Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Interrogating the CISS effect in chiral and
paramagnetic organic radicals: the impact of the
molecular spin over the total spin polarizationt

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C,
2024, 12, 11550

c
def

3 paula Mayorga-Burrezo,® Sandra Miguez-Lago,
2 Raul Ramos-Tomas,® Ana Ortufio,” Linda A. Zotti,
*© Jaume Veciana 2 *® and

J. Alejandro De Sousa,
José Catalan-Toledo,
Juan José Palacios,®™ Araceli G. Campafia,
Nuria Crivillers (2 *@

Continuous research on new chiral molecular materials brings new exciting properties to the field of
molecular electronics. The discovery of the chirality-induced spin selectivity (CISS) effect has expanded
the list of applications for chiral structures, opening promising avenues for their exploitation in
molecular spintronics. In this work, the persistent propeller-like organic perchlorotriphenylmethyl (PTM)
radical is investigated as a potential spin filter combining chirality and paramagnetism. In particular, two
different PTM derivatives, mono- and bis-functionalized, with one or two terminal alkyne groups have
been used for the preparation of enantioenriched solid-state assemblies. The analysis of their chiroptical
properties reveals that the functionalization does not play a crucial role in their final conformational
stability and highlights the dissimilarities of the racemization barriers in solution and solid states. Spin-
dependent electrochemical and charge transport measurements of enantioenriched PTM-based self-
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Accepted 17th June 2024 quantum transport calculations show that the most dominant contribution to the spin polarization
would not be CISS-related polarization, but the one intrinsically associated with the radical spin.

Nevertheless, at room temperature this contribution is affected by thermal fluctuations averaging to a
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1. Introduction

Chirality is an intrinsic property of some synthetic molecules,"
biomolecules® and (nano)materials,® determined by the
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spatial arrangement of the atoms in their structures. In this
sense, left- and right-handed mirror images of chiral systems
are non-superimposable, defining their specific activity or
function. Therefore, chirality is widely recognized as an area
of scientific and technological interest with a high impact in
different fields, such as biomedicine, (bio)molecular sensing,
and asymmetric catalysis,” ! and also great potential for new
emerging applications in the molecular electronics and quan-
tum technology fields.">™*

Two main approaches have traditionally been followed to
obtain chiral (nano)materials: (i) transferring the chiral activity
of molecules to achiral structures or materials (such as
nanoparticles,'” quantum dots,>'® nanographenes,'” and nanos-
tructured surfaces through assembled monolayer formation,
both physisorbed or chemisorbed'®>°) and (ii) inducing chiral
conformation using chiral and achiral building blocks to gen-
erate supramolecular chiral materials, like liquids®® or twisted
crystals®® as well as nanofibers.>® Overall, they display appealing
optical, electrochemical and optoelectronic properties, which
can be exploited for instance as templates for efficient enantio-
meric separation and recognition®*® or to modify the charge

This journal is © The Royal Society of Chemistry 2024
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transport in organic-based electronic devices, e.g. the current
density or charge carrier mobility in molecular junctions or in
organic field-effect transistors, respectively.?” It has been proved
that chiral materials have the ability to modulate the charge
transport of spin-polarized electrons through self-assembled
structures, acting as spin filters. This phenomenon was defined
as the chirality-induced spin selectivity (CISS) effect by R. Naa-
man’s group.’®>' CISS is a revolutionary effect in molecular
(spin)electronics,®** having been also used to explain different
phenomena in chiral recognition/separation®*® and spin-
controlled chemical reactions.*”*® To date, several experimental
approaches have been followed to measure the CISS effect in films
and in monolayers: (i) by optical means,**° (ii) charge transport
through chiral materials,”"** (iii) electrochemical experiments*?
and (iv) magnetoresistance and Hall-effect measurements.*’

