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Introduction

Single-layer polymeric tetraoxal8]circulene
modified by s-block metals: toward stable spin
qubits and novel superconductors

Lyudmila V. Begunovich,® Artem V. Kuklin, € *** Gleb V. Baryshnikov,?©
Rashid R. Valiev®® and Hans Agren ( °f

Tunable electronic properties of low-dimensional materials have been the object of extensive research, as
such properties are highly desirable in order to provide flexibility in the design and optimization of func-
tional devices. In this study, we account for the fact that such properties can be tuned by embedding
diverse metal atoms and theoretically study a series of new organometallic porous sheets based on two-
dimensional tetraoxal8]circulene (TOC) polymers doped with alkali or alkaline-earth metals. The results
reveal that the metal-decorated sheets change their electronic structure from semiconducting to metallic
behaviour due to n-doping. Complete active space self-consistent field (CASSCF) calculations reveal a
unigue open-shell singlet ground state in the TOC-Ca complex, which is formed by two closed-shell
species. Moreover, Ca becomes a doublet state, which is promising for magnetic quantum bit applications
due to the long spin coherence time. Ca-doped TOC also demonstrates a high density of states in the
vicinity of the Fermi level and induced superconductivity. Using the ab initio Eliashberg formalism, we find
that the TOC-Ca polymers are phonon-mediated superconductors with a critical temperature T¢c =
14.5 K, which is within the range of typical carbon based superconducting materials. Therefore, combin-
ing the proved superconductivity and the long spin lifetime in doublet Ca, such materials could be an
ideal platform for the realization of quantum bits.

lar interest due to their unique properties and the possibility
of high scaling and minimization of devices."” The utilization

Great effort is being devoted to the design and fabrication of
new materials that meet the requirements of modern devices.
Among many promising materials recently proposed, two-
dimensional (2D) single atomic sheets have attracted particu-
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of organic moieties as initial building blocks in the formation
of 2D materials (covalent organic frameworks — COFs) makes it
possible to tune the properties of such systems. These pro-
perties depend on the selected moiety, on the type of fusing
between the moieties’ and on the size of the obtained nano-
materials.! Typical examples of such COFs are tetraoxa[8]circu-
lene (TOC) based nanosheets, which are planar 2D porous
sheets with the space group symmetry P4/mmm. These
nanosheets are predicted to be thermodynamically and kineti-
cally stable® and are found to be nonmagnetic direct band gap
semiconductors or semimetals®> with the HOMO-LUMO gap
of the TOC-based nanosheets being much smaller than that of
the parent tetraoxa[8]circulene molecule.® Moreover, the band
gap decreases significantly as the number of moieties in the
structure increases. This feature is very useful for a purposeful
design of semiconducting materials with tunnable band gaps
(band gap engineering).”® In addition, these compounds have
considerable mechanical strength® and can strongly adsorb
visible light,*>° thus they can be promising candidates for
solar and thermoelectric applications.
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The ability of metal ions to be embedded regularly and sep-
arately to porous sheets provides promising new features and
expands the applications of such materials. The perspective
organometallic porous sheets with a wide range of potential
applications in semiconductor industry, spintronics,'®'" opto-
electronics, catalysis,'” gas'*'* and magnetic storage devices"’
have been reported. All of the above data give hope that such
intriguing structures will be synthesized in the near future.
Abel et al. synthesized a 2D Fe-phthalocyanine single layer
with magnetic metal atoms regularly embedded in the
polymer lattice.’® It can be expected that their flexible syn-
thesis method can be applied to the synthesis of other metal-
based 2D organometallic porous sheets. Indeed, a polymeric
step-by-step mechanism of Mn-phthalocyanines has been
demonstrated.'” Recently, a number of transition metals (Cr,
Fe, Co, Ni and Cu) as well as metal-free (H,) phthalocyanines
were also synthesized with a temperature-dependent mecha-
nism of polymerization.'®

Although doping with d-block metals brings many new
advantages, s-block metals could also be utilized to modify the
electronic properties of 2D COFs. Actually, alkali metal decora-
tion is a widely applied scheme to modify 2D material pro-
perties. For example, lithiation could introduce electrons into
MoS, and trigger phase transition.'®*° Doping by alkali and
alkaline-earth metals results in enhanced conductivity and
emergence of superconducting states. Superconducting states
have been discovered in Ca-doped graphite with a critical tran-
sition temperature (7c) of 11.5 K>** and also in large-scale
graphene films®* with a similar Tc. To expand this behaviour,
graphene-based superconducting fibers have been produced
and intercalated with Ca, which led to a superconducting tran-
sition at ~11 K.*®> Besides, superconductivity has also been
found in carbon materials doped with alkaline metals such as
Li, Na and K.2*2673°

Recently, some hydrocarbons doped with alkali metals
demonstrated superconducting behaviour with critical temp-
eratures similar to or higher than that of graphite and
graphene.*’ ™’ In particular, superconductivity up to 33 K was
discovered in K-doped dibenzopentacene (Cs;oHjs).>® Despite
the significant interest in carbon and hydrocarbon based
superconductors, only a couple of reports can be found on
similar properties in coordination polymers,’”** which also
represent a remarkable part of modern 2D science. In the case
of 2D covalent organic frameworks, no superconductors have
been discovered at all.

