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High spin polarization (SP) in studies of chiral induced spin selectivity (CISS) is only observed when chiral
molecules are properly organized. This is generally achieved by using anchoring groups or complex
supramolecular polymers. A new class of spin filters based on bowl-shaped aromatics is reported, which
form high-quality thin-films by simply spin-coating and displaying high spin filtering properties. In
particular, we fabricate devices containing enantiopure tribromo-subphthalocyanines (SubPcs), and
measure the CISS effect by means of magnetic conductive probe atomic force microscopy (mc-AFM).

Circular dichroism and AFM experiments reveal that the resulting thin-film presents a well-ordered chiral
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Accepted 15th March 2023 structure. Remarkably, the resulting devices show SPs as high as ca. 50%, which are comparable to those
obtained by using the current complex methodologies. These results boost the potential of bowl-shaped
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aromatics as easily processable spin filters, opening new frontiers toward realistic and efficient spintronic

rsc.li/chemical-science devices based on the CISS effect.
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Introduction

Spintronics, the combination of spin properties with electronics,
is an attractive approach due to its potential in reducing noise and
energy consumption in transferring and manipulating informa-
tion." In recent years, it has been widely demonstrated that certain
chiral organic molecules are able to produce spin polarized
currents when electrons flow through them. In other words, chiral
molecules can serve as spin filters. This fascinating property is
known as chirality-induced spin selectivity (CISS) and, in a matter
of few years, has become a hot topic because of its ability to
produce large spin polarizations (SPs) even at room
temperature.>* The CISS effect has also found important appli-
cations in many other fields, such as catalysis,” enantio-separa-
tion,® long range electron transfer,” and bio-recognition.®

The CISS effect has been studied by means of numerous
experimental techniques,”™ and has been explored in multiple
systems, including biomolecules (e.g:,, DNA, peptides, and
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proteins),”™” helicenes'®? or chiral polymers.”* Among the most
employed techniques, magnetic conductive probe atomic force
microscopy (mc-AFM) actually holds a privileged position by
virtue of its numerous advantages. As discussed below, mc-AFM
measurements involve the deposition of chiral molecules on
a gold-coated nickel surface (Au/Ni). The way in which the mole-
cules are organized on the Au/Ni surface strongly affects the spin
filtering efficiency. For obtaining reproducible results and in
order to find correlation between molecular properties and spin
filtering, the molecules must be organized in a well-defined way
on the surface. The control of molecular orientation, however, is
far from trivial given the entropy factor that leads to the creation
of disorder in the adsorbed layer. In order to ensure organization,
researchers have followed two main strategies (Fig. 1a and b): (a)
the preparation of self-assembled monolayers (SAMs) employing
chiral molecules equipped with anchoring groups (e.g., -SH or —
OH)****» and (b) the use of flat, -conjugated molecules (e.g.,
porphyrins and polycyclic hydrocarbons) able to self-assemble
into chiral, columnar stacks.”* In the first case, the spin selec-
tivity is measured along the main molecular axis, which is
perpendicular to the substrate plane. By contrast, in method (b)
the polymers lay on the Au/Ni surface and the CISS effect is
measured perpendicular to the main molecular axis. These
methods, although efficient and elegant, present major draw-
backs. On one hand, method (a) requires the post- or pre-synthetic
functionalization of the chiral molecule, which introduces
complexity to the synthesis. Moreover, the number of molecules
compatible with this technique is limited. On the other hand,
method (b) requires a careful design and extensive
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Fig.1 Existing strategies to prepare well-ordered chiral assemblies for
mc-AFM measurements: (a) formation of SAMs. (b) Deposition of
supramolecular polymers. (c) Methodology reported in this work: spin-
coating deposition of bowl-shaped SubPcs (atom's colour code:
carbon in turquoise, nitrogen in blue, hydrogen in white, boron in pink,
chlorine in green and bromine in orange).

characterization of the supramolecular polymer. In addition, the
orientation of such polymers on the surface is problematic since
the surface is not fully covered and measurements depend on the
paths of the electrons. Taking these issues into account, the
search for novel spin filters comprising a correct balance between
easy processability and good performance is an essential step for
bringing the CISS effect to practical devices.