Persistent organic radicals are very appealing candidates for
molecular electronics and spintronics, which can combine
redox, optical, chiral and magnetic activities.*® Some examples
of organic radicals that combine paramagnetism and chirality
are based on cationic radical bicarbazoles,’” hetero[4]helicene
radical cations,® o-nitronyl nitroxide radicals,"® and trityl based
radicals,*** among which, the perchlorotriphenyl methyl (PTM)
radical derivatives have emerged as promising candidates for
many applications thanks to their persistence and thermo-
chemical stability.>®
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Having a D; symmetry, the PTM radical is obtained as a
racemic mixture of minus (M) and plus (P) enantiomers,
depending on the torsion sense of the three phenyl rings
protecting the odd electron in the central sp> a-carbon.> (P)-
and (M)-atropisomers of PTM derivatives can be isolated using
chiral stationary phase chromatographic methods>>® and
their presence in films prepared by vacuum sublimation has
been previously revealed by STM studies.’” Additionally, some
of us have recently reported the first description of organic free
trityl radicals as intrinsic circularly polarized luminescence
emitters.>*>*

Towards practical applications, the surface deposition of
racemic PTM radical derivatives has been realized on several
substrates (metallic, metal-oxides and carbonaceous) to explore
their multifunctional properties®®® and stability.’ In two-
terminal molecular junctions, it has been demonstrated that
the better level alignment of the SUMO orbital (single-
unoccupied molecular orbital) of PTM derivatives with the
Fermi level of the metallic top-contact electrode largely influ-
ences the charge transport, enhancing the tunneling current up
to two orders of magnitude in comparison with the closed-shell
derivative. This has been observed in different junction config-
urations, either in metal/PTM-based monolayer/metal®*** or in
metal/PTM-based monolayer/semiconductor.®® Nevertheless,
the implications on spin filtering of homochiral PTM radicals

(M)-mPTM (M)-bPTM

2

(P)-mPTM (P)-bPTM

C) SPIN FILTERING EFFECT?
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CHIRAL AND
PARAMAGNETIC
SAM

Permanent
magnet

Scheme 1 Schematic representation of (a) the isolated atropisomers (i.e., plus (P)- or minus (M)-) of the mono- and bis-functionalized PTM radicals,
mPTM and bPTM, respectively. See Scheme S1in the ESIT for further details; (b) steric hindrances of (P)-mPTM and (P)-bPTM in solution and as drop-cast
films, responsible for the differences in their racemization barriers (RB); (c) self-assembled monolayers (SAM) of (P)-bPTM to study the spin-transport.
Both, (M)- and (P)-atropisomers were considered during the experimental measurements reported in this work. Nonetheless, only (P)-derivatives are

depicted in (b) and (c) for the sake of clarity.
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deposited or grafted on surfaces are yet unexplored. To this
end, functionalization with adequate anchoring groups would
be required.

In this work, the chiroptical properties and conformational
stability of two PTM radical derivatives, in solution and solid
states (as drop-cast films), are discussed in terms of their
functionalization. With this aim, PTM radical derivatives having
one (mono-functionalized, mPTM) or two (bis-functionalized,
bPTM) terminal alkyne groups in the form of 4-ethynylstyryl
substituents (Scheme 1) are investigated. The terminal alkyne
groups were selected as they allow the preparation of self-
assembled monolayers (SAMs) on gold substrates through the
formation of a C-Au bond.®®"*® Thus, enantiomerically enriched
paramagnetic SAMs have been prepared and characterized to
interrogate the CISS effect. To this end, spin-dependent electro-
chemical and charge transport measurements of PTM SAMs in
metal/monolayer/metal junctions under a magnetic field have
been carried out for the first time. The lack of spin polarization
found in the experimental results has been rationalized by
density functional theory quantum transport calculations.

2. Results and discussion

2.1. Enantiomeric resolution of chiral PTM radical derivatives

mPTM and bPTM (Scheme 1a and Scheme S1, ESIf) were
synthesized following a previously reported procedure.®* After
a full characterization of the racemic mixtures (see ESI,T Fig.
S1) their enantiomeric resolution was achieved using high-
performance liquid chromatography (HPLC) equipped with
chiral stationary phases (CSP),”’”° yielding enantioenriched
samples (Fig. 1).

Indeed, enantioenriched solutions with an enantiomeric
excess higher than 86% were obtained in both cases (see ESIL,
Fig. S2). Then, after solvent evaporation at low temperature
the enantioenriched products were stored at -20 °C to ensure
their stability, and then they were used for the experiments
described below.