Inspired by previous works, we here propose 2D COFs
based on planar heterocyclic molecules, namely two types of
tetraoxa[8]circulene organometallic porous sheets (TOC-Me)
decorated by some alkali and alkaline-earth metals. The
atomic and electronic structures of TOC-Me sheets (Me = Li,
Na and Ca) were studied using first-principles calculations.
Alkali and alkaline-earth metal complexes with tetraoxa[8]cir-
culene molecules have been studied recently.’® However, in
that work metal atoms were initially in the charged (cationic)
state, while in the present paper we consider TOC-based com-
plexes with electroneutral alkali and alkaline-earth metal

4800 | Nanoscale, 2021,13, 4799-4811

View Article Online

Nanoscale

atoms. We demonstrate effective interactions of Me atoms with
TOC that change the electronic structure of the latter from semi-
conductor to metallic by an n-doping mechanism. We propose
that the superconducting state could be realized in TOC-Ca
monolayers with T = 14.5 K caused by the high density of
states in the vicinity of the Fermi level, as estimated by the
Eliashberg theory. Employing the complete active space self-
consistent field (CASSCF) and broken symmetry density func-
tional theory (DFT) methods, a unique open-shell singlet in
TOC-Ca is determined as a ground state, where the Ca species
are in the § = 1/2 state, proposing promising application as
magnetic quantum bits for quantum computing nodes.

Computational details

40:41 calculations were performed

The density functional theory
using the Open source package for Material eXplorer software
package (OpenMX)*> based on a linear combination of
pseudo-atomic orbitals (PAO)**™*® method and norm-conser-
ving pseudopotentials.”’ " The cutoff energy value was equal
to 150 Ry. The pseudo-atomic orbital basis sets, s3p3d2 for Ca,
s3p2 for Na and Li, s2p2d2 for C, s2p2d2f1 for O with cutoff
radii 9.0 a.u. for Ca and Na, 8.0 a.u. for Li, and 5.0 a.u. for C
and O, were converged and found to be good enough to
describe the studied nanostructures. The gradient exchange-
correlation functional in the form proposed by Perdew-Burke-
Ernzerhof (PBE)>> was employed. Empirical D3 Grimme correc-

included to take into account van der Waals

53,54

tion was
interactions. All structures were relaxed until forces acting
on the atoms and translation vectors became less than 1 x
107°

energy minimization was equal to 1 x 1077 Hartree. To simu-

Hartree per Bohr. The convergence condition for the

late the 2D structures using Periodic Boundary Conditions
(PBCs), the periodic replicas were separated by a vacuum
spacing of at least 15 A along the ¢ axis. The first Brillouin
zone (1BZ) was sampled on a grid of 20 x 20 x 1 k-points gener-
ated according to the Monkhorst-Pack method.>® The band
structure calculations were carried out along the high sym-
metry 770,0,0)-x(0,1/2,0)-M(1/2,1/2,0)-I(0,0,0) directions in
1BZ. The charges on atoms were obtained by integrating elec-
tron and spin densities in the Voronoi polyhedra constructed
from smeared surfaces which are defined by a Fuzzy cell parti-
tioning method.’® The Visualization for Electronic and
STructural Analysis (VESTA) software®” was used for the visual-
ization of atomic structures.

The binding energies (Epinq) of metal atoms with TOC
sheets were calculated using the following equation:

Epind = Etot — EToc — EMe, (1)

where Ey is the total energy of the TOC-Me system, Etoc and
E\se are the total energies of the freestanding TOC sheet and
metal atom, respectively.

To calculate the spectral function and critical temperature
(Tc), we employed the EPW code,”®® where the electronic
wave functions required for the Wannier-Fourier interp-

This journal is © The Royal Society of Chemistry 2021
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olation®" were obtained using the Quantum-ESPRESSO
package.®>®® The structure was initially optimized and a non-
self-consistent calculation was then performed using 64
k-points in the first Brillouin zone and an energy cut-off of 40
Ry for the wavefunction and 160 Ry for the charge density.
Phonon calculations were carried out using a 4 x 4 x 1 g-point
grid. No imaginary phonon frequencies were observed,
suggesting that the proposed material is in the dynamically
stable phase. The standard PBE-PAW pseudopotentials®® were
employed. The interpolated grid of 20 x 20 X 1 k and g points
were utilized in the Migdal-Eliashberg equation.

