain composed of
N1-OQCs (unit cell marked in gray), and unit cell buildings blocks for
N2–9-OQCs (rectangular panel) illustrating the structural evolution and
chain complexity along the periodic z-direction. (e) Scattering setup for
N10 with left and right leads.
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a constant temperature of 1 K to eliminate residual thermal
fluctuations. Finally, a new energy minimization stage was con-
ducted using the same parameters as in the initial stage to
ensure geometric stability before DFT optimization.

Throughout the simulation process, Newton’s equations of
motion were integrated using the Velocity-Verlet algorithm31

with a time step of 0.1 fs. Interactions between carbon and
hydrogen atoms were described using the Adaptive
Intermolecular Reactive Empirical Bond Order (AIREBO)
potential.32 Temperature control was implemented through
the Nosé–Hoover thermostat.33,34

To simulate the interaction between OQCs and a metallic
substrate, as occurs in the experimental synthesis, the same
systems previously relaxed in the gas phase were repositioned
at a distance of 3 Å from the edge of a modified simulation
box. This new configuration included non-periodic boundaries
and a static substrate modeled through a 12–6 Lennard-Jones
(LJ) potential,35 given by

EC�Au ¼ 4εC�Au
σC�Au

r

� �12
� σC�Au

r

� �6
� �

; ð1Þ

where r is the distance between each atom and the substrate,
εC–Au is the potential well depth, and σC–Au is the equilibrium
distance. The interaction is truncated at a cutoff radius rC,
such that EC–Au = 0 for r > rC. For the interaction between
carbon and gold, we used εC–Au = 31.81 meV and σC–Au =
2.99 Å.36 The interaction between hydrogen and gold was
assumed to be negligible. After the classical simulations, the
optimized OQC geometries were subjected to a new structural
refinement via DFT, as described in the next section.

2.2 Density functional theory

The geometric optimization and electronic structure of the
OQCs were determined using first-principles calculations
based on DFT, implemented in the SIESTA code. This code
was selected for its efficiency in handling large-scale systems.
The structural optimization was conducted within the general-
ized gradient approximation (GGA), using the Perdew–Burke–
Ernzerhof (PBE) functional, widely recognized for its balance
between computational cost and accuracy in describing atomic
structures.

To mitigate the well-known underestimation of the band
gap associated with GGA functionals,37 we performed
additional calculations with the hybrid functional HSE06,38,39

implemented through the HONPAS package.40,41 Brillouin
zone integration was performed with a Monkhorst–Pack grid42

1 × 1 × 10 k along the periodic direction of the chains (x). The
electron-ion interactions were described by norm-conserved
Troullier–Martins pseudopotentials,43,44 in the factorized
Kleinman–Bylander form.45

We used a 400 Ry grid cutoff for the kinetic energy and a
single-ζ (SZ) basis. Structural optimizations involved complete
relaxation of atomic positions and lattice vectors, with conver-
gence criteria of strength of 0.01 eV Å−1 and energy of 10−4 eV.
To avoid spurious interactions between periodic images, peri-

odic boundary conditions were applied exclusively in the axial
direction of the chains, while vacuum regions larger than 35 Å
and 50 Å were established in the transverse (x) and normal (y)
directions, respectively.

2.3 Tight-binding

The interplay of conjugation, symmetry, and quantum confine-
ment effects governs the electronic properties of OQC systems.
The quasi-one-dimensional nature of OQC leads to the for-
mation of single-quantum-channel transport along the chain.
The OQCs can be described using the tight-binding
Hamiltonian,

H ¼
X
i

εic
†
i ci þ

X
i;j

tijðc†i cj þH:c:Þ; ð2Þ

where εi represents the on-site energy, tij is the hopping inte-
gral between sites i and j, and c†i (ci) is the creation (annihil-
ation) operator for electrons at site i.

Quantum transport properties of OQCs are investigated
using the Green function formalism. The Green function GðEÞ
is defined as

GðEÞ ¼ EI � H �
X
L

ðEÞ �
X
R

ðEÞ
" #�1

; ð3Þ

where E is the energy and
P
L
ðEÞ and

P
R
ðEÞ are the self-ener-

gies of the left and right electrodes, respectively. The total
density of states (DOS) is obtained by
DOS ¼ �ð1=πÞImfTr½GðEÞ�g, which is directly related to the
summation of Bloch states over all crystal momenta k. The
transmission function T ðEÞ is given by,46

T ðEÞ ¼ Tr½ΓLðEÞGðEÞΓRðEÞG†ðEÞ�; ð4Þ

where ΓL(E) and ΓR(E) are the broadening matrices of the left
and right electrodes, respectively. To pursue the spatial distri-
bution of electronic transmission, we employ a local trans-
mission coefficient Tα

ij(E) which computes the transmission
between j and i sites, and leads α = L or R,47 namely

Tα
ij ðEÞ ¼ 2Im GðEÞΓαG†ðEÞ

h i
ji
Hij

� �
: ð5Þ

Local transmission provides the spatial information of the
preferential paths for electrons in a given energy state. A high
density in the local transmission implies in a higher prob-
ability of the state percolation across the atomic bonds.