2.2. Chiroptical properties and enantiomerization barriers:
solution vs. solid state

The absolute configurations of the propeller-like enantiomeric
forms of mPTM and bPTM radicals were evaluated by electronic
circular dichroism (ECD). Fig. 2a and b depict the typical ECD
mirror image spectra of (M)- and (P)-enantiomers in toluene of
both radicals. The ECD spectra show two main bands for
mPTM, around 339 nm (Ae = 8.7 M ' em ') and 388 nm
(Ae = 16.8 M™' em™), in line with the characteristic UV-vis
absorption spectra (see Fig. 2c). Similar features at 340 nm (A¢ =
6.0 M~' cm™') and 415 nm (broadband, A¢ = 7.1 M~ " cm™"
appeared in the case of bPTM. The absorption anisotropy
factors, |gaps|, were estimated for the two compounds and
normalized by their enantiomeric excess (ee), as |gaps|/ee
(Fig. 2d). In this sense, |gaps|/ee values of 7.5 x 10™* (mPTM,
at 388 nm) and 5.8 x 10~ * (bPTM, at 394 nm) were estimated.
Additionally, the assignment of the absolute configuration for
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Fig. 1 (CSP)-HPLC chromatograms of: (a) mPTM and (b) bPTM. Retention

times: 5.87 and 7.15 min for the (P)- and (M)-mPTM, respectively, and 6.67
and 7.80 min in the case of (P)- and (M)-bPTM, respectively.

each pair of enantiomers was done through comparison with
DFT-computed UV-vis and ECD spectra employing different
functionals and basis sets (see ESIT Section S3).

The results are in good agreement with previous reports on
other propeller-like trityl radical analogues,®*>* where the
negative Cotton effect in the most intense electronic transitions
and the positive Cotton effect at the lowest energetic transition
were associated with (P)-configurations.

The evolution of the ECD spectra at different temperatures
was measured to determine the kinetics of the racemization
processes in solution. A linear regression was used to fit the
decay of the main ECD feature at different temperatures,
assuming first-order kinetics (see Fig. S4 and Table S1, ESIf).
On the other hand, the enantiomerization barrier (AGi, Table S2,
ESIT) was estimated by means of the Eyring-Polanyi (eqn (S3)
and Fig. S6, ESIt) and Gibbs equations (eqn (S5), ESIT). More-
over, kinetic parameters at different temperatures were also
determined measuring the decay of the enantiomeric excess by
the dynamic (CSP)-HPLC method’® to corroborate the results
obtained with ECD (see Fig. S5 and Table S1, ESIt). Interestingly,
identical AG* = 22 kcal mol™* (Table S2, ESIt) was estimated
for the enantiomers of mPTM and bPTM, following the two
approaches, in good agreement with the previous reports on
other PTM radicals.>*”**®”” The similarity of the barrier values
for the (M)- and (P)- enantiomers is an indication of the
symmetry of the barrier, which is a prerequisite to use a transi-
tion coefficient of 0.5 in the Eyring-Polanyi equation.”®®'

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 ECD spectra of (P)- (red) and (M)-(blue) enantiomers of: (a) mPTM and (b) bPTM in solution. Concentration ~ 50 uM; solvent = toluene; T = 273 K;

(c) UV-vis electronic absorption spectra of the racemic (RAC) mixtures of mPTM (black) and bPTM (gray) in toluene (concentration =~

30 uM); (d)

absorption anisotropy factors (gaps/ee) of (M)-mPTM (blue) and (M)-bPTM (light blue). Concentration ~ 50 uM; solvent = toluene; T = 288 K.

The AG* value of 22 kcal mol™* is similar to those previously
reported for PTM analogues, suggesting a similar enantiomer-
ization mechanism based on a two-blade flip, which is the lower-
lying pathway for conformational equilibrium. Thus, consider-
ing the plane formed by the three-carbon bridge atoms (carbons
linked to the oC), two phenyl rings turn in the same sense
achieving a perpendicular position with respect to this plane,
while a third one rotates in the opposite sense changing
the side.”® In summary, no effect of the mono- or bis-
functionalization of the PTM radical (mPTM and bPTM, respec-
tively) was observed in their interconversion barriers, probably
because their functionalization is located at the para-position
with respect to the aC, which does not create an effective steric
hindrance and does not have a significant influence on the
electronic conjugation with the unpaired electron to alter the
energy barrier either.

