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Abstract

Context Existence of bistability for carbon nanobracelets (cyclic molecules with alternating polycyclic regions and double
carbon chains) is predicted using calculations based on density functional theory (DFT). It was found that two stable states
have the same topological structure of covalent bonds, but different symmetries, with the total energy of the low-symmetry
state lower by 1.0 and 0.8 eV than the energy of the high-symmetry state for the nanobracelets consisting of 4 and S monomers,
respectively. On the basis of the calculated structural characteristics and electronic properties, we propose that the bistability
of the carbon nanobracelets is related to the competition between the electron structure energy and the energy of interaction
between the adjacent chains.

Methods Structure optimization of carbon nanobracelets was performed using spin-polarized all-electron DFT calculations
with the PBE functional implemented in the Priroda code. Due to chain flexibility, a multi-step procedure was employed.
The initial coordinates, derived from molecular mechanics and hand-made designs, were refined via PM3 (MOPAC2016)
to generate starting points for high- and low-symmetry states. The final optimization was performed in the Priroda code
without symmetry restrictions. Energies included zero-point corrections. Extended triple-n Gaussian basis sets, with kineti-
cally balanced small components, were employed. Molecular symmetry was determined using WebMO algorithms. Positive
vibrational frequencies confirmed true energy minima. The GFN-xTB method with van der Waals correction D4 was used
to verify DFT-PBE calculations. To investigate the stability of the local minima, we performed ab initio molecular dynamics
simulations. The molecular electrostatic potential was visualized using Jmol.
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Introduction

Bistable molecules have found wide applications in mag-
netic [1-5], electronic [1, 6-8], and optical [9, 10] sensors and
devices. Recent advances in molecule-based systems have
enabled light- or electrical-induced switching between differ-
ent spin or electronic states, opening pathways for integration
into memory and electronic devices [1, 2, 6-8]. For exam-
ple, bistable carbene systems can be switched between singlet
and triplet states via light irradiation, which holds promise
for information storage applications [1]. Nanographenes and
diradicaloid systems with tunable open- and closed-shell
states also show potential in molecular electronics [2, 3, 6, 7],
while switchable molecules integrated into microelectrome-
chanical systems have shown high sensitivity to external
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stimuli, serving as molecular-scale sensors [4]. Recent stud-
ies have demonstrated that Co-based complexes can undergo
ultrafast photoinduced spin-state transitions, enabling optical
control over magnetization on the femtosecond timescale [9,
10]. This phenomenon opens new possibilities for integrat-
ing light-responsive single molecule magnets (SMMs) into
future spintronic and photonic devices [4, 5, 8].

Bistable molecules include (i) singlet-triplet bistable com-
pounds, particularly diradicals, (ii) donor-acceptor com-
plexes, (iii) spin-crossover compounds, (iv) SMMs, (V) cis—
trans isomers, (vi) E-Z isomers, (vii) valence tautomers,
and (viii) proton tautomers. Diradical bistability observed
in organic molecules, where the energy gap between singlet
and triplet states is small, allowing equilibrium between these
two spin states [2, 3, 6, 7, 11]. Donor-acceptor complexes
exhibit bistability with reversible electron transfer between
neutral and ionic states [12]. Spin-crossover compounds,
such as Mn(III) Schiff base complexes, undergo transition
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between low-spin and high-spin states in response to thermal
or optical activation [13]. SMMs, including dysprosocenium-
based lanthanide complexes, demonstrate bistability between
different magnetic states (usually ferromagnetic and antifer-
romagnetic) through magnetic hysteresis, which arises from
slow spin relaxation and high anisotropy [5]. Cis—trans iso-
mers, such as cobalt bisphosphine species, have different
electronic configurations based on ligand orientation [14].
E-Z isomers, exemplified by alkenes and azobenzenes, expe-
rience reversible photoisomerization; E-Z notation provides
a more general way to describe the stereochemistry than the
traditional cis—trans notation [15]. Valence tautomers, such
as cobalt dioxolene systems, exhibit reversible intramolecu-
lar redox switching between different oxidation states [16].
Proton tautomers, such as 7-hydroxyquinoline derivatives,
endure photoinduced proton transfer between tautomeric
forms with different electronic structures [17].