Subphthalocyanines (SubPcs) are a well-known class of organic
semiconductors displaying an unusual bowl-shaped aromatic
skeleton.”*”” Due to their excellent physical, optical, and electronic
properties, as well as their outstanding thin-film morphology in
layered substrates, SubPcs have been skillfully applied in multiple
technologies, including organic and perovskite solar cells (OSCs
and PSCs),**?* OLEDs,** or photodetectors,* just to name a few.
Importantly, when properly functionalized, SubPcs can be chiral,
and the corresponding enantiomers are configurationally stable
and thus manipulable.*** In spite of this, the application of
chiral SubPcs is still virgin territory. Just very recently, we have
observed that enantiopure C;-symmetric SubPcs spontaneously
form well-ordered chiral assemblies on Au(111) surfaces.*® This
finding led us to envisage that thin-films based on enantiopure
SubPcs could meet the organization criteria for efficient spin
selection, without the need for anchoring groups or supramolec-
ular polymerization. Herein we thus study the use of chiral SubPcs
as a new class of easily processable spin filters. To this end, we
fabricate devices where the SubPc is simply deposited by spin-
coating and measure the CISS effect by means of mc-AFM.
Circular dichroism and AFM experiments reveal that the result-
ing thin-film presents a well-ordered chiral structure. Remarkably,
the resulting devices show SPs as high as ca. 50%, which are
comparable to those obtained by using the current complex
methodologies.
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Results and discussion

We selected SubPcBr; enantiomers (M- and P-SubPcBr;; Fig. 2a)
by virtue of their (i) excellent organization in the solid-state and, as
previously mentioned, on Au surfaces and (ii) strong Cotton
effects in circular dichroism (CD), which frequently anticipate an
efficient CISS effect.>* M- and P-SubPcBr; were obtained by means
of chiral HPLC according to our reported procedure, and the
enantiopurity of the eluted compounds was confirmed by in-
solution CD (Fig. 2b). With both enantiomers in hand, we
embarked on the preparation of layered devices for mc-AFM
measurements. It is well-known that high-quality thin-films
based on SuPcs can be prepared by means of multiple tech-
niques.* Thus, given the good solubility of SubPcBr; and the
multiple advantages of solution-processing, we were focused on
spin-coating deposition. After screening several conditions, we
found that toluene solutions of SubPcBr; led to the best results.
The morphology of the resulting thin-films was studied by AFM.
As shown in the top-view AFM images (Fig. 1d and the ESI}), rac-
SubPcBr3, M- and P-SubPc-Br; form smooth and uniform thin-
films, with an excellent substrate covering and no evidence of
any aggregation of the material.

Further insights into the thin-film organization were provided
by solid-state UV-vis absorption spectroscopy (Fig. 2f). Compared
to the UV-vis absorption in solution (Fig. 2c), the SubPc absorp-
tion bands were broadened and red-shifted in the thin-film (10
nm). Moreover, the Q-band exhibits higher quenching compared
to the Soret band. These features point to the formation of
columnar H-type-like aggregates in the solid state.’**

Nevertheless, significant changes in the spectral shape were
not observed, suggesting that the aggregation is not as marked
as, for example, that of their phthalocyanine (Pc) homologues.*
Then, we performed solid-state CD in order to evaluate the
chiral assembly of the spin-coated self-assembled layers. As
shown in Fig. 2e, the thin-films based on M- and P-SubPc-Br;
showed mirror image CD spectra with strong Cotton effects that
range from 200 to 350 nm. These features are in accordance
with those observed in solution. As expected, the racemic
compound (rac-SubPcBr;) showed no CD signal. Based on these
results, we can conclude that M- and P-SubPc-Br; form chiral
self-assemblies on solid substrates which are exactly opposite to
each other.

Next, we explored the CISS effect by mc-AFM. A scheme
representing the mc-AFM setup used in this study is shown in
Fig. 3a. The chiral SubPcs were deposited via spin-coating on
a gold-coated nickel surface (Au/Ni), which was magnetized
perpendicularly to the surface, with the north pole pointing
either up or down. Depending on the direction of the external
magnetic field, the spin of the ejected electrons from the nickel
substrate to the deposited chiral molecular layer varies. The
electric potential was applied so that the AFM tip was at ground,
while the potential on Au/Ni was varied. In this way, the spin
selective electron transport was readily measured and quanti-
fied (i.e., SP) as the relative ratio of currents with the two
different configurations of the magnet (up and down), that is,
[SP= (Iup — Taown)/(Iup + Idown)] X 100.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Molecular structures of P- and M-SubPcBrs. (b) Circular dichroism spectra of enantiopure M-SubPcBrz (blue spectrum) and P-
SubPcBrs (red spectrum) in toluene (concentration = 2 x 107> M). (c) UV-vis absorption spectra of enantiopure M-SubPcBrs (blue spectrum) and
P-SubPcBrs3 (red spectrum) in toluene (concentration = 7 x 10~® M). (d) AFM image of the substrate on which the M-SubPcBrz molecules were
deposited via spin-coating. (e) Solid-state CD spectra measured on quartz substrates of spin-coated enantiopure M-SubPcBrs (blue spectrum),
P-SubPcBr3 (red spectrum) and rac-SubPcBrs, and (f) the absorption spectrum of respective surfaces.