The energies of ground singlet (S,) and the first singlet
excited state (S;) of the [TOC-Ca] complex were calculated by
the extended multi-configuration quasi-degenerate pertur-
bation theory at the second-order (XMC-QDPT2)* level of
theory. The CASSCF was chosen as 10 electrons in 10 molecular
orbitals (MOs). The stage-average procedure was performed
over the first lowest electronic states. The effective
Hamiltonian included 30 states. The 6-31G(d) basis set was
used. The calculations were performed using the Firefly
software.*®

“Broken symmetry”®”®® DFT calculations were performed
for the [TOC-Ca] complexes using the Gaussian 16 software®’

TOCH#1-Me

TOC#2-Me

Fig. 1 Top and side views of Me—tetraoxal8]circulene organometallic
porous sheets (Me = Li, Na and Ca) with two types of fusing between
the tetraoxal8]circulene moieties. Unit cells are shown in black dashed
lines. Gray, red and blue colors correspond to carbon, oxygen and metal
atoms, respectively.
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to confirm the open-shell singlet (OSS) ground state of the
[TOC-Ca] complex. We have used Becke's three-parameter
hybrid exchange functional combined with the Lee-Yang-Parr
(B3LYP)"*>”" hybrid exchange-correlation functional with the
extended 6-31+G(d) basis set’>”’* and Grimme’s D3 empirical
dispersion correction.>® The search for the OSS solution was
arranged as follows. A self-consistent field (SCF) calculation
was first performed for the closed-shell singlet state (herein-
after called the CSS state). Next, a SCF calculation of the
“broken symmetry” state was performed for the antiparallel
orientation of the unpaired electrons on the Ca center and
TOC ligand (the OSS state).

An analysis of the electron density distribution function by
using Bader’s “atoms in molecules” formalism”® was addition-
ally performed for the [TOC-Me] (Me = Li, Na, Ca) complexes
in order to explain the binding mechanism between the Me
atom and the TOC ligand. Quantum Theory of Atoms In
Molecules (QTAIM) calculations have been carried out for that
purpose using the AIMAII software.”®

Results and discussion

In this work, the interaction between Li, Na and Ca atoms and
two types of TOC porous sheets were investigated. The posi-
tions of the metal atoms in and above the TOC plane were con-
sidered for both types of TOC polymers. Our calculations
reveal that the TOC#1-Me systems prefer the configuration
with the metal atom above the plane (Fig. 1) with relative ener-
gies compared to the structures with a metal atom located in
the plane equal to —0.06, —0.25 and —0.58 eV for the TOC#1-
Li, TOC#1-Na and TOC#1-Ca organometallic sheets, respect-
ively. The details of the atomic structures of the fully relaxed
TOC#1-Me polymers are listed in Table 1 and Tables S1-S6 (in
ESIT). The translation vectors of all TOC#1-Me organometallic
sheets are slightly increased as compared to the metal-free
sheet. The distance between the metal atom and the surround-
ing oxygen atoms decreases from 2.648 A (TOC#1-Ca) to
2.059 A (TOC#1-Li), which is in good agreement with previous
results for the Ca®* and Li* complexes with tetraoxa[8]circu-
lene.*® The oxygen atoms are slightly displaced towards the
metal atoms resulting in longer C-O bonds. A Voronoi charge
analysis (Table 2) indicates that 0.51, 0.72 and 0.94 electrons

Table 1 Structural and energetic parameters of TOC—Me sheets. The atomic numbering scheme is shown in Fig. 1

Bond length, A

Structure Binding energy, eV Lattice parametera =5, A Me--O  C-O C1-C2 (C2-C3 C2-C4 C4-C5 (C5-C6 C5-C7
TOCH#1-Li -3.02 8.416 2.059 1.408 1.419 1.424 1.397 1.402 1.479 —
TOC#1-Na -1.71 8.429 2.272 1.402 1.418 1.421 1.397 1.408 1.480 —
TOC#1-Ca -1.29 8.457 2.648 1.417 1.426 1.424 1.404 1.412 1.477 —
TOC#1 — 8.412 — 1.394 1.428 1.410 1.402 1.416 1.460 —
TOCH#2-Li —-2.14 9.762 2.962 1.399 1.426 1.415 1.429 1.361 1.454 1.463
TOC#2-Na -1.96 9.765 2.966 1.399 1.426 1.415 1.428 1.362 1.454 1.464
TOC#2-Ca —1.34 9.748 2.952 1.402 1.424 1.415 1.427 1.358 1.454 1.458
TOCH#2 — 9.743 — 1.379 1.426 1.405 1.428 1.366 1.439 1.473

