
1

Electronic Supplementary Information

Single-layer Polymeric Tetraoxa[8]circulene Modified by s-Metals: Toward 
Stable Spin Qubits and Novel Superconductors

Lyudmila V. Begunovicha, Artem V. Kuklina,b,*, Gleb V. Baryshnikov,b,c, Rashid R. Valiev,d,e and Hans Ågrenb,f

a. International Research Center of Spectroscopy and Quantum Chemistry (IRC SQC), Siberian Federal University, 79 
Svobodny pr., 660041 Krasnoyarsk, Russia

b. Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden
c. Department of Chemistry and Nanomaterials Science, Bohdan Khmelnytsky National University, 18031, Cherkasy, 

Ukraine.
d. Research School of Chemistry & Applied Biomedical Sciences, National Research Tomsk Polytechnic University, Lenin 

Avenue 30, Tomsk 634050, Russia.
e. Department of Chemistry, Faculty of Science, University of Helsinki, FIN-00014, Helsinki, Finland
f. College of Chemistry and Chemical Engineering, Henan University, Kaifeng, Henan 475004, P.R. China
* E-mail: artem.icm@gmail.com

Table S1: The optimized Cartesian coordinates of the TOC#1-Li in the ground state calculated at the PBE level of theory. 
Lattice parameter a=b=8.416 Å.

Coordinates (Angstroms)Atom 
type X Y Z
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
O
O
O
O

8.34862703
7
8.34862703
7
3.40145752
8
4.88018035
6
3.42855626
4
4.85299734
8
5.85631725
2
2.42523636
1
4.85299734
8
3.42855626
4
2.42523636
1
5.85631725
2

4.88043266
9
3.40162581
9
8.34887934
9
8.34887934
9
2.42548892
4
5.85656956
4
3.42880857
7
4.85325016
2
2.42548892
4
5.85656956
4
3.42880857
7
4.85325016
2

0.00315573
8

0.00315573
8

0.00343057
6

0.00343057
6

0.00013660
1

0.00013660
1

0.00013660
1

0.00000000
0

0.00013660
1

0.00013660
1

0.00000000
0

0.00013660
1
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Li 2.77768597
2
5.50395191
2
7.09266783
2
1.18897005
2
5.50395191
2
2.77768597
2
1.18888590
6
7.09266783
2
1.38269945
9
6.89893817
4
1.38269945
9
6.89893817
4
8.34887934
9

1.18913834
4
7.09292014
4
2.77793828
4
5.50420422
4
1.18922261
5
7.09292014
4
2.77785426
4
5.50412045
4
6.89919098
8
1.38295202
2
1.38286787
6
6.89919098
8
8.34887934
9

0.00164657
8

0.00164657
8

0.00137174
0

0.00137174
0

0.00164657
8

0.00150915
9

0.00137174
0

0.00150915
9

0.00082288
0

0.00082288
0

0.00082288
0

0.00082288
0

0.18924446
3

Table S2: The optimized Cartesian coordinates of the TOC#1-Na in the ground state calculated at the PBE level of theory. 
Lattice parameter a=b=8.429 Å.

Coordinates (Angstroms)Atom 
type X Y Z
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

0.00134865
6
0.00134865
6
3.47573939
1
4.95588929
3
3.50540992
4
4.92630316
6
5.92928181
3
2.50243127
6
4.92638757
1
3.50524136
4

4.95336064
5
3.47321074
4
8.42775155
9
8.42775155
9
2.49981822
3
5.92658435
5
3.50271246
6
4.92385892
4
2.49981822
3
5.92666876
1

0,02703303
1
0,02685012
9
0,02703303
1
0,02703303
1
0,00018290
2
0,00036525
9
0,00000000
0
0,00054816
1
0,00000000
0
0,00054816
1
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O
O
O
O
Na

2.50251543
0
5.92919740
8
2.85620047
6
5.57542845
9
7.16642082
9
1.26529226
0
5.57551236
2
2.85603191
7
1.26546082
0
7.16633642
4
1.46910785
7
6.96243642
1
1.46936069
7
6.96226811
3
0.00008429
1

3.50279687
1
4.92369011
3
1.26276348
7
7.16363946
8
2.85358742
4
5.57306812
0
1.26267920
7
7.16380777
7
2.85367182
9
5.57289930
9
6.95999218
0
1.46666336
4
1.46674764
4
6.95973946
6
8.42901563
1

0,00036525
9
0,00018290
2
0,01771754
7
0,01789990
5
0,01735228
7
0,01808280
7
0,01735228
7
0,01808280
7
0,01789990
5
0,01771754
7
0,02885933
0
0,02794590
8
0,02849407
0
0,02849407
0
0,95034870
5

Table S3: The optimized Cartesian coordinates of the TOC#1-Ca in the ground state calculated at the PBE level of theory. 
Lattice parameter a=b=8.457 Å.