The results obtained from the mc-AFM experiments are
presented in Fig. 3b-e. As shown in the current-voltage curves

average of over 50 individual measurements. The semi log plots
presented in the insets show a nonlinear dependence of the

(I-v; Fig. 3b-d), the current displayed by both M- and P-
SubPcBr; strongly depends on the direction of the magnetiza-
tion of the substrate. Specifically, the M-SubPcBr; enantiomer
exhibits higher currents when the substrate is magnetized with
the magnetic field up. In contrast, in the case of P-SubPcBr; the
current is lower with the same magnetization. Each curve is the

current on the applied potential and a difference in the
threshold for the currents of the electrons with the two-spin
polarization, which is characteristic of chiral systems and
indicates no spin flipping during electron transmissions.** The
racemic compound does not show any spin preferred current,
as shown in Fig. 3c. Therefore, we can conclude that
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Fig. 3 Spin-dependent transport properties measured with mc-AFM. (@) mc-AFM setup in which SubPcBrs is deposited on the ferromagnetic
substrate by spin-coating. (b), (c), and (d) present the averaged current versus voltage (/-V) curves recorded for M-, rac- and P-SubPcBrs,
respectively. The blue line represents the current for the SubPc layer when the magnet north pole is pointing up and red line for the magnet north
pole pointing down with respect to the substrate. (e) Spin polarization percentage (SP%) as a function of applied bias for M-SubPcBr5 (blue) and
P-SubPcBrs (red).
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enantiopure SubPcBr; displays spin-selective charge transport.
Subsequently, we quantified these spin-filtering properties by
calculating the SP percentage. The dependence of SPs on the
applied voltage is shown in Fig. 3e. Remarkably, average SPs as
high as +48 &+ 5% and 45 + 5% were obtained for M- and P-
SubPcBr;, respectively. These values are very high considering
that there are no anchoring groups or supramolecular poly-
merization, which highlights the excellent capability of SubPcs
to self-organize in thin-films. It is important to appreciate that
this value is comparable to those obtained from previously re-
ported - and more complex - methods. For instance, method (a)
(i.e., self-assembled monolayers) leads to SPs in the range of 40-
60%. Notably, in the case of helicenes the spin-coating depo-
sition of derivatives non-functionalized with anchoring groups
produces SPs below 5%. This value, however, rose up to 50%
upon functionalization with thiols and preparation of SAMs. On
the other hand, method (b) (i.e., prior formation of supramo-
lecular polymers) produces SPs between 40% and 85%,
depending on the strategy to achieve the chiral assembly (e.g.,
the use of chiral side chains, chiral solvents, etc.).

Conclusions

In conclusion, we revealed the CISS effect of chiral SubPcs and its
potential for spintronic devices. Although rationally controlling
the organization of chiral molecules is still challenging, our result
indicates that bowl-shaped m-conjugated molecules can form well-
ordered, chiral thin-films with enough quality to serve as efficient
spin filters, without the need of anchoring groups of complex
supramolecular polymerization. We believe that this result will
promote the study of the CISS effect of bowl-shaped aromatics and
paves the way for realistic and efficient spintronic devices based
on the CISS effect.

Author contributions

R. N. and T. T. designed the research. J. L. performed the
synthesis and studied the thin-film formation of chiral SubPcs.
D. K. B. and A. K. performed the device preparation, charac-
terization and mc-AFM experiments. All authors contributed to
the writing and editing of the paper. Overall, J. L., D. K. B. and A.
K. contributed equally to this publication.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

We gratefully acknowledge financial support from the Spanish
MINECO through the Project PID2020-116490GB-100. We also
thank financial support to the Comunidad de Madrid and the
Spanish State through the Recovery, Transformation and Resil-
ience Plan [“Materiales Disruptivos Bidimensionales (2D)”
(MAD2D-CM) (UAM1)-MRR Materiales Avanzados], and the
European Union through the Next Generation EU funds. IMDEA
Nanociencia acknowledges support from the “Severo Ochoa”

4276 | Chem. Sci, 2023, 14, 4273-4277

View Article Online

Edge Article

Programme for Centres of Excellence in R&D (MINECO, Grant
SEV2016-0686). ]J. L. acknowledges MECD, Spain, for a F. P. U.
fellowship. R. N. acknowledges the partial support of the US-
AFSOR Grant FA9550-21-1-0418.