The listed diversity of types of bistable molecules and the
variety of applications based on such molecules show the
relevance of further searching for new types of molecular
bistability. The methods of synthesis of cyclic hydrocarbons
have been elaborated [18, 19] (see also [20] for a review).
Moreover, cyclic polyaromatic molecules that contain dou-
ble atomic carbon chains have recently been observed at laser
evaporation of carbon nanobelts [21]. Based on these stud-
ies, the possibility of synthesizing carbon nanobracelets has
recently been proposed [22]. These carbon nanobracelets are
cyclic macromolecules with alternating polycyclic regions
and double atomic carbon chains. Here, we show that inter-
action between adjacent chains may lead to a new type of
molecular bistability.

In the present paper, we use calculations based on den-
sity functional theory (DFT) to predict that the carbon
nanobracelets can be bistable molecules. Two states of the
bistable nanobracelets are found to have the same topolog-
ical structure of covalent bonds, but different symmetries
and electronic structure. Based on the calculated structural
characteristics and electronic properties, we propose that the
bistability of the carbon nanobracelets is associated with the
competition between the electron structure energy and the
energy of interaction between the adjacent chains.

Methods

Structure optimization of carbon nanobracelets was per-
formed using the spin-polarized all-electron DFT calcula-
tions with PBE functional [23] implemented in the Priroda
code [24]. The molecular geometries were fully optimized
without symmetry constraints until the maximum gradient
fell below 10~*. The convergence criterion for the self-
consistent field (SCF) procedure was set to 10~>. Analytical
Hessian matrices were computed in the optimized geometries

to verify that the stationary points correspond to true min-
ima (no imaginary frequencies). An integration grid with an
accuracy of 10~ was used, ensuring a sufficient precision of
numerical integration of the exchange-correlation functional.
The optimization was allowed to proceed up to 1000 steps.
All calculations were performed in the gas phase using Carte-
sian coordinates with a singlet spin multiplicity. The singlet
ground state has an energy lower than the triplet ground state
by approximately 0.2-0.3 eV for all nanobracelets consid-
ered [22]. Calculations of carbon nanostructures were also
performed in previous works, where it was shown that the sta-
ble electronic configuration corresponds to the singlet ground
state [25, 26]. This confirms that the singlet description is
appropriate for the systems considered here.

Additionally, the optimized geometries were subsequently
employed to recompute the dispersion contribution in order
to account for long-range interactions that are not captured in
standard DFT calculations. This was done using the D3(BJ)
dispersion correction with Becke—Johnson damping as pro-
posed by Grimme and co-workers [27, 28].

The spin—orbit coupling (SOC) effect was included in
all calculations. In the Priroda code, spin—orbit interac-
tion is taken into account by default within the relativis-
tic framework of the method, ensuring accurate treatment
of systems containing heavier elements without requiring
additional user-defined parameters. Atomic charges were
obtained using the Hirshfeld population analysis, which pro-
vides a more physically meaningful and stable description
of electronic charge distribution compared to the traditional
Mulliken approach, avoiding basis-set-dependent artifacts and
ensuring smooth charge variations along molecular geome-
tries and reaction coordinates.

This code allows to considerably reduce the computational
time and therefore to study large molecules. The comparison
of oxygen adsorption energy on different carbon nanostruc-
tures [29] and energetics of interaction between oxygen and
small metal clusters [30] with the values obtained using other
DFT-based codes gives the adequacy of the Priroda code.
Energies of the molecules were calculated taking into account
the zero-point energy. The energy-optimized extended Gaus-
sian basis set of triple-n quality of the large component and
the corresponding kinetically balanced basis for the small
component were used [31].

The Geometry, Frequency, Noncovalent, eXtended Tight
Binding (GFN-xTB) method [32] was used to obtain refer-
ence geometries, verify the stability of optimized structures,
and evaluate intermolecular interaction energies at a semiem-
pirical level of theory. The GFN-xTB calculations were
performed using the default accuracy setting (accuracy = 1),
corresponding to an integral cutoff of 25.0 bohr, the integral
neglect threshold of 108, and the SCC convergence crite-
rion of 1076, These parameters ensure a balanced trade-off
between numerical precision and computational efficiency,
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as recommended for general-purpose molecular systems in
the GFN-xTB methodology. All calculations were performed
with these standard thresholds without additional modifica-
tions. The method employs a self-consistent tight-binding
Hamiltonian with the van der Waals correction D4, multi-
pole electrostatics, and density-dependent repulsion terms.