Coordinates (Angstroms)Atom 
type X Y Z
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

0.00000000
0
0.00000000
0
3.48982218
8
4.96727772
7
3.51637750
3
4.94080684
6
5.94931600
7
2.50778390
8

4.96736241
3
3.48990687
4
0.00008457
1
0.00008457
1
2.50786834
2
5.94940069
2
3.51637750
3
4.94080684
6

1.64503118
7

1.64503118
7

1.64503118
7

1.64503118
7

1.67298006
9

1.67298006
9

1.67298006
9

1.67298006
9
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C
C
C
C
O
O
O
O
Ca

4.94080684
6
3.51637750
3
2.50778390
8
5.94931600
7
2.86382766
6
5.59335668
2
7.19191752
2
1.26518214
0
5.59335668
2
2.86382766
6
1.26518214
0
7.19191752
2
1.46079485
8
6.99638949
0
1.46079485
8
6.99638949
0
0.00008457
1

2.50786834
2
5.94940069
2
3.51637750
3
4.94080684
6
1.26518214
0
7.19200220
8
2.86382766
6
5.59335668
2
1.26518214
0
7.19200220
8
2.86382766
6
5.59335668
2
6.99638949
0
1.46079485
8
1.46079485
8
6.99638949
0
0.00008457
1

1.67298006
9

1.67298006
9

1.67298006
9

1.67298006
9

1.65678553
5

1.65678553
5

1.65678553
5

1.65678553
5

1.65678553
5

1.65678553
5

1.65678553
5

1.65678553
5

1.65574087
7

1.65574087
7

1.65574087
7

1.65574087
7

0.00000000
0

Table S4: The optimized Cartesian coordinates of the TOC#2-Li in the ground state calculated at the PBE level of theory. 
Lattice parameter a=b=9.762 Å.

Coordinates (Angstroms)Atom 
type X Y Z
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

0.73152687
1
9.02997327
0
4.15361591
3
5.60788444
6
9.02997327
0
0.73152687
1

5.60788444
6
4.15361591
3
0.73152687
1
9.02997327
0
5.60788444
6
4.15361591
3

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
O 
O 
O 
O 
Li

5.60788444
6
4.15361591
3
4.17304149
6
5.58845886
2
6.59652894
8
3.16497111
9
5.58845886
2
4.17304149
6
3.16497111
9
6.59652894
8
3.48163425
7
6.27986581
1
7.84668426
8
1.91481594
5
6.27986581
1
3.48163425
7
1.91481594
5
7.84668426
8
2.09442753
7
7.66707311
2
2.09442753
7
7.66707311
2
0.00000000
0

0.73152687
1
9.02997327
0
3.16497111
9
6.59652894
8
4.17304149
6
5.58845886
2
3.16497111
9
6.59652894
8
4.17304149
6
5.58845886
2
1.91481594
5
7.84668426
8
3.48163425
7
6.27986581
1
1.91481594
5
7.84668426
8
3.48163425
7
6.27986581
1
7.66707311
2
2.09442753
7
2.09442753
7
7.66707311
2
0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

Table S5: The optimized Cartesian coordinates of the TOC#2-Na in the ground state calculated at the PBE level of theory. 
Lattice parameter a=b=9.765 Å.

Coordinates (Angstroms)Atom 
type X Y Z
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
O 
O 
O 
O 
Na

0.73208950
6
9.03300994
6
4.15553823
8
5.60956157
9
9.03300994
6
0.73208950
6
5.60956157
9
4.15553823
8
4.17497069
3
5.59012883
3
6.59827783
6
3.16682168
9
5.59012883
3
4.17497069
3
3.16682168
9
6.59827783
6
3.48399213
6
6.28110738
9
7.84850354
9
1.91659612
2
6.28110738
9
3.48399213
6
1.91659612
2
7.84850354
9
2.09695740
6
7.66814226

5.60956157
9
4.15553823
8
0.73208950
6
9.03300994
6
5.60956157
9
4.15553823
8
0.73208950
6
9.03300994
6
3.16682168
9
6.59827783
6
4.17497069
3
5.59012883
3
3.16682168
9
6.59827783
6
4.17497069
3
5.59012883
3
1.91659612
2
7.84850354
9
3.48399213
6
6.28110738
9
1.91659612
2
7.84850354
9
3.48399213
6
6.28110738
9
7.66814226
5
2.09695740

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
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5
2.09695740
6
7.66814226
5
0.00000000
0

6
2.09695740
6
7.66814226
5
0.00000000
0

0
0.00000000

0
0.00000000

0
0.00241645

6

Table S6: The optimized Cartesian coordinates of the TOC#2-Ca in the ground state calculated at the PBE level of theory. 
Lattice parameter a=b=9.748 Å.