This journal is © The Royal Society of Chemistry 2021
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Table 2 Voronoi charges on the non-equivalent atoms in the preferred configurations of the Me-tetraoxal8lcirculene organometallic porous

sheets. The atomic numbering scheme is shown in Fig. 1

Voronoi charges, &

Atom TOC#1 TOCH#1-Li TOC#1-Na TOC#1-Ca TOC#2 TOC#2-Li TOC#2-Na TOC#2-Ca
c2 —0.01 —0.02 —0.03 —0.01 —0.01 —0.03 —0.03 —0.02
C4 0.16 0.14 0.13 0.13 0.17 0.15 0.15 0.15
C5 0.01 —0.03 —0.03 —0.02 —0.01 —0.04 —0.04 —0.04
(6] —0.30 —0.32 —0.36 —0.43 -0.30 -0.37 -0.38 —0.44
Me 0.51 0.72 0.94 0.85 0.87 1.13

are transferred from the Li, Na and Ca atoms to the TOC sheet,
respectively. This means that the TOC sheet prefers to snatch
electrons from the alkali and alkaline-earth metals to form a
more stable state. In the case of TOC#2-Me organometallic
sheets, Me atoms are embedded in the center of the pores due
to their large size (Fig. 1). The changes of the structural para-
meters of TOC#2-Me relative to the metal-free TOC#2 sheet are
almost similar to those in TOC#1-Me (Table 1); the translation
vectors are slightly increased and the oxygen atoms are shifted
towards the metal atom. The distance between the Me atom
and the neighboring oxygen atoms is almost the same for all
TOC#2-Me organometallic sheets and equals to ~3 A. In this
type of organometallic sheets, more electrons are transferred
from the Me atom to the TOC#2 polymer. The Voronoi analysis
indicates that the positive charges on the Li, Na and Ca atoms
are equal to 0.85, 0.87 and 1.13 €&, respectively.

To compare the energetic stability of the organometallic
sheets, the binding energies (Eping) were calculated with the
corresponding values of —3.02, —1.71, —1.29, —2.14, —1.96 and
—1.34 eV for TOC#1-Li, TOC#1-Na, TOC#1-Ca, TOCH2-Li,
TOC#2-Na and TOC#2-Ca sheets, respectively (Table 1).
Negative binding energies for all the studied organometallic
sheets reveal that their formation is energetically feasible. The
binding energies of TOC decorated by Ca atoms are compar-
able to those reported for Ca deposited on graphene nano-
ribbons (~0.7-1.1 eV).”” The energies found are in the order of
chemical bonding energies.

One can understand that the chemical potential of the
dopant strongly depends on the host material and therefore
that additional calculations of the formation energy with
respect to the metals in their bulk phase is required. The cal-
culated binding energy in the TOC#1-Ca system with respect
to the energy of one Ca atom in the face centered cubic bulk
structure was found to be positive (1.01 eV). This is because a
much higher energy is required to eliminate the Ca atom from
the bulk compared to the energy release upon TOC#1-Ca for-
mation. The formation energies estimated in a similar manner
for TOC#1-Li and TOC#1-Na are —0.06 and 0.43 eV, respect-
ively. However, to have a meaningful reference, we also address
the binding energy in the graphene/Ca system. To calculate
the binding energy of the Ca atom with graphene, we used the
optimized supercell containing 72 carbon atoms. The Ca atom
was placed above a hexagon (which is the most favorable posi-
tion) and then the supercell was relaxed. The binding energy

4802 | Nanoscale, 2021,13, 4799-4811

of the isolated Ca with graphene is found to be negative (—0.38
eV), while it is significantly positive with respect to the energy
of the atom in the bulk phase (1.93 eV). Though the formation
energy of Ca with graphene is almost twice more positive com-
pared to TOC#1-Ca, obviously such materials can be produced
experimentally.”®”® The stability of Ca-decorated carbon nano-
structures has also been confirmed theoretically with high-
level approaches®® and the binding energies found are close to
those found in our calculations. Actually, the atomization
energy of the bulk Ca is positive and much higher by absolute
value than the complexing energy of the Ca atom and the TOC
sheet. It means that if we start from the bulk Ca as a source of
Ca atoms, we need to apply some energy to extract the Ca atom
from the metal lattice and then the Ca atom forms the TOC-
Ca complex, accompanied by an energy release. The complex
is not metastable in itself, while some energy should be
applied during the real synthesis procedure in order to get free
Ca atoms (it could be evaporation of the bulk Ca or the electro-
chemical reduction of Ca** ions). Therefore, we believe that
the formation energy with respect to bulk metals cannot be a
true indicator of practical realization. This is the significant
evidence of the possibility of experimental realization of the
proposed nanomaterials. One should also admit, as diamond
can be formed from graphite, that some metastable materials
also can be realized under specific conditions.

The binding energies of organometallic sheets with s-block
metals depend on the nanopore size and metal radius. The
small radius of the Li atom allows it to be closer to the TOC#1
plane, something that leads to a stronger interaction between
the Li atom and the TOC#1 polymer than between Na/Ca and
TOC#1. The larger pore size of the TOC#2 structure facilitates
the atom localization in the plane of the polymer, resulting in
a stronger interaction between Na/Ca and the polymer com-
pared to those in TOC#1-Na and TOC#1-Ca. Thus, TOC#2-Na
and TOC#2-Ca sheets are more energetically stable than
TOC#1-Na and TOC#1-Ca. In the case of the TOCH2-Li
polymer, the large distances between the Li and O atoms and
the small radius of the Li atom reduce the mutual interaction
of the counterparts compared to that in TOC#1-Li.