Numerous techniques have been developed to prepare thin
films of organic molecules: e.g. thermal evaporation under
vacuum control, drop-casting, spin-coating, inject printing
and solution shearing.>®%3*"#> However, in the case of solution
processes, room temperature or higher is usually required for
solvent evaporation. It has been demonstrated that the enan-
tiomers of mPTM and bPTM undergo a racemization process
above 278 K, with an estimated half-life time higher than
20 min at 298 K (see ESI;} Table S1). Because of this, enantiomeric

This journal is © The Royal Society of Chemistry 2024

solutions in a low-boiling point solvent, like dichloromethane
(DCM), were prepared and drop-cast (50 pL; 1 mM) at 273 K
on transparent substrates (quartz/Ti (2 nm)/Au (6 nm)). Quick
evaporation of the solvent under vacuum was performed to
preserve the ee in the thin films. Following this methodology,
translucent films were obtained allowing further spectroscopic
characterization. First, by optical microscopy only wave-valley
structures typically formed during rapid solvent evaporation, like
DCM, were observed (Fig. S7, ESIt). Tapping-mode atomic force
microscopy (AFM) was used to scan the surface topography
(avoiding the regions with aggregates, Fig. S8, ESIf). The for-
mation of non-continuous but quite homogenous films was
revealed in most of the cases except for the (P)-bPTM-film, where
more defects and small aggregates were detected. Furthermore,
XRD analysis was performed showing an amorphous-micro-
crystalline structure with many surface irregularities (Fig. S9
(ESIY)).

Importantly, the paramagnetic character of the resulting
films was proved by EPR (Fig. 3a). The obtained spectra are
in good agreement with the ones measured in solution, with a
g-value of 2.0022, like that of free electrons indicating a null
spin orbit coupling. However, their line width (1.80 G) is higher
than the one obtained in solution (1.1-1.2 G), preventing the
observation of the hyperfine coupling lines (see Fig. S1b, ESIT).
This behavior is usually ascribed to molecules without a free

J. Mater. Chem. C, 2024,12, 11550-11560 | 11553
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Fig. 3 Spectroscopic characterization of the enantioenriched films deposited by drop-casting on Au/quartz substrates. (a) EPR spectra of the (P)-
mPTM-film (violet), (M)-mPTM-film (blue), (P)-bPTM-film (green) and (M)-bPTM-film (red); normalized UV-vis spectra in a toluene solution (black) and
film (grey) for the racemic (RAC)-mixtures of: (b) mPTM and (c) bPTM; ECD spectra of: (d) (P)-mPTM-film (red), (M)-mPTM-film (blue); and (e) (P)-bPTM-
film (red) and (M)-bPTM-film (blue); (f) absorption anisotropy factor normalized by the enantiomeric excess (gaps/ee) for (P)-mPTM-film (red) and (P)-

bPTM-film (light-red) at room temperature.

rotation (or with a slow tumbling or not tumbling at all) as for a
solid compound with restricted rotations. Furthermore, small
red-shifted electronic absorption spectra were obtained for the
racemic (RAC) mixtures of mPTM and bPTM (Fig. 3b and c and
Table S3, ESIt) when moving from solution to thin films, which
might be associated with a certain molecular aggregation in the
solid state.®

Finally, the chiroptical properties of the thin films were
evaluated (Fig. 3d and e). When compared with the ECD results
from the samples in solution, the same features were found in
thin films, with mirror image spectra of (M)- and (P)-
enantiomers. As in UV-vis electronic absorption data, red-
shifted ECD bands were obtained in the case of thin films.
The absorption anisotropy factors normalized by the enantio-
meric excess (gaps/ee) were also estimated (Fig. 3f), obtaining
values of 5.5 x 10" for (P)-mPTM-film (at 390 nm) and 5.3 x
10 * for (P)-bPTM-film (at 404 nm). Importantly, similar g,ps/ee
values resulted from the comparison between solution and thin
films in both cases, meaning that the chiroptical properties
were preserved in the solid state.

ECD measurements at different temperatures (295-333 K)
were run to evaluate the stability of the PTM-enantiomers in the
solid state. Remarkably, no significant changes associated with
the deposited material were observed in the ECD spectra of the
enantioenriched films at 295 K for one hour (Fig. 4). This result
points to a higher conformational stability of the radicals in the
thin films than in solution (Fig. S4c and S4f, ESI{). Hence,
higher temperatures (313-333 K) were selected to address the

1554 | J Mater. Chem. C, 2024, 12, 11550-11560

conformational stability of the films employing ECD (Fig. S10,
ESIY). Interestingly, a 3 times higher half-life time at 313 K was
determined for the (M)-mPTM-film, with respect to the one
obtained in solution at 298 K (see Table S1, ESI{). In the case of
the (P)-bPTM film, no evolution was detected for 1.5 hours in
the ECD spectra recorded at 313 K and even at 333 K (Fig. S10d
and e, ESIt).