To investigate the stability of the local minimum cor-
responding to the high-symmetry state, we performed ab
initio molecular dynamics (AIMD) simulations for the
nanobracelets consisting of 4 and 5 monomers in Orca 6.1
software [33]. All AIMD simulations were performed at the
DFT level using the BLYP functional with Grimme’s D3
dispersion correction and the def2-SVP basis set. Ten inde-
pendent trajectories were generated for each molecule, with
initial atomic velocities corresponding to 300 K. A Berend-
sen thermostat was used to maintain the temperature at 300 K
with a relaxation time constant of 10 fs. The simulations used
a time step of 0.5 fs, and each trajectory was propagated for
2000 steps, corresponding to a total simulation time of 1 ps.

The presence of long flexible carbon atomic chains in
the structure of the considered nanobracelets leads to slow-
ing down of the optimization, because the energy changes
slightly when the chains bend. The following procedure
was used to obtain the starting coordinates for DFT-based
optimization close to the minima and thus to decrease com-
putational time. First, hand-made coordinates have been
optimized by molecular mechanics [34]. Then, PM3 opti-
mization implemented in MOPAC2016 [35] with and without
high-symmetry conservation has been performed to obtain
the starting coordinates of the high-symmetry and low-
symmetry states of the nanobracelets, respectively. After that,
the structure optimization using the Priroda code was per-
formed without applying any symmetry restrictions.

The symmetry of the nanobracelets after optimization
of the structure using the Priroda code was determined by
the algorithm [36] implemented in the free WebMO server
software [37, 38]. All optimized molecules for both stable
states have only positive vibrational frequencies. Therefore,
the optimized structures of the molecules correspond to the
true minima. The lists of coordinates of optimized structures
and vibrational frequencies are openly available in Mendeley
Data, see Ref. [39]. The molecular electrostatic potential is
visualized by Jmol [40].

Carbon bistable nanobracelets properties

Previously, the structure, energy, and electronic properties of
carbon nanobracelets with 8 carbon atoms in the chains have
been studied [22]. The nanobracelets with polycyclic regions
with and without hydrogen atoms at the edges and consist-
ing of 1 to 5 monomers were considered. In that study, only
nanobracelets with the highest possible symmetry have been

found. Here, we consider the carbon nanobracelets with 7 car-
bon atoms in chains and polycyclic regions without hydrogen
atoms at the edge. Here, for nanobracelets consisting of 4 and
5 monomers, bistability with different symmetry of states
was discovered. However, only the high-symmetry state is
found for the nanobracelets consisting of 2 and 3 monomers
using the same optimization procedure. Note that this opti-
mization procedure only gives high-symmetry state for the
nanobracelets with 8 atoms in the chains [22] consisting of 1,
2,3, 4, and 5 monomers, even when starting the optimization
from the low-symmetry state.

Structure and energy

The relative energies of the nanobracelets considered per
monomer E /np,, where ny, is the number of monomers in
the nanobracelet, and the radii of the nanobracelet R from
the center of mass calculated using the DFT-PBE and GFN2-
xTB methods are listed in Table 1. It can be seen that taking
into account van der Waals correction leads to qualitatively
the same energies for the small nanobracelets without bista-
bility (consisting of 2 and 3 monomers) and to quantitatively
similar energies for the nanobracelets with bistability (con-
sisting of 4 and 5 monomers). Calculating the nanobracelet
energies taking into account D3 dispersion correction using
DFT-optimized coordinates without additional optimization
does not lead to noticeable changes in energy (see Table 1).
Namely, the energy difference between low-symmetry and
high-symmetry states decreases by only 0.4 and 0.3 eV
per monomer for the nanobracelets consisting of 4 and 5
monomers, respectively. Note that previous studies also give
some evidence in favor of the fact that although DFT-based
calculations do not take into account van der Waals interac-
tion, they give adequate values of energy changes at relative
displacement of carbon nanoobjects in the case where some
overlap of electron density of nanoobjects takes place. For
example, DFT-based calculations give the value of the bar-
rier to relative displacement of graphene layers [41, 42] in
excellent agreement with the experiment [43], and this result
is independent of the use of different corrections for the van
der Waals interaction [42]. To compare with previous studies
of nanobracelets with 8 atoms in chains [22], all the prop-
erties below are discussed for the values obtained by DFT
calculations.