Notes and references

1 B. Dieny, I. L. Prejbeanu, K. Garello, P. Gambardella,
P. Freitas, R. Lehndorff, W. Raberg, U. Ebels,
S. O. Demokritov, ]J. Akerman, A. Deac, P. Pirro,
C. Adelmann, A. Anane, A. V. Chumak, A. Hirohata,
S. Mangin, S. O. Valenzuela, M. C. Onbasli, M. d'Aquino,
G. Prenat, G. Finocchio, L. Lopez-Diaz, R. Chantrell,
O. Chubykalo-Fesenko and P. Bortolotti, Nat. Electron.,
2020, 3, 446-459.

2 K. Ray, S. P. Ananthavel, D. H. Waldeck and R. Naaman,
Science, 1999, 283, 814-816.

3 R. Naaman, Y. Paltiel and D. H. Waldeck, Nat. Rev. Chem.,
2019, 3, 250-260.

4 R. Naaman, Y. Paltiel and D. H. Waldeck, J. Phys. Chem. Lett.,
2020, 11, 3660-3666.

5 R. Naaman, Y. Paltiel and D. H. Waldeck, Acc. Chem. Res.,
2020, 53, 2659-2667.

6 K. Santra, D. Bhowmick, Q. Zhu, T. Bendikov and
R. Naaman, J. Phys. Chem. C, 2021, 125, 17530-17536.

7 G. Bullard, F. Tassinari, C. Ko, A. K. Mondal, R. Wang,
S. Mishra, R. Naaman and M. J. Therien, J. Am. Chem. Soc.,
2019, 141, 14707-14711.

8 K. Michaeli, N. Kantor-Uriel, R. Naaman and D. H. Waldeck,
Chem. Soc. Rev., 2016, 45, 6478-6487.

9 B. Gohler, V. Hamelbeck, T. Z. Markus, M. Kettner,
G. F. Hanne, Z. Vager, R. Naaman and H. Zacharias,
Science, 2011, 331, 894-897.

10 K. Senthil Kumar, N. Kantor-Uriel, S. P. Mathew,
R. Guliamov and R. Naaman, Phys. Chem. Chem. Phys.,
2013, 15, 18357-18362.

11 P. C. Mondal, N. Kantor-Uriel, S. P. Mathew, F. Tassinari,
C. Fontanesi and R. Naaman, Adv. Mater., 2015, 27, 1924—
1927.

12 M. Suda, Y. Thathong, V. Promarak, H. Kojima,
M. Nakamura, T. Shiraogawa, M. Ehara and
H. M. Yamamoto, Nat. Commun., 2019, 10, 2455.

13 K. Kondou, M. Shiga, S. Sakamoto, H. Inuzuka,
A. Nihonyanagi, F. Araoka, M. Kobayashi, S. Miwa,
D. Miyajima and Y. Otani, J. Am. Chem. Soc., 2022, 144,
7302-7307.

14 A. K. Mondal, N. Brown, S. Mishra, P. Makam, D. Wing,
S. Gilead, Y. Wiesenfeld, G. Leitus, L. J. W. Shimon,
R. Carmieli, D. Ehre, G. Kamieniarz, J. Fransson, O. Hod,
L. Kronik, E. Gazit and R. Naaman, ACS Nano, 2020, 14,
16624-16633.

15 ]. M. Abendroth, N. Nakatsuka, M. Ye, D. Kim,
E. E. Fullerton, A. M. Andrews and P. S. Weiss, ACS Nano,
2017, 11, 7516-7526.

16 S. Mishra, S. Pirbadian, A. K. Mondal, M. El-Naggar and
R. Naaman, J. Am. Chem. Soc., 2019, 141, 19198-19202.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc01069d

Open Access Article. Published on 03 April 2023. Downloaded on 6/12/2026 8:12:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

17 A. C. Aragones, E. Medina, M. Ferrer-Huerta, N. Gimeno,
M. Teixido, J. L. Palma, N. Tao, ]J. M. Ugalde, E. Giralt,
1. Diez-Pérez and V. Mujica, Small, 2017, 13, 1602519.

18 V. Kiran, S. P. Mathew, S. R. Cohen, I. Hernandez Delgado,
J. Lacour and R. Naaman, Adv. Mater., 2016, 28, 1957-1962.

19 M. Kettner, V. V. Maslyuk, D. Niirenberg, J. Seibel,
R. Gutierrez, G. Cuniberti, K. Ernst and H. Zacharias, J.
Phys. Chem. Lett., 2018, 9, 2025-2030.