To study how the modification affects the electronic pro-
perties of the TOC sheets, the densities of states (DOS) and the
corresponding electronic band structures were calculated and
plotted in Fig. 2 and 3, respectively. The metal-free TOC#1
polymer exhibits nonmagnetic semiconducting properties with

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Total and partial densities of states (TDOS and PDOS) of Me-tetraoxa[8]circulene organometallic porous sheets: TOC#1-Me and TOC#2-Me,

where Me = (a, d) Li, (b, ) Na and (c, f) Ca, and DOS of metal-free tetraoxal

a band gap width of 0.96 eV. The band gap found is close to
the recently reported data calculated within the plane-wave
basis set’ and the same level of theory (0.87 eV). The modifi-
cation of TOC#1 by s-block metals leads to the emergence of
metallic character caused by charge transfer from the metal
atom to the circulene sheet. Decoration by Li and Na atoms
has a similar effect on the electronic structure of TOC (Fig. 2(a
and b) and 3(a and b)). Compared to the bare TOC, the vacant
and occupied states are shifted by 1.52 and by 1.36 eV to lower
energies for TOC#1-Li and TOC#1-Na systems, respectively,
without the direct contribution of the Li and Na states in the
vicinity of the Fermi level. However, both of them affect the
vacant states and have contributions starting from 2.13 eV (Li)
and 0.80 eV (Na) that coincide with the recent data on Li inter-
calation to the carbon nanostructures.®*

States at the Fermi level are formed by C-p, and O-p, orbi-
tals, which are shifted down inducing semiconductor-metal
transition after accepting the charge transferred from the

This journal is © The Royal Society of Chemistry 2021

8]circulene porous sheets (TOC, grey). The Fermi level corresponds to 0 eV.

s-metal. The top valence band crosses the Fermi level in the X-
M interval and at the I" point (Fig. 3(a and b)), forming quite a
large amount of electron density in the vicinity of the Fermi
level that should result in enhanced conductivity. Doping of
TOC#1 by Ca atoms (TOC#1-Ca) induces the shift of electronic
states by 1.44 eV to lower energies as compared to the metal-
free polymer (Fig. 2(c)). An interesting fact in this case is that
the electron density at the Fermi level is represented not only
by C-p, and O-p, states, but also by Ca states simultaneously,
greatly enhancing the states of the circulene sheet due to the
larger amount of transferred charge (Table 2). As in the Li and
Na doped TOC#1, the shifted conduction band crosses the
Fermi level in the X-M interval and at the I" point (Fig. 3(c)),
forming the metallic features. However, the additional band
caused by Ca doping locates exactly at the Fermi level, demon-
strating a flat distribution along the k-vector (Fig. 3(c) and
Fig. S1 and S2 in the ESIf) like the bands formed in the
twisted bilayer graphene®*® and the doped graphene.’®*%%”

Nanoscale, 2021,13, 4799-4811 | 4803
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Fig. 3 Band structures of Me—tetraoxal8]circulene organometallic porous sheets (TOC#1-Me and TOC#2—-Me where Me = (a, d) Li, (b, ) Na and
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The presence of these flat bands at the Fermi level is caused by
the formation of covalent bonds between Ca and the TOC
monolayer with its following electron doping that should
result in great enhancement of conductivity and that could
induce a superconducting state in the tetraoxa[8]circulene
polymer. Many theoretical reports reveal a phonon-mediated
scenario of superconductivity in Ca-doped carbon
materials,**°° where the perpendicular C lattice vibrations
couple with the parallel Ca vibrations.

Next, we calculated the superconducting properties employ-
ing the PW, Phonon and EPW codes as implemented in the
Quantum-ESPRESSO package. The calculated equilibrium
lattice constant, a = 8.459 A, is in excellent agreement with the
previous calculation. Though the densities of states (Fig. S37)
demonstrate a slightly different distribution caused by the
different basis type used, the main peaks are located at similar
energies. One can clearly see a similar large peak located at
the vicinity of the Fermi level. The temperature of the tran-
sition to the superconducting state (7¢) can be estimated by
the approximation of the Eliashberg equation using the
McMillan formula®' as modified by Allen and Dynes:**

1.2

1.04(1
Tc=w10gexp( 04(1 +4) )

A —pc(1+0.622)
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where 4 is the effective Coulomb parameter and 1 and wjg
are defined as:

=2 J aZFCEw) dw (3)
and
oros = exp 3 | 1w tn(o)| (a)

Fig. 4 shows the Eliashberg spectral function, o’F(w), and
the cumulative total electron-phonon coupling (EPC), A(w).
One can see that the major part of the coupling recieves contri-
butins from the low-energy modes, while the contribution
from other branches is negligible. The calculated total e-p
coupling, A(w), is 1.1. Such a large value of 1 is likely to be
assigned to the high density of states at the vicinity of the
Fermi level where Ca provides the main contribution from
both s and p, orbitals. We used the Interactive phonon visuali-
zer® to analyse the vibrational properties. One can clearly see
that the main contribution to EPC is below 30 meV, where 4(w)
reaches about 75% of the total coupling strength associated
with the Ca, and Ca,, vibrations at ~8 meV and ~20-30 meV,
respectively, coupled with the out-of-plane collective vibrations
of the tetraene core and vibrations of oxygen.