The low-symmetry state is found to have lower energy
than the high-symmetry state for both nanobracelets with 4
and 5 monomers which have two states. The nearly expo-
nential decrease in relative energy E/np with increase
in ny, has previously been found for the high-symmetry
nanobracelets with 8 atoms in chains [22]. In contrast, for
the high-symmetry state of nanobracelets with 7 atoms in
chains, we find that E /np, exhibits a non-monotonic depen-
dence on ny, showing no clear decreasing trend. The radii



Table 1 Structural and electronic properties of the studied nanobracelets with number of monomers ny, from 2 to 5: symmetry after optimization, circumscribed sphere radius (from the center of
mass), short and long bond lengths in the chain without terminal bonds connecting to the polycyclic fragment, variation of the bond lengths in the chain §, energy of the nanobracelet per monomer
E /ny, relative to the lowest energy low-symmetry nanobracelet with 4 monomers, dipole moment, HOMO-LUMO energy gap Ey.1, the absolute values of HOMO and LUMO energies. Structural

parameters and HOMO and LUMO energies are obtained by DFT calculations without the dispersion correction

nm  Symmetry”  Radius  Shortlengths Longlengths & E/npn (V) Dipole (D) EyL (eV) —Egomo  —ELumo
A A) A (pm) DFT  DFT-D3 GFN2-xTB DFT GFN2-xTB DFT  GFN2-xTB (V) (V)

High-symmetry nanobracelets

2 Day, 6.52 1.26—1.28 1.30 3.0 0.517 0419 0.689 0 0 0.566  0.225 5.48 492

3 D3y, 9.04 1.26—1.28 1.30 3.1 0.197 0.132 0.285 0 0 0424 0.239 5.36 494

4 Dy 11.49 1.25-1.27 1.29—-1.31 3.1 0.251  0.209 0.279 0 0 0.136  0.082 5.26 5.13

5 Dsy, 13.94 1.26—1.28 1.30 3.1 0238  0.217 0.264 0 0 0.180  0.100 5.31 5.13

Low-symmetry nanobracelets

4 Doy 11.08 1.26—1.28 1.29—-1.30 23 0 0 0 0 0 0397  0.301 5.30 491

5 Cy 13.81 1.26—1.28 1.29—-1.30 22-24 0076 0.085 0.048 0.2 0.1 0.174  0.228 5.25 5.07

@) The tolerance with what the symmetry group was detected was < 0.013 for high-symmetry nanobracelets and < 0.03 for low-symmetry nanobracelets
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R of the high-symmetry nanobracelets considered linearly
depend on the number of monomers ny > 2 and behave
as R(nm) = (1.60 + 2.47ny) A within the standard devia-
tion 0.03 A. Note that a linear dependence R(ny,) with the
same standard deviation has previously been found for high-
symmetry nanobracelets with 8 atoms in chains [22].

To study stability of the high-symmetry state correspond-
ing to the local minimum, AIMD simulations are performed
for the nanobracelets consisting of 4 and 5 monomers, with
10 independent trajectories generated for each molecule at
temperature 300 K. All observed trajectories correspond to

- =

[
\ )

s
()
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vibrations of atoms near positions corresponding to the local
minimum, and no transitions to the ground low-symmetry
state or other local minima were observed. Therefore, based
on these simulations, it can be expected that both states can
coexist at room temperature. This allows applications based
on switching between states.