20 R. Rodriguez, C. Naranjo, A. Kumar, P. Matozzo, T. K. Das,
Q. Zhu, N. Vanthuyne, R. Gomez, R. Naaman, L. Sanchez
and J. Crassous, J. Am. Chem. Soc., 2022, 144, 7709-7719.

21 S. Mishra, A. K. Mondal, E. Z. B. Smolinsky, R. Naaman,
K. Maeda, T. Nishimura, T. Taniguchi, T. Yoshida,
K. Takayama and E. Yashima, Angew. Chem., Int. Ed., 2020,
59, 14671-14676.

22 F. Tassinari, D. R. Jayarathna, N. Kantor-Uriel, K. L. Davis,
V. Varade, C. Achim and R. Naaman, Adv. Mater., 2018, 30,
1706423.

23 Q. Zhu, W. Danowski, A. K. Mondal, F. Tassinari, C. L. F. van
Beek, G. H. Heideman, K. Santra, S. R. Cohen, B. L. Feringa
and R. Naaman, Adv. Sci., 2021, 8, 2101773.

24 C. Kulkarni, A. K. Mondal, T. K. Das, G. Grinbom,
F. Tassinari, M. F. ]J. Mabesoone, E. W. Meijer and
R. Naaman, Adv. Mater., 2020, 32, €1904965.

25 A. K. Mondal, M. D. Preuss, M. L. Slgczkowski, T. K. Das,
G. Vantomme, E. W. Meijer and R. Naaman, J. Am. Chem.
Soc., 2021, 143, 7189-7195.

26 C. G. Claessens, D. Gonzalez-Rodriguez, M. S. Rodriguez-
Morgade, A. Medina and T. Torres, Chem. Rev., 2014, 114,
2192-2277.

27 G. Lavarda, J. Labella, M. V. Martinez-Diaz, M. S. Rodriguez-
Morgade, A. Osuka and T. Torres, Chem. Soc. Rev., 2022, 51,
9482-9619.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

28 J. Labella, C. Momblona, P. Culik, E. Lopez-Serrano,
H. Kanda, M. K. Nazeeruddin and T. Torres, Front. Chem.,
2022, 10, 886522.

29 J. Labella, C. Momblona, N. Klipfel, H. Kanda, S. Kinge,
M. K. Nazeeruddin and T. Torres, J. Mater. Chem. C, 2021,
9, 16298-16303.

30 J. Labella, K. Shoyama, D. Guzman, T. Schembri, M. Stolte,
T. Torres and F. Wiirthner, ACS Mater. Lett., 2023, 5, 543-
548.

31 T. Huang, H. Chen, ]J. Feng, A. Zhang, W. Jiang, F. He and
Z. Wang, ACS Mater. Lett., 2019, 1, 404-409.

32 C. Duan, G. Zango, M. Garcia Iglesias, F. J. M. Colberts,
M. M. Wienk, M. V. Martinez-Diaz, R. A. J. Janssen and
T. Torres, Angew. Chem., Int. Ed., 2017, 56, 148-152.

33 G. E. Morse and T. P. Bender, ACS Appl. Mater. Interfaces,
2012, 4, 5055-5068.

34 G. E. Morse, M. G. Helander, J. F. Maka, Z. Lu and
T. P. Bender, ACS Appl. Mater. Interfaces, 2010, 2, 1934-1944.

35 C. Zhang, K. Nakano, M. Nakamura, F. Araoka, K. Tajima
and D. Miyajima, J. Am. Chem. Soc., 2020, 142, 3326-3330.

36 C. G. Claessens and T. Torres, Tetrahedron Lett., 2000, 41,
6361-6365.

37 J. Guilleme, M. J. Mayoral, J. Calbo, ]J. Arago, P. M. Viruela,
E. Orti, T. Torres and D. Gonzalez-Rodriguez, Angew.
Chem., Int. Ed., 2015, 54, 2543-2547.

38 J. Labella, G. Lavarda, L. Hernandez-Lopez, F. Aguilar-
Galindo, S. Diaz-Tendero, J. Lobo-Checa and T. Torres, J.
Am. Chem. Soc., 2022, 144, 16579-16587.

39 Please see Section 2.7 of ref. 27.

40 R. D. George, A. W. Snow, J. S. Shirk and W. R. Barger, J.
Porphyrins Phthalocyanines, 1998, 2, 1-7.

41 D. Nirenberg and H. Zacharias, Phys. Chem. Chem. Phys.,
2019, 21, 3761-3770.

Chem. Sci., 2023, 14, 4273-4277 | 4277


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc01069d

	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d
	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d
	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d
	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d
	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d
	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d
	Easily processable spin filters: exploring the chiral induced spin selectivity of bowl-shaped chiral subphthalocyaninesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3sc01069d