An enantiomerization barrier equal to 24 kcal mol ' was
estimated for the (M)-mPTM-film (Fig. S11, ESIT). Remarkably,
this value is in agreement with the barrier reported for other
stable enantiomers, such as Finland trityl radicals®®* or
carbo[5]helicenes.*”®® On the other hand, it is on average
2 keal mol™" higher than what was found in solution. This
increase might be likely thanks to the molecular rotation restric-
tions of the propeller-like structure by virtue of the lateral inter-
actions occurring in the solid state due to the molecular packing.
Additionally, no racemization barrier could be determined for the
(P)-bPTM-film due to the high stability observed even at 333 K for
1.5 hours. Therefore, a minimum value for the barrier of AG* >
24 keal mol™' at 313 K was estimated using eqn (S13) (ESIt).%'
This higher conformational stability of the bPTM-film with
respect to the mPTM-film might be associated with a higher steric
hindrance effect imparted by the second functionality. This would
promote a different spatial organization within the film, hamper-
ing the free rotation of the central perchlorophenyl rings. Overall,
the obtained results clearly indicate that both mPTM and bPTM
radicals are conformationally more stable in the solid state, as
drop-cast films, than in solution.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Experimental ECD spectra of the enantioenriched films deposited
by drop-casting on Au/quartz for: (a) (P)-mPTM-film and (b) (P)-bPTM-
film at 295 K.

500

2.3. Enantioenriched PTM-based self-assembled monolayers

(M)- and (P)-enantiomers of bPTM were chosen to prepare SAMs
based on their higher conformational stability (Fig. S12, ESIT).
The grafting procedure for the SAM preparation was optimized
following previous reports with some modifications (mainly
decreasing temperature during the incubation) to guarantee
the stability of the molecules. First, the procedure was tested
using the racemic mixture of bPTM (i.e., (RAC)-bPTM-SAM) (see
ESIt for further details)®"**®° on gold surfaces (Au™®, Fig. S13,
ESIT). Fig. S14a (ESIT) shows the CV obtained for the (RAC)-
bPTM-SAM prepared at low temperature at different scan rates,
showing a reversible redox peak ascribed to the PTM (radical) <
PTM (anion) redox process at around Ey;, = —0.71 V (vs. F¢/Fc”).
Moreover, up to 40 consecutive cycles at 0.1 V s ' were run
to prove its electrochemical stability (Fig. S14b, ESIt). No
significant variation of the current density at the cathodic
(Jpe) and anodic ( Jpa) redox peaks was observed throughout
the experiment, confirming the robust molecular confinement
of (RAC)-bPTM-SAM and the stability of its radical character
under electrochemical conditions. The linear regression of
Jpa and J,. vs. scan rate (Fig. S15a, ESIf) and the I,,/Ipc = 1

This journal is © The Royal Society of Chemistry 2024
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(Fig. S15b, ESIt) evidenced the molecular surface confinement
and the reversibility of the redox process. Moreover, a AE =
Epq — Epc near zero (i.e., 5-7 mV) at low scan rates was obtained,
in line with an adsorbed redox reversible system without
diffusional processes (Fig. S15c (red line), ESI).**°° On the
other hand, lateral molecular interactions within the SAM were
suggested by the evolution of the full width at half maximum
(FWHM) value at different scan rates. Considering FWHM =
3.53 RT/nF when no lateral interactions between the redox
centers occur, the dissimilarities in Fig. S15c¢ (ESIt) (blue line)
suggested the existence of electrostatic effects among neighbor-
ing charged species suggesting a dense radical grafting.®*°
Finally, a surface coverage of 3.1 x 10'' mol cm >
determined from the area under the redox peak.5°