The optimized structures of the states with high and low
symmetry for nanobracelets consisting of 4 and 5 monomers
are presented in Fig. 1, and all different bond lengths within
one monomer are indicated. An alternation of bond length
is possible for atomic carbon chains within nanostructures

Fig. 1 Carbon nanobracelets composed of ny, = 4 monomers (a) and (b) and of n,, = 5 monomers (c) and (d). There are shown the molecules
optimized by DFT-PBE method with high symmetry D4 (a) and Ds, (c) and with low symmetry D4 (b) and C> (d). Each nanobracelet is shown in
three projections. Lengths of nonequivalent bonds are shown in the monomer fragment of the nanobracelet below projections. Monomer fragment
in the bottom of panel (d) is indicated by red circles in corresponding projections
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and molecules [44-50], carbon rings [51-53], and carbon
nanotubes [54]. To characterize the alternation of bond length
along the chain, the amplitude § of bond length variations in
chains is calculated as follows: [45, 46]

1 ne no

1 1
8= 2|ne j=1(d2j—1 +dn—2j-1)) — "o ;(dzj +dn-2j)

i)

M

where d; = |F; — Fi+1| is the bond length between i-th
and (i + 1)-th atoms in the chain, n is the total number
of atoms in the chain, natural numbers n, = (n + 2)/4
and ngp = n/4 (the integer part is taken). The terminal
bonds connecting the chain to the polycyclic fragment are
not taken into account in this equation. The amplitudes of
bond length variations are presented in Table 1. According
to previous calculations, atomic carbon chains with an even
number of atoms (even chains) are polyynes with alternating
single and triple bonds —-C=C- [44-50], while odd chains
in the middle section are cumulenes with consecutive dou-
ble bonds =C=C= [44, 4648, 50]. For the high-symmetry
nanobracelets, the following structural characteristics coin-
cide with the results obtained previously for odd carbon
chains: (i) the calculated amplitudes & are consistent with
values of 3.0-3.5 pm [46], 2.6-3.1 pm [50], and 2.8-2.9
pm [50] for chains of 9, 11, and 13 atoms, respectively;
(ii) the bonding pattern changes from alternation between
single and triple bonds at the ends to equal double bonds in
the middle of the chain, exhibiting symmetry in bond length
distribution relative to the central atom. The chains of the
low-symmetry nanobracelets have lower amplitude values
§ = 2.2-2.4 pm and lose symmetry relative to the central
atom [44, 46, 47]. These structural changes in low-symmetry
nanobracelet chains probably occur by decreasing the energy
associated with the electronic structure within the chains.
To consider the difference in the interaction between the
neighbor chains of the high-symmetry and low-symmetry
nanobracelets, the distances between atoms of neighbor
chains with the same position in the chains are shown in
Fig. 2. These distances for the high-symmetry and low-
symmetry nanobracelets are in the ranges 3.2-3.4 A and
3.3-4.0 A, respectively. As discussed below, the greater dis-
tances between atoms of adjacent chains in low-symmetry
nanobracelets lead to a significant reduction in the overlap
of electron density of adjacent chains and, hence, to corre-
sponding changes in the interaction energy between chains.

Electronic properties

To reveal possible differences in electronic properties of
the low-symmetry and high-symmetry nanobracelets, we
calculated the molecular electrostatic potential (related to

Distance between neighbor chains (A)
w w IN I
=) n ) (Y

N
W

|
5
Number along 7-atom carbon chain

Fig. 2 Distances (in A) between atoms of adjacent chains with the
same position in the chains in high (D4 and Ds) and low (D4 and C3)
symmetry nanobracelets consisting of 4 and 5 monomers obtained by
DFT calculations

atomic charges), the energies and visualizations of the highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO), as well as the dipole
moment. The resulting HOMO and LUMO energies, Egomo
and Epymo, HOMO-LUMO energy gap, En.L, and dipole
moment for the considered nanobracelets calculated using
DFT-PBE and GFN2-xTB methods are listed in Table 1.

Only the low-symmetry nanobracelet consisting of 5
monomers possesses a permanent electric dipole moment,
which is allowed by its C, symmetry group [55]. In all other
cases studied, the calculated dipole moment is zero with an
accuracy of 0.01 D. The absence of a dipole moment confirms
the assigned symmetry of the nanobracelet states.