The tight-binding parameters used in the whole calcu-
lations are obtained by fitting the electronic band structures
with our DFT results. We employ the exponential decaying
hopping parametrization, given by

tij ¼ t1e
�β

rij
dmin

� 1
� �

; ð6Þ

with rij being the distance between i, j lattice sites, t1 the
hopping related to the first nearest-neighbor distance dmin =
1.37 Å, and β a fitting parameter that controls the range of the
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hopping energies. As the ratio rij/dmin is always larger than
one beyond the first nearest-neighbors, small values of β

increase the number of neighbors with non-negligible
hopping contributions in the description. The nearest-neigh-
bor distance between atoms inside the unit cell (black bounds
in Fig. 1) is within the range 1.37–1.50 Å, obtained from the
relaxed structure. This parametrization scheme has been suc-
cessfully employed for carbon-based mixed geometries in gra-
phene allotropes, such as multidimensional biphenylene
systems.48,49

For the chains, the Green function formalism is employed,
utilizing the decimation method to achieve numerical period-
icity in momentum space. However, for finite systems, such as
carbon molecule rings, the local density of states (LDOS) is cal-
culated as a function of energy by

LDOSðx; y;EÞ ¼
X
n

ψnðx; yÞj j2δðE � EnÞ; ð7Þ

where x and y are site coordinates and ψn(x, y) is the corres-
ponding electronic wave function of the nth state. The real-
space projection shown in our figures represents the total spec-
tral weight accumulated at site i for energy E. To compute the
delocalized electronic contribution across the system, given by
|ψn(x, y)|

2, we transform the delta functions into Lorentzian
functions, with Γ fitted with the experimental results.1

3. Results
3.1 Organic quantum chains

The systems analyzed in this study exhibit distinct geometrical
characteristics arising from the intrinsic flexibility of their
carbon–hydrogen chains and the resulting curvature. The STM
image shown in Fig. 1(a) reveals a variety of configurations,
including curved and closed structures, as well as linear seg-
ments that connect repeating units aligned along the surface.
The internal cavities formed by the spatial arrangement of
these units vary in size, leading to a porous and directionally
anisotropic morphology.

The OQC periodicity along the z-direction (L∞) shown in
Fig. 1(d) illustrates the periodic chain for the N1 case, where
the gray area highlights one choice for the unit cell. The funda-
mental unit building blocks adopted to construct other OQCs
are also illustrated in Fig. 1(d) at the detached rectangle. The
optimized structures obtained allow us to model not only the
connectivity but also the structural evolution of the OQCs’ cur-
vature. For N2–N9, the translational unit cell contains the
entire sinusoidal segment, capturing the strain compensation
mechanisms that stabilize the complex organic nano-
structures. The scattering setup adopted for the transport ana-
lysis of the OQCs is depicted in Fig. 1(e) for the N10-OQC case.
The central region of electronic scattering is connected with
the semi-infinite left and right leads.

Building on the structural understanding and based on the
energetic analysis detailed in the SI, we now examine how the

electronic properties evolve along with the Ni cases here
explored.

The calculated band structures shown in Fig. 2 reveal the
intricate evolution of the electronic spectrum as the complexity
of the unit cell increases from N1 toN10, with length a accord-
ing to the OQCs. In the panel corresponding to N1-OQC, we
present first-principles results obtained using both the
DFT-PBE functional (blue dots) and the hybrid HSE06 func-
tional (black lines). The TB parameters were chosen to accu-
rately reproduce the upper valence and lower conduction
bands obtained with the HSE06 potential which provides a
most accurate gap description. The entire sequence of TB
band structures for larger unit cells (red curves) was then gen-
erated using the same parameter set for all bands in Fig. 2(a).
The best TB parametrization found to fit the HSE06 in Ni-OQC
structures of the present work are the following; β = 2.8/dmin =
2.04, ε = −0.22 eV, and t1 = −3.4 eV. For the case of the DFT
PBE bands, shown in Fig. 2(b), the fitting parameters adopted
are t1 = −2.7 eV, ε = −0.55 eV, and 1.85 ≤ β ≤ 2.0. The exponen-
tially decaying hopping was limited by a cutoff radius of R <
4.2 Å. To validate the reliability of the TB model for extended
systems with increasingly complex unit cells, we performed
additional DFT-PBE calculations for configurations ranging
from N1- to N5-OQC, as shown in Fig. 2(b), which allow individ-
ual comparisons with the TB calculations. These results
demonstrate that the TB parameterization consistently cap-
tures the essential physics as chain length increases, providing
an efficient and accurate alternative when the computational
cost of DFT calculations with complex functionals, such as
HSE06, renders them practical. Both approaches reproduce the
characteristic splitting of molecular levels and the persistence
of the central energy gap (ΔE ≈ 2.0 eV, as obtained from the
HSE06 fit). Throughout the following calculations, the adopted
TB parametrization fits the HSE06 potential.