Similar procedures were followed in the case of the enan-
tioenriched (P)-bPTM-SAM and (M)-bPTM-SAM (see the scheme
in Fig. 5a). The grafting was carried out on transparent Au
surfaces with the same structure used for the thin films (quartz/
Ti(2nm)/AlU(enm)) and using solutions with ee > 80%. CSP-HPLC
analysis of the enantioenriched solution used for the grafting
process before and after the SAM incubation was conducted to
prove the preservation of the ee. In fact, a decrease of only 4-8%
in the ee value was determined after the SAM preparation. The
CV response in both cases showed the characteristic peak for a
reversible PTM (radical) < PTM (anion) redox process (Fig. 5b
and c), proving their successful grafting with a surface coverage
0f 2.0 x 107" and 1.3 x 10~"" mol cm ™~ for (P)-bPTM-SAM and
(M)-bPTM-SAM, respectively. Unfortunately, no chiroptical
responses could be acquired for the SAMs, in line with the
low radical molecular population present in a single molecular
monolayer. Nonetheless, considering the high conformational
stability proved for bPTM drop-cast films and the low racemiza-
tion of the enantioenriched solutions during the SAM prepara-
tion, these results were taken as indirect parameters to indicate
the successful formation of enantioenriched SAMs.

was

2.4. Spin-dependent filtering effect of chiral PTM radical-
based SAMs

As a first approach to investigate the effect on spin transport
through a chiral PTM radical-based SAM, room temperature spin-
dependent CV measurements were performed in line with pre-
vious reports.** A custom-built electrochemical cell was designed
to guarantee close contact between the permanent magnet (field
strength H = 0.4 T) and the SAMs acting as the working electrode
(WE). This geometry allowed the easy flipping of the magnet side
turning “up” and ‘“down” the direction of the magnetization or
vice versa without affecting the cell setup configuration (see Fig.
S16, ESIT). Enantioenriched SAMs with the bPTM radical were
grown on thermally evaporated ferromagnetic substrates (NiAu)
for the electrochemical studies (see ESIT for further details on the
substrate preparation). The CV response was analyzed in terms of
the redox peak associated with the PTM (radical) <> PTM (anion)
process (Fig. S17, ESIt) or following the electrochemical response
of a redox probe®" (K,Fe(CN)¢/K;Fe(CN)g) in the solution (see Fig.
S18, ESIt). In these two cases, no variations in the current density
were observed when the spatial direction of the magnetic field
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vector was inverted, thus not displaying any signature of the
occurrence of the CISS effect.

Based on these results and taking into account that the CISS
phenomenon is a local effect, further evidenced when measur-
ing the charge transport through an ordered chiral material,
the enantioenriched (M)- and (P)-bPTM-SAMs were investigated
in molecular junctions using an eutectic gallium-indium alloy
(EGaln) tip as a top contact electrode, in line with previous
reports.”” This technique has been scarcely employed for this
purpose, with the work on SAMs of metallopeptides (TbLBTC
and YLBTC) on NiAu substrates being the only one reported so
far, to the best of our knowledge.”” In the present work, we
perform a similar study but using a chiral paramagnetic radical
molecule®® ® that shows a negligible magnetic anisotropy
compared to the paramagnetic helical Tb-binding peptide.

For the electrical characterization, a permanent magnet (H =
0.4 T) was placed underneath the enantioenriched bPTM-SAMs
prepared on template-stripped NiAu™ (see ESIt for further
details, Fig. $19).>°* The monolayers were then softly top-
contacted with a cone-shaped EGaln tip. As shown in Fig. 6 for
the NiAu™/(P)-bPTM-SAM//Ga0O,/EGaln junction and Fig. $20
(ESIt) for the NiAu™//(M)-bPTM-SAM//GaO,/EGaln junction,
good reproducibility of the JV curves was observed, with junc-
tion yield formation higher than 70% (see Table S5, ESIT).
Neither (P)-bPTM-SAMs nor (M)-bPTM-SAMs display any differ-
ence in the current density depending on the magnetic field
orientation, as seen in Fig. 6 and Fig. S20 (ESIf).