The gap Epy. between the HOMO and LUMO energy
levels is an important factor in understanding the stability
of the nanobracelet. The values of gap Ey.j, for the high-
symmetry nanobracelets consisting of 4 and 5 monomers,
for which the bistability is found, 0.136 and 0.180 eV,
respectively, are several times lower than for high-symmetry
nanobracelets with 2 and 3 monomers without the bistability
(see Table 1). Note that the values of gap Ey.1, for all the con-
sidered high-symmetry nanobracelets with 8 atoms in chains
are greater 0.27 eV, and all these nanobracelets are with-
out the bistability [22]. This suggests a possible correlation
between the gap E'y.1, and the bistability of the nanobracelets.
The considerable difference between the values of gap for
the high-symmetry nanobracelets with an even (Exy =
0.276—0.279 eV) and odd (Ey., = 0.500—0.629 eV) num-
ber of monomers with 8 atoms in chains has been previously
found [22]. Such an evident difference in the gap for even and
odd numbers np, is not observed here for the nanobracelets
with 7 atoms in chains. Both calculation methods yield a
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considerable increase in the gap Ey.p due to the symme-
try breaking for the nanobracelet consisting of 4 monomers,
while for the nanobracelet consisting of 5 monomers, this gap
En.L increase is obtained only by the GFN2-xTB method.
This behavior may be related to the Jahn—Teller-type effect,
where orbital degeneracy in a high-symmetry state leads to
spontaneous break of symmetry and stabilization of a low-
symmetry state, accompanied by an increase in the gap Ey.L.

The molecular electrostatic potential is calculated using
» aZa/ra, where Z, is the partial charge on an atom
A calculated by the Priroda code (in units of the elemen-
tary charge e) and ry is the distance from an atom A to a
particular point on the isosurface. This potential character-
izes the interaction energy of a positive point unit charge
(i.e., a proton) with the atomic charges. To show the inter-
action between adjacent chains, the isosurface is taken at
the van der Waals distance of 1.95 A from the atoms of a
nanobracelet (see Fig. 3). Some overlap of the isosurfaces of
neighbor chains at the van der Waals distance for the high-
symmetry nanobracelets means an overlap of electron clouds.
Therefore, very weak covalent-like bonds between the neigh-
bor chains can exist. For the low-symmetry nanobracelets,
the symmetry breaking leads to an increase of the distance

Molecular electrostatic potential (meV)
REEBRBIREEBINES TS

-228 -161 -95 -29 +37 +104 +170 +236

B RR AR ARAN

R AR
-262 -182 -102

+58 +138 +218 +298

=22

between neighbor chains, so that the overlap of electron
clouds is absent in the middle part of neighbor chains, with no
possibility of weak covalent bonds between chains. Addition-
ally, increasing the distance between adjacent chains results
in a decrease in van der Waals attraction between the chains.
Both of these effects reduce the contribution of the interac-
tion energy between the chains to the total binding energy of
the nanobracelet. Thus, it is probable that the minimum of
the interaction energy between the chains corresponds to the
high-symmetry state. On the other hand, the opposite effect
can also exist. Since the chains are negatively charged, the
adjacent chains repel each other. Therefore, the breaking of
symmetry with a decrease in the distance between adjacent
chains results in adecrease in Coulomb repulsion between the
chains and, consequently, in a decrease in positive Coulomb
term in the interaction energy between chains.

By examining the plots of molecular orbitals, one can
qualitatively assess the degree of m-electron delocaliza-
tion within the structure of nanobracelets (see Fig. 4). In
the high-symmetry nanobracelets, the m-orbitals in chains
exhibit extended delocalization, forming continuous isosur-
faces between pairs of adjacent carbon atoms. These orbital
shapes resemble “tubes” that connect the atoms, indicat-