As the number of precursors inside the unit cell grows, the
electronic bands change accordingly by systematically subdi-
viding into a set of mini-band spectra following the
discrete molecular orbitals of the individual building blocks. A
detailed inspection of the valence bands, shown in the
upper panel of Fig. 2(c), reveals the transition of dispersive
states to flat bands as the OQC changes from N3- to N9-OQC,
when considering, for instance, the valence band maximum
(VBM), highlighted in green. To illustrate the physical features
of these flat bands, we compute the real-space-projected LDOS
of the VBM of the proposed chains. As displayed at the lower
part of Fig. 2(c), the electronic probability densities are not
always uniformly distributed along the chain. Depending
on the Ni-OQC length, they may exhibit spatial confinement at
specific segments of the precursor units. In the case of disper-
sive bands, the electronic state is delocalized over the
entire unit cell, like N3-, N4-, and N5-OQC cases, while flat
bands lead to states localized at atomic clusters, as observed
for N6-, N7-, and N9-OQC, with no percolation within the entire
unit cell.

To further understand the electronic evolution of the OQCs,
we have analyzed the transport signatures of the valence
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states. Fig. 3(a) illustrates the formation of a hierarchy of con-
ductance plateaus within a representative mini-band as pre-
viously discussed in Fig. 2(c) with energy range −1.6 to −1.0
eV. We notice that the outermost plateaus, labeled as 1 at left
and right, respectively, have a decreasing length as the system
grows, with a hierarchy induced by the subdivision of the
bands being proportional to the number of inserted precursors
pairs in the unit cell. The physical origin of this hierarchy is
the hybridization of the discrete states molecular orbitals from
the precursor units. As shown in the top panels of Fig. 3(a), a
single transmission plateau observed in N1 splits into exactly
two sub-channels in the N2, and three in the N3 case. This
pattern generalizes for any Ni chain. The lower panel of
Fig. 3(a) tracks this evolution up to N9.

The emergent hierarchy does not arise from a stochastic
increase in energy levels, but from a well-defined, structured
subdivision of the spectrum. The process follows a self-similar
pattern across different energy ranges, as exhibited in Fig. 3(a)
with a systematic partitioning quantified in panels (b) and (c)
of Fig. 3. By analyzing the evolution of plateau length for the
first 3 families, defined as the energy width of a single trans-
mission window, we observe a robust exponential decay with
rate parameter b. The mathematical trend provides a quantitat-
ive parameter for the emergent hierarchy in such systems.
Moreover, it reflects a regular pattern of spectral subdivision
where the fixed energy bandwidth of the initial N1-OQC reso-
nance is iteratively subdivided into N discrete sub-levels and
can be predicted as the chain length grows. These findings

Fig. 2 Electronic structure evolution of Organic Quantum Chains. (a) Tight-binding band structures (red curves) for OQC configurations ranging
from N1 to N10. For the N1 case, DFT results obtained with the PBE (blue dotted lines) and HSE06 (solid black lines) functionals are also shown,
together with the TB parametrization fitted to the HSE06 band structure. (b) DFT-PBE band structures for chains N1 to N5, confirming the systematic
band splitting with increasing unit-cell size while preserving the central energy gap (ΔETB ≈ 2.0 eV and ΔEPBE ≈ 1.30 eV), in qualitative agreement
with the TB results. (c) Top: Zoom-in of the valence-band region for selected chains, highlighting the evolution of the valence-band maximum and
the formation of sub-band groups, separated by dashed gray lines. Bottom: Projected LDOS associated with the valence-band maximum rep-
resented by the green curves mapped onto the atomic structures, revealing the spatial confinement and hierarchical localization of charge carriers
within specific atomic clusters.
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show that OQC systems, with their rich electronic behavior,
hold significant promise for carbon-based nanodevice
applications.