This journal is © The Royal Society of Chemistry 2021
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Another significant contribution, approximately 10% of the
EPC, origins from the in-plane C,, vibrations in the range of
170-190 meV. Using the typical empirical value of s = 0.1, the
critical temperature, T, is 14.5 K. This value is within the
range of typical carbon based superconducting materials.>'>*

It has been demonstrated that the diffusion barriers of
s-block metals between 5, 6, and 8 coordinated carbon rings
amount up to 0.8 eV (ref. 94 and 95), while the binding ener-
gies listed in Table 1 are considerably lower (~from —1.3 to
—3.0 eV), which clearly show that the pores are global energy
minimum positions. For instance, if an initially deposited
s-block metal atom drops at a 5, 6, or 8 carbon ring of TOC it
is expected to migrate to the pore position and can be trapped
there by the covalent bonds, therefore, filling those sites. If an
atom will be initially placed at a pore site, its escape would be
hampered inhibiting segregation. Moreover, the use of
modern techniques like the atomic layer deposition method®®
allows a precise control of the atomic concentration up to the
submonolayer level and the speed of deposition, providing iso-
lated single atoms to be deposited onto the substrate surface
and preventing their segregation. While hard doping is usually
required to induce superconducting behaviour in molecular
structures, the present polymers require only one Ca atom per
monomer to induce a high density of states in the vicinity of
the Fermi level and superconducting properties. In contrast to
traditional 2D materials like graphene, TOC monolayers can
strongly adsorb s-metals in pores, therefore effectively creating
a stable composite.

The doped TOC#2-Me sheets reveal metallic features in con-
trast to the semimetallic metal-free TOC#2, which was high-
lighted as a candidate of the spin-orbit coupling induced topolo-
gical materials with the gap of ~87 meV.® However, in contrast
to TOC#1-Me, the DOS of circulene at the Fermi level is reduced
compared to those in the metal-free TOC#2 polymer (Fig. 2(d, e
and f)) due to the shift of the energy levels to the lower energy
region. It was determined that O-p, states are not represented at
the Fermi level. Similar to TOC#1, Ca-doped TOC#2 reveals sig-
nificantly enhanced DOS at the Fermi level. The increase in
density results from the doping-induced conduction band

This journal is © The Royal Society of Chemistry 2021
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minimum (CBM) splitting and the formation of new states in
the vicinity of the Fermi level. The bands of TOC#2-Me systems
cross the Fermi level in the vicinity of the X-M-I" intervals. In
general, for TOC#2-Me we reveal similar features to TOC#1-Me
with the exception of the Me position, which tends to occupy an
in-plane state due to the larger pore size.

Next, we performed molecular structure simulations at the
B3LYP/6-31+G(d) level of theory to elucidate how intercalation
affects the energy level positions in the tetraoxa[8]circulene
monolayers. The used oligomer models composed of 4 TOC
monomers were terminated with hydrogen atoms as if they are
in the original TOC molecules. The LUMO state of the bare
TOC in these complexes acts as an electron acceptor. The
HOMO level in the metal-free TOC#1 changes to HOMO-1
upon doping while keeping almost the same energy.
Intercalation of Li and Na into the TOC lattices leads to split-
ting of the LUMO into a single occupied molecular orbital
(SOMO) and single unoccupied molecular orbital (SUMO) with
a gap of 0.58 eV between them. The SOMO wavefunction is
similar to the LUMO one of the metal-free molecule. The
adsorption of Ca atoms leads to a LUMO splitting by two
states: HOMO and LUMO having the same nodes but a
different sign of the wavefunction with the main contribution
from the Ca s-states. The newly formed HOMO-LUMO gap
becomes much smaller and equal to 0.64 eV. In contrast, there
are no contributions from s' metals to the HOMO and LUMO
levels. The unoccupied LUMO+1 states preserve the doubly
degenerate pattern as in the metal-free TOC (Fig. 5). Since
both models (polymer and oligomer) exhibit similar TOC-Me
distances and charge transfer, we believe that the results
obtained are mutually transferable. We also should note that
in the discussed 2D polymers the band gaps vanish because of
the quantum confinement effect. At the same time, one can
clearly observe the new band caused by Ca doping and great
enhancement in the density of states at the Fermi level of
TOC-Ca (Fig. 2¢ and f), which should lead to much better con-
ductivity and to the emergence of a superconducting state.