BB BIBRIRNAK
-118 -78 -38 +3

RN

2 =2 SN
-132 88 -4 0 +44

+88 +132 +176

Fig.3 Molecular electrostatic potential (MEP; in millielectronvolts) at the distance 1.95 A from atoms of the molecule obtained by DFT calculations.
Sign of MEP corresponds to the sign of atomic charge. The nanobracelet states and projections in (a)—(d) are identical to those in Fig. 1
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Fig.4 Visualizations of HOMO and LUMO (highest occupied molecular orbital and lowest unoccupied molecular orbital) for nanobracelets. The
nanobracelet states and projections in (a)—(d) are identical to those in Fig. 1

ing effective conjugation throughout the cyclic molecule. In
contrast, the low-symmetry nanobracelets demonstrate par-
tial localization of the m-system, with orbitals appearing
more isolated and localized to individual atomic sites. The

breaking of symmetry leads to disrupted conjugation and the
formation of localized orbital lobes that resemble atomic p-
orbitals. This transition from the delocalized to the localized
orbital structure in the low-symmetry nanobracelets suggests
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a decrease in w-overlap. Since ordinary carbon chains with
an even number of atoms are polyynes with alternating single
and triple bonds [44-50], such a decrease in -overlap can
lead to an increase in the related energy of the electronic
structure. This makes the low-symmetry state somewhat
less favorable in energy. Note that this effect is opposite
to the conclusion about the stability of the low-symmetry
state based on the analysis of the HOMO-LUMO gap Ey.L.
In general, the electronic structure becomes more complex
as the size of the nanobracelet increases. The HOMO and
LUMO visualizations for the nanobracelets composed of 5
monomers also show the change in the electronic structure
when the symmetry is broken.

Cause of bistability

Let us now discuss the cause of the found bistability of
carbon nanobracelets based on the calculated structural char-
acteristics and electronic properties described above. The
bistability means the presence of two minima in depen-
dence of a total energy of a molecule on atom coordinates.
For the nanobracelets considered, the total energy consists
of two contributions: the energy associated with the elec-
tronic structure and the energy associated with the interaction
between adjacent chains, with different dependences on
the coordinates of the atoms. The analysis of the HOMO-
LUMO gaps leads to the conclusion that the low-symmetry
state corresponds to the minimum of the energy associated
with the electronic structure. However, the analysis of the
HOMO-LUMO visualizations allows us to assume that the
low-symmetry state is somewhat less favorable in energy.
Some overlap of electron density between adjacent chains
is present in the high-symmetry state and absent in the low-
symmetry state. This overlap may indicate the existence of
very weak covalent bonds between the adjacent chains in
the high-symmetry state. In this case, the minimum inter-
action energy of the adjacent chains corresponds to the
high-symmetry state. The van der Waals attraction between
the adjacent chains also contributes to the minimum of the
total energy corresponding to the high-symmetry state, while
Coulomb repulsion between chains has the opposite effect.
In any case, we believe that the presence of two stable states
is associated with competition between the energy of inter-
action between the chains and the electron structure energy.

Conclusions and discussion

Our DFT calculations reveal bistability in carbon nanobracelets
(cyclic macromolecules with alternating polycyclic regions
bridged by 7-atom double carbon chains), showing the
existence of two distinct stable states with low and high

symmetry. These states have the same topological structure of
covalent bonds but different symmetry and electronic struc-
ture. In contrast, previous studies of pure carbon molecules
addressed only topology-switching transitions (ring-to-star
isomerization of the Cj9 molecule) [56]. Note that DFT
calculations give two possible states for carbon rings: with
alternating bond lengths and equal angles between bonds
and opposite with equal bond lengths and alternating angles
between bonds [51-53]. However, bistability has not been
found for carbon rings, since for a ring of a given size, only
one stable state is possible, while the other state is unsta-
ble [53].

The bistability is caused by the interplay of two ener-
gies: the electron structure energy within the nanobracelet
and the energy associated with interaction between the adja-
cent chains. We believe that the low-symmetry state, which is
the ground state of the nanobracelet, corresponds to the min-
imum of the electron structure energy. The high-symmetry
state corresponds probably to the minimum of energy of
interaction between the adjacent chains. This minimum is
associated with the formation of very weak covalent bonds
between the chains. The total energy of the high-symmetry
state is 1.0 and 0.8 eV higher for nanobracelets with 4 and
5 monomers, respectively. By analogy, the revealed type
of bistability may exist in other nanostructures and macro-
molecules that contain double atomic carbon chains. We
believe that this study will stimulate further research on
molecules and nanostructures exhibiting such bistability and
their applications.
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