3.2 Coupled corrals to OQCs

Apart from the isolated organic corral and chains exhibited in
the experimental output shown in Fig. 1(a), coupled quantum
corrals and chains are also found in different configurations.
Here, we investigate the transport and electronic responses of
such systems. Most of the observed nanostructures have N1

chains coupled to a quantum ring by a single or a small set of
precursors. We start by analyzing the total DOS of a single
quantum corral as reported in the dI/dV experimental results,1

as shown in Fig. 4(a). The used tight-binding parametrization

is the same as discussed before for the chains. The experi-
mental results show a fundamental gap of ΔE ≈ 2.35 eV
(yellow region), while the TB model predicts a slightly smaller
gap of ΔE ≈ 2.0 eV. This underestimation is typical for DFT-
based parameterizations.50 Notably, the experimental spec-
trum exhibits a broad mid-gap feature (dashed gray line) attrib-
uted to substrate hybridization. As our isolated model does
not include the gold substrate, we investigate similar in-gap
phenomena arising from local chemical hybridization by con-
sidering coupled ions at specific sites (P1, P2, P3) as shown in
Fig. 4(b). The broken molecular symmetry introduces localized
states deep within the fundamental gap (near E = 0) and inside
the valence pseudo-gaps. The discrete impurity levels (colored
markers) effectively provide accessible quantum states which

Fig. 3 Emergence of hierarchical conductance channels in OQCs. (a) Top: Conductance [G(E), solid lines] and DOS (shaded areas) for chains N1, N2,
and N3. Black arrows highlight the splitting of a single molecular resonance (N1) into distinct sub-levels due to inter-precursor hybridization.
Bottom: Evolution of the conductance hierarchy for generations N1 to N9 within the representative mini-band at the valence states (−1.6 eV to −1.0
eV). Numbered blocks track the splitting of distinct conductance plateaus, divided into “Left” and “Right” spectral regions. (b and c) Evolution of the
plateau length (energy width) as a function of the plateau index for the (b) left and (c) right spectral regions. The color code corresponds to the Ni-
OQC generation shown in (a). Insets: exponential decay fits of the plateau length vs. generation index Ni for the first four primary plateau families, as
shown by the corresponding rectangles, quantifying the spectral densification.
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are often observed in substrate-coupled or doped molecular
corrals. Features observed within the gap are attributed to Au
substrate states rather than intrinsic molecular orbitals, being
consistent with previous reports.1,10,51 We conclude that the
sensitivity of the rings to absorbed ions demonstrates the
potential application within nanoscale sensors.

The transport properties of the coupled system are explored
by setting the scattering problem as shown in Fig. 5(a), i.e. con-
sidering the left and right leads composed of N1-OQC, and the
center region formed by a piece of N1-OQC attached to the
molecule. Localized states of the molecule are represented by
gray dashed vertical lines exhibited together with the conduc-
tance results for the uncoupled N1-OQC and the coupled
system composed of chain + precursor + corral, represented by
blue and black curves, respectively, in Fig. 5(b). The molecule
coupling to the OQC affects the ballistic transport of the orig-
inal N1-OQC (blue curves) usually reducing the typical 1D
channel of the 2e2/h quantum conductance. However, at par-
ticular energy values, more dramatic changes are achieved,
such as full conduction suppression or resonant state.

When spatially coupled, molecular states and the conti-
nuum states of the chain can coexist, giving rise to distinct
transport responses, here classified as conductive, suppressed,
and resonant, as illustrated by the normalized local trans-
mission maps in Fig. 5(c–e) with the insets highlighting the
corresponding physical regimes. The local transmission pat-
terns in panels (c) and (e) correspond to cases in which the
local transmission is calculated exactly at a discrete molecular

Fig. 4 (a) Left: Experimental dI/dV spectrum of the quantum ring, exhi-
biting a fundamental gap of ΔE ≈ 2.35 eV (yellow shaded region)
[Adapted1]. Right: Corresponding theoretical DOS for the pristine ring.
(b) Left: Structural model showing the positions of coupled ions P1
(orange), P2 (magenta), and P3 (blue). Right: Discrete energy spectrum
comparing the pristine ring states (gray circles) with the modified states
induced by the ions. The colored markers explicitly show the emergence
of localized in-gap states near the Fermi level and within the valence
pseudo-gaps.