To explore the bonding features of the TOC-Me structures,
Bader’s electron density distribution analysis was performed
within the Quantum Theory of Atoms In Molecules (QTAIM)
approach. The graph structure of the TOC#1-Me complexes and
the most important electronic characteristics of the coordi-
nation Me-O bonds and non-covalent interactions are presented
in Fig. 6 and Table 3, respectively. One can see that for all the
considered cases (Me = Li, Na, Ca), the Me-O bonds can be
assigned to the closed-shell type interactions in terms of
Bader’s classification (electron density Laplacian in the bond
critical point V2p(r) > 0 as well as the electron energy density
he(r) > 0 (he(r) = g(r) + 1(r)), meaning a predominant localization
of the electron density in atomic basins and domination of the
kinetic energy density, g(r), over the potential energy density,
(r). Indeed, the delocalization indices (DI) for the Me-O bonds
are quite small (0.06, 0.08 and 0.14 for Li-O, Na-O and Ca-O
bonds, respectively), and they expectedly increase in the order
Li, Na, Ca, implying an increase in the covalence degree with an
increase in the metal atom size. The ellipticity parameter (&) of

Nanoscale, 2021,13, 4799-4811 | 4805
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Fig. 5 Energy molecular orbital diagram of tetraoxa[8]circulene doped by s-metals. “H" and “L" denote HOMO and LUMO terms, respectively; the

numbers correspond to orbital energies (in eV).

Fig. 6 General graph structure (top view) of TOC#1-Me (Me = Li, Na,
Ca) complexes obtained within Bader's QTAIM analysis. Green and red
dots correspond to the bond (BCP) and ring (RCP) critical points of
(3,-1) and (3,+1) type. Light-grey lines represent the RCP-to-BCP paths,
dashed lines represent the weak non-covalent O---O and O'---O’ inter-
actions, and other bonds are represented as solid lines. In the case of
TOC#1-Na and TOC#1-Ca complexes, metal atoms are placed above
the TOC ligand, while the TOC#1-Li complex is planar.
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the Me-O bonds is quite small (less than 0.1), meaning a slight
deviation from the cylindrical bond symmetry as well as the
dynamic stability of these bonds. Indeed, the Me-O bond criti-
cal points (BCP) (3,—1) are placed far from any ring critical
points (RCP) (3,+1) indicating a low probability of RCP-with-BCP
bifurcation upon the vibrational atomic motions. In contrast,
0O---0 and O'---O' interactions are characterized by quite high
ellipticity and a close interposition of RCP-BCP, indicating a
potential dynamic instability.

Due to the charge redistribution, the TOC-Ca sheets can
be good candidates for the construction of computing
nodes of qubits. Alkaline and alkaline-earth metals are of
particular interest toward scalable quantum computing
architectures.’””®® Though the approach proposed in the
above papers to trap neutral atoms is quite challenging to
achieve, there is also the alternative approach based on elec-
tron spin manipulation.'®®'®! One of the key parameters in
the construction of magnetic qubits is the spin coherence
time, which is related to the lifetime of a quantum superpo-
sition of states and which strictly depends on the spin
state. Materials with active centers in the S = 1/2 spin state
have been highlighted as most promising in terms of
spin coherence time, and therefore practical realization of
qubit architecture,'®® due to the reduced spin-phonon
coupling.'®?

As follows from atomic charge calculations (Table 1) for the
TOC#1-Ca complex, a strong charge polarization within the
Ca-O bonds takes place. Actually, one can speculate about a 4s

This journal is © The Royal Society of Chemistry 2021
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Table 3 Selected electronic characteristics of the coordination bonds and non-covalent interactions in the TOC#1-Me (Me = Li, Na, Ca) complexes
obtained from Bader's QTAIM analysis. Bond length (d), the electron density in the bond critical point p(r), Laplacian of the electron density in the
bond critical point Vy(r), the potential energy density in the bond critical point v(r), the electronic energy density in the bond critical point he(r),
bond ellipticity ¢ and the delocalization index parameters DI are presented for the considered interactions

Complex Bond d,A p(r), e A3 V2p(r), e A= Y(r), a.u. he(7), a.u. e DI
TOC#1-Li Li---O 2.038 0.0213 0.1354 —-0.0211 0.0064 0.013 0.06
O---0 2.882 0.0101 0.0364 —0.0083 0.0004 0.768 0.04
o0 2.919 0.0077 0.0308 —0.0066 0.0006 0.395 0.04
TOC#1-Na Na---O 2.270 0.0223 0.1440 —0.0230 0.0065 0.075 0.08
O---0 2.918 0.0090 0.0328 —0.0077 0.0003 0.327 0.04
o0 2.923 0.0077 0.0306 —0.0065 0.0005 0.405 0.04
TOC#1-Ca Ca---O 2.478 0.0261 0.1284 —0.0251 0.0035 0.095 0.14
O---0 2.908 0.0097 0.0339 —0.0081 0.0002 1.121 0.04
o0 2.924 0.0077 0.0306 —0.0065 0.0006 0.417 0.04