Coordinates (Angstroms)Atom 
type X Y Z
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
O 
O 
O 
O 
Ca

0.72888039
6
9.01941949
4
4.14721909
7
5.60108050
2
9.01941949
4
0.72888039
6
5.60108050
2
4.14721909
7
4.16652079
5
5.58177880
4
6.58848564
7
3.15981395
1
5.58177880
4
4.16652079
5
3.15981395
1
6.58848564
7
3.47799825
8
6.27030134
0
7.83821760
3
1.91008185

5.60108050
2
4.14721909
7
0.72888039
6
9.01941949
4
5.60108050
2
4.14721909
7
0.72888039
6
9.01941949
4
3.15981395
1
6.58848564
7
4.16652079
5
5.58177880
4
3.15981395
1
6.58848564
7
4.16652079
5
5.58177880
4
1.91008185
1
7.83821760
3
3.47799825
8
6.27030134

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
0

0.00000000
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1
6.27030134
0
3.47799825
8
1.91008185
1
7.83821760
3
2.08740338
6
7.66089635
8
2.08740338
6
7.66089635
8
0.00000000
0

0
1.91008185
1
7.83821760
3
3.47799825
8
6.27030134
0
7.66089635
8
2.08740338
6
2.08740338
6
7.66089635
8
0.00000000
0

0
0.00000000

0
0.00000000

0
0.00000000

0
0.00000000

0
0.00000000

0
0.00000000

0
0.00000000

0
0.00000000

0
0.00000000

0

Figure S1. Band structure of the Ca-tetraoxa[8]circulene porous sheet (TOC#1-Ca) with Ca 4s and 3p contributions  
coloured  in red and blue colors and the sum of all C and O orbital contributions is coloured green. The circle’s 
radius is proportional to the spectral weight. For better visualization the radii of the red and bluer circles are 
multiplied by 0.02, the radius of green circles are multiplied by 0.005. The Fermi level corresponds to 0 eV.

Figure S2. Partial density of states (PDOS) of the Ca-tetraoxa[8]circulene porous sheet (TOC#1-Ca). The Fermi level 
corresponds to 0 eV.
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Figure S3. Total density of states (TDOS) of the Ca-tetraoxa[8]circulene porous sheet (TOC#1-Ca), calculated using plane-
wave (VASP1 and Quantum Espresso2,3) and linear combination of pseudoatomic orbital4 (OpenMX5) based codes. 
The Fermi level corresponds to 0 eV. All calculations were carried out within the Perdew–Burke–Ernzerhof 
generalized gradient approximation (PBE)6 with the Grimme’s D3 empirical dispersion correction7,8. The criteria for 

the total energy minimization and interatomic forces were set to  Hartree and  Hartree/Borh, 1 ∙ 10 ‒ 7 1 ∙ 10 ‒ 5

respectively. The cutoff energy was equal to 40 Ry. The pseudo-atomic orbital basis set 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, 5.0 a.u. for C and O were 
used in OpenMX. We used the pseudopotentials C.pbe-n-kjpaw_psl.1.0.0.UPF, O.pbe-n-kjpaw_psl.1.0.0.UPF and 
Ca.pbe-spn-kjpaw_psl.1.0.0.UPF from http://www.quantum-espresso.org in Quantum Espresso and norm-
conserving pseudopotentials9–13 in OpenMX. The first Brillouin zone was sampled on a grid of 10×10×1 k-points 
generated according to the Monkhorst-Pack method14. We applied vacuum region of at least 15 Å along the z-
direction to avoid interactions between neighboring images in periodic boundary conditions.
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Figure S4. Spatial distribution of electron density in Me-tetraoxa[8]circulene organometallic porous sheets (TOC-Me, where 
Me = Li, Na and Ca) with two types of fusing between tetraoxa[8]circulene moieties. Isosurface level is 0.1 Bohr 
radius.
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Figure S5. Charge density difference induced by the interaction between the TOC#1 porous sheet and Ca atoms. Top and 
bottom views of TOC#1-Ca are presented at (a) and (b) figures, respectively. Difference charge density is calculated 
as the difference in charge densities between TOC#1-Ca and superposition of charge densities of free-standing 
fragments, located at the same positions as in the organometallic sheet. Blue and yellow colors represent electron-

deficient and electron-excess areas, respectively. Isosurface level is  Bohr radius.5.0 ∙ 10 ‒ 5

Figure S6. Spin density map of TOC#1-Ca.
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