Fig. 5 (a) Schematics of the scattering system. The gray shaded regions correspond to left and right leads connected to the scattering region
shaded in blue. (b) Conductance for the uncoupled (blue curve) and coupled (black lines) systems. Vertical dashed gray lines mark the localized
states of the molecule (the ring and one precursor). Local transmission for (c) conductive, (d) suppressed, and (e) resonant cases, calculated at ener-
gies marked by red dots in the corresponding insets. Insets: conductance for the uncoupled and coupled systems and localized states of the mole-
cule in dashed vertical lines.
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energy level (red dots in the conductance plot). In the resonant
regime, electrons are confined to very narrow energy windows,
exhibiting almost ballistic transport. In contrast, in the con-
ductive regime, the molecular states are effectively absorbed
into the continuum of the OQC. In the latter case, the local
transmission displays a preferential central route along the
chain, although all chain bonds are effectively visited, in con-
trast to the corral sites, which do not contribute to trans-
mission. Interestingly, in the resonant case the local trans-
mission extends over both the chain and the molecule, owing
to a small but finite percolation of the electronic states
through the precursor connecting the chain and the corral
(gray shades). In fact, this contribution is further enhanced
inside the coupled corral region, as indicated by the purple
color scale in Fig. 5(e).

In general, several molecular localized states become
embedded in the continuous of the coupled system (molecule
+ chain). In this coupled regime, emergent resonant states of
the finite system (Eres) can give rise to strongly localized hybrid
modes within the continuum, resulting in the formation of
bound states in the continuum (BIC). The intensity of this
effect in electronic devices, may be quantified by a dimension-

less quality factor, Q ¼ Eresj j
ΔEres , where ΔEres denotes the width of

the Fano antiresonance and characterizes the coupling-
induced spectral broadening. The factor Q provides a measure
of the quality of the resonant state, quantifying the degree of
hybridization and the extent to which the sharp, discrete
energy levels of the isolated molecule are absorbed into the
continuum spectrum of the chain upon coupling. By defi-
nition, true BICs52 correspond to the limit ΔEres → 0, and con-
sequently Q ! 1. For the resonant example shown in
[Fig. 5(e)] the calculated quality factor indicates that the
coupled state (inset black curve) nearly satisfies the condition
ΔEres → 0, being defined as a quasi-BIC state. The molecular
state (gray dashed line) gives rise to the resonance peak in the
conductance, with G(E) approaching to one quantum conduc-
tance flux, in close analogy with the continuum states of the
chain (blue lines).

For some energies of the injected current, zero conductance
is achieved by the electronic states, due to destructive interfer-
ences that may occur inside the scattering region. As shown in
the suppressed case in Fig. 5(d), the state does not fully perco-
late through the central part, being spatially trapped between
the left lead and the molecule.

4. Conclusions

In this work, we have presented a theoretical analysis of experi-
mentally synthesized organic quantum chains, combining
DFT and CMD to obtain relaxed structures. The electronic pro-
perties were accurately captured by a TB model with an expo-
nential hopping function within the ab initio relaxed struc-
tures, being in good agreement with DFT calculations.

A key consequence of the quasi-one-dimensional character
of these systems is the formation of singular hierarchical con-
ductance channels within the electronic spectra. The confine-
ment is enhanced by inserting multiple precursors within the
unit cell, leading to a partitioning of continuous states and a
densification of narrow conductance plateaus, leading to a
pseudo-band hierarchy. Our analysis revealed an interesting
localization phenomenon governed by the molecular nature of
the OQC building blocks. We identified confined molecular
states near the Fermi level associated with electronic carriers
trapped within specific precursor sub-units due to weak inter-
unit coupling. These states appear as flat bands in the elec-
tronic spectrum and do not contribute to ballistic transport.
This electronic structure makes these materials highly promis-
ing for multi-band light-emitting devices, as it promotes con-
trolled electronic transitions between the emergent sub-bands.
Furthermore, the molecular chains, are characterized by an
scale invariant large energy gap of ΔE ≈ 2.0 eV for all proposed
Ni OQCs. This prediction matches very well with the measured
experimental value.1

Finally, we propose a quantum device based on the experi-
mental formations of the carbon structures. The system com-
posed of a OQC attached to a quantum corral shows prominent
interferences and bound states in the continuum in the conduc-
tance results. For conductive situations, the maximum trans-
mission probability occurs in the very center of the OQC, being
completely suppressed along the coupled corral. Resonant cases
appear as quasi-BICs with transmission occurring along both
chain and molecule, being amplified inside the corral.

We conclude that such systems are promising building
blocks for the construction of carbon-based nano devices,
exhibiting a combination of robust structural stability with
highly tunable electronic properties. In particular, it has been
possible to engineer a hierarchy of pseudo-gaps and induce
localized states through smart molecular devices design.
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