electron transfer from the Ca atom to the TOC ligand upon
complexation. Since only one electron transfers from the Ca
atom to the TOC sheet, one can also predict the appearance
of spin-polarization in this system. Therefore, a unique situ-
ation can be realized: the complexation of a TOC ligand,
which is a closed-shell singlet (CSS) ground electronic state,
with a Ca atom, which is also a CSS ground electronic state,
may lead to a spin-polarized open-sell singlet (OSS) state of
theTOC#1-Ca complex (Fig. 7), i.e. the entire spin state of the
complex is singlet, while the Ca atom and TOC ligand both
are doublets. Such a state is promising for obtaining building
blocks for logical processes in quantum technology. The
doublet spin state is characterized by a long spin coherence
time and could therefore be of interest for applications in
quantum information processing. Thus, the proved S = 1/
2 ground state of Ca implemented in TOC could make TOC-
Ca monolayers attractive materials for quantum computing
purposes.

In order to prove our idea, we carried out broken symmetry
(BS) DFT and CASSCF simulations to reveal the true ground
state of Ca-intercalated TOC. A CASSCF calculation involving
10 electrons in 10 orbitals and an effective Hamiltonian in a
multi-configuration quasi-degenerate second-order pertur-
bation theory (XMC-QDPT2) confirms this assumption (Fig. 7).
The result shows that the ground electronic state is a singlet

with an open shell with the contribution of two determinants
(0.6 and 0.4 CI coefficients). The broken symmetry approxi-
mation at the UB3LYP/6-31+G(d,p) level with the consideration
of GD3 empirical dispersion correction also confirms the
open-shell singlet state is the ground state of the studied
complex, while the closed-shell singlet state wavefunction
demonstrates the Restricted to Unrestricted Hartree-Fock
(RHF-UHF) instability.

It is found that the open-shell singlet state is of multi-con-
figurational nature, while the current DFT methods coupled
with the PBC model do not allow one to carry out such kind of
calculations and therefore to reveal a true spin state. It should
be also noted that the transferred spin spreads on the infinite
organic part in the PBC approximation and that we did not
find any sizable spin-polarization there, while the Ca atoms in
the spin-polarized calculations reveal a minor magnetic
moment of ~0.03 pB. Therefore, the infinite organic part has
no spin polarization and can so be considered as only elec-
tron-doped. Generally, magnetism is harmful for superconduc-
tivity and superconductors expel the magnetic field. However,
magnetic impurities can interact with superconductors indu-
cing Yu-Shiba-Rusinov (YSR) states.''% The existence of
superconducting states in superconductor/ferromagnet hetero-
structures has also been recently experimentally confirmed in
terms of topological superconductivity.'*®*”

L (CSS)

2(LY4(Ca*) = "[CaL](0SS)

Fig. 7 Schematic representation of open-shell singlet formation, where Ca and the ligand are in a doublet state.
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In the case of molecular magnets having the desired spin
state, it is necessary to couple them to the superconducting
resonator in a precise well-ordered manner, which is also a
challenging task. However, the present TOC-Ca material pos-
sesses intrinsic superconducting properties along with the S =
1/2 spin state of Ca simultaneously, which, therefore, makes
this material a promising platform for quantum information
processing. Though the doping-induced superconducting
states have been widely proved in carbon-based superlattices,
this work is probably the first report of superconductivity in
Ca-doped molecular-based polymer structures and 2D covalent
organic frameworks. We expect that superconductivity may be
realized in other COFs through the doping mechanism.

Conclusions

In this work the structure and properties of the new organo-
metallic porous sheets formed by 2D TOC polymers and alkali
(Li, Na) or alkaline-earth (Ca) metals have been studied using
first-principles methods. Two types of TOC polymers with
different fusing of the TOC moieties were considered to design
the TOC-Me sheets. The results show that the localization of
metal atoms depends on the pore size: polymers with larger
pores (TOC#2) promote the in-plane localization of the metal
atoms, while the metal atoms are located above the plane in
TOCH#1. Voronoi charges indicate that the TOC polymers accept
electrons from the alkali and alkaline-earth metals to form a
more stable state. All organometallic structures are energetically
stable. It was revealed that Me atoms have a significant influ-
ence on the TOC polymers, resulting in changes in the elec-
tronic structure from semiconductor to metallic. Using CASSCF
calculations of a model of the TOC-Ca polymer, we determined
a unique open-shell singlet ground state formed by two closed-
shell singlets. Both the ligand and the Ca atom becomes a
doublet, which is favorable for the construction of quantum
nodes consisting of magnetic active centers with S = 1/2 as
qubits. We found superconducting behaviour in the TOC-Ca
polymers with T = 14.5 K. Therefore, this material could be an
ideal platform for quantum information processing. The idea of
the possibility to use the proposed materials as a platform for
quantum qubits is additionally supported by the recent experi-
mental observations of an ultralong spin lifetime in light alkali
atom doped graphene.'®®
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