2.5. Theoretical calculations

Theoretical calculations based on the nonequilibrium Green’s
functions (NEGF) approach, as successfully done previously for
other systems,” ™’ (Section S8 in the ESIf) were carried out to

1556 | J Mater. Chem. C, 2024, 12, 11550-11560

Voltage (V)

Fig. 6 Semilog plot of current density (J) vs. voltage (V) for the NiAu™/(P)-
bPTM-SAM//GaO,/EGaln junction. Experiments with magnet “up” (red)
and “"down” (blue).

shed light on the lack of CISS effect observation. With this aim,
a junction comprising bPTM between two gold clusters was
considered, as shown in Fig. 7a. A spin-orbit-coupling (SOC)
correction was included in the calculations to evaluate the
potential of this system for exhibiting the CISS effect. Fig. 7b
depicts the corresponding electrical transmission and spin
polarization obtained at zero bias. The latter was calculated as:

P=T11+Tt| -T|| -T|1

where each term corresponds to the transmission calculated for
all possible combinations of initial and final directions of the

This journal is © The Royal Society of Chemistry 2024
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(a) Geometrical structure of the Au—bPTM—Au junction studied theoretically; (b) transmission (top panel) and spin polarization (lower panel) as a

function of bias, as obtained with a polar angle of 0°; (c) zoomed-in view of the spin polarization at the Fermi level for different polar angles of the
direction of the radical spin; (d) maximum height of the polarization peak at the Fermi level with (black circles) and without (red squares) spin—orbit-

coupling correction.

travelling spin for a given choice of the quantization axis (the
transport direction here). SOC is only significant for Au atoms
but, as shown in previous works,”>®” it gives rise to spin
polarization. This is particularly so below the Fermi level, but
also at the Fermi level if a molecular orbital lies in the vicinity,
which is the case here; both curves show a peak positioned at
the Fermi level, originating from the presence of the radical,
due to the alignment of its SOMO (single occupied molecular
orbital) level with the Ex. However, the possible CISS polariza-
tion is overshadowed by the radical spin polarization. Further-
more, thermal fluctuations are expected to randomize the
orientation of the radical spin.

We simulated this by varying the polar angle across the
range [0°, 180°] by rotating steps of 10°. The resulting polariza-
tion values around the Fermi level are shown in Fig. 7c. For
each rotation angle, the maximum height of the polarization
peak at the Fermi level is reported in Fig. 7d (black circles). The
average value is approximately zero, indicating that, overall, the
CISS effect is not expected to be observed at room temperature,
in agreement with the experimental findings reported above.

This journal is © The Royal Society of Chemistry 2024

Fig. 7d also shows the peak-height values obtained in the
absence of the SOC correction (red squares). Remarkably, the
two curves are almost identical, with only a slight shift observed
for larger angles. This indicates that, for each angle, the
dominant contribution to the spin polarization is not asso-
ciated with CISS, but rather with the intrinsic spin polarization
arising from the presence of the spin of the unpaired electron
of the radical. This observation highlights that in the radical
systems reported in this work both effects, whether competing
or cooperating, are present, but the latter is dominant. To the
best of our knowledge, this observation has not been addressed
in the previous literature.

3. Conclusions

Two propeller-like conformational enantiomers of PTM radical
derivatives having one or two terminal alkyne groups, namely
mPTM and bPTM, have been successfully isolated by CSP-HPLC.
Their chiroptical properties have been fully characterized in
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solution as well as when structured in drop-cast films, determin-
ing the enantiomerization barriers in both scenarios. In
solution, no effects of the degree of functionalization (mono-
or bis-) were observed obtaining similar results to the racemiza-
tion barrier previously reported for the non-substituted PTM
radical (AG* = 22 kcal mol ™). On the contrary, a higher racemi-
zation barrier, close to the one ascribed to conformationally
stable compounds at room temperature, was determined for
mPTM thin films. Furthermore, for the bPTM films, an
enhanced barrier (>24 kcal mol ') has been measured. The
terminal alkyne groups have been exploited as grafting units
allowing the preparation of enantioenriched self-assembled
monolayers on Au. Spin-dependent electrochemical and charge
transport measurements for SAMs of both enantiomers of the
bPTM radical were conducted without revealing the spin filter
effect. Previous reports suggest that the proximity of the SOMO
orbital, which carries the radical spin, to the Fermi level of the
metal favors the CISS effect,”® since the spin-polarized current
associated with it can be observed at more accessible energies,
i.e. lower applied bias voltages. However, the absence of CISS is
explained here through theoretical analysis, revealing that the
contribution of the radical spin polarization dominates, and its
thermal fluctuations hinder the possible observation of the CISS
contribution. In summary, this work contributes to the field of
molecular spintronics by providing insights into the spin-
filtering effect in monolayers composed of chiral and paramag-
netic organic radicals.
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