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Abstract. Absorption spectroscopy and voltammetry, of known analogies and connections, share
even more fascinating similarities and connections at a higher complexity level, when “upgrading”
them with the ability to discriminate between enantiomers by chiral selector implementation. In
both techniques either “molecular” selectors or “electromagnetic” ones (L- vs R- circularly
polarized light components for spectroscopy, a- vs B- spin electrons for voltammetry) can be
considered; moreover, external magnetic field application can replace a truly chiral actor. A
tentative schematization is provided. Analogies and connections also concern molecular features
of the enantiodiscrimination actors. In both techniques outstanding performances are obtained with
inherently chiral molecules, in which a conjugated backbone with tailored torsion is source of
chirality as well as spectroscopic and electrochemical activity, in an attractive three-fold
interconnection. Their outstanding effects can be justified by a combination of chemical and

electromagnetic properties (excellent potential molecular spin filters), a fascinating challenge for
future developments.
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1. Well known analogies and connections between Voltammetry and Electronic Absorption
Spectroscopy in the study of active molecules and molecular materials

The steadily growing search for molecules and molecular materials with advanced functional
properties often involves systems that include sites with interesting electronic features, making
them at the same time spectroscopically and electrochemically active, i.e. both chromophores and
redox sites. To experimentally investigate and rationalize such electronic properties, electronic
absorption spectroscopy and voltammetry are usually applied in sinergy, with well-known
reciprocal connections. The first one accounts for intramolecular electronic transitions driven by
increasing energy in terms of decreasing wavelength of incident light; the second one accounts for
electron transfer processes to/from electrode (oxidations/reductions) driven by increasing energy
in terms of increasingly positive/negative electrode potentials. In turn, measured quantities, i.e.
absorbance in the first case and current intensity in the second case, share dependency on (i)
chromophore/redox site concentration, (ii) geometric parameters (optical path length, electrode
surface), as well as (iii) molecular parameters accounting for the process mechanism (molar
extinction coefficient, accounting for light-matter interaction, in the first case; energy barrier
symmetry factor, number of exchanged electrons etc. in the second case). Accordingly, molecular
identification/discrimination together with information about molecular energy levels can be
achieved considering absorption wavelengths/potentials for electron transfer, while quantification
is feasible by considering absorption/current intensities.

Actually the information obtained from the two approaches about energy levels is not expected to
coincide, considering the significantly different conditions (homogeneous phase, organic solvent,
even apolar, with no electrolyte, no net charge formation... in the first case; heterogeneous
conditions, electrolyte medium, net charge formation... in the second case); nor is expected to
coincide with values obtained by other approaches such as theoretical computations (usually in
vacuum) or, for molecular solids, photoelectron spectroscopies (aggregation effects...).[1-3]
However, for example, HOMO-LUMO energy gaps obtained (in eV) from first absorption
wavelengths (maxima or onset ones [4]) according to

h (3 ) x ¢(m 1)/ (Amaxionset(M) x e(C €))
are often similar to those obtained from first oxidation and first reduction potentials (formal, or
peak, or onset ones [4]) in voltammetry experiments, according to

le x [EI a-Ei c]V
Notably, however, only electrochemical experiments make it possible to estimate single HOMO
or LUMO levels,

ELumo (eV) = —1e x [(E1c /V(Fc*|Fc) + 4.8 V (Fc*|Fc vs zero)]

Erowmo (eV) = —1e x [(Era /V(Fc*|Fc) + 4.8 V (Fc*|Fc vs zero)]
on the basis of the estimation of the energy level of the reference intersolvental reference couple
Fc*|Fe respect to vacuum (here considered as 4.8 eV, but for which actually there is a range of
proposed literature values, being an extrathermodynamic quantity [5]).

Moreover, there can be exceptions in which the two approaches yield remarkably different results,
particularly if first oxidation and/or first reduction in the voltammetry experiment do not involve
the same HOMO and LUMO energy levels as in the spectroscopic experiments, like e.g. when in



large molecules easiest oxidation and easiest reduction involve different sites that are reciprocally
distant and not communicating.

2. The two techniques at a higher selectivity level: discriminating enantiomers of chiral
advanced molecules and molecular materials

Many optically and electrochemically active molecules of high relevance, for example among
natural or synthetic active pharmaceutical ingredients/nutrients, catalysts, materials for optics and
spintronics..., are chiral. Endowing spectroscopy and voltammetry with the ability to discriminate
between their enantiomers is important, as an alternative or at least a complement to expensive
and destructive separation by enantioselective chromatographic techniques.

In achiral environments the enantiomers of chiral electroactive molecules have identical physico-
chemical properties and therefore result in identical absorption spectra or voltammetry patterns.
Therefore, achieving enantiomer recognition, thus upgrading spectroscopy or voltammetry to
chiral spectroscopy or chiral voltammetry, requires implementation of a suitable chiral selector
able to significantly interact with the chiral probe, resulting in diastereomeric and therefore
energetically distinguishable situations.

As we will discuss further on, the selector can be either a “molecular” one, i.e. the (R)- or (S)-
enantiomer of a second chiral molecular species besides the chiral probe, or an “electromagnetic”,
one, also truly chiral: in particular, the L- and R- circularly polarized light components, or the a-
and B-spin electrons in rototranslational motion across the electrochemical interphase.

Of course, in order to achieve transduction of the recognition event, at least one chromophore
or/and redox site, respectively for chiral spectroscopy or/and chiral voltammetry, must either be
present in the probe and/or in the selector, or, if necessary, provided by a third, possibly achiral,
co-actor [6]. In any case, such active sites should be possibly strictly related to (e.g. located close
to, coupled with, or, best of all, coincident with) the stereogenic element which enables chiral
recognition. In such perspective, particularly attractive are “inherently chiral” molecular selectors
in which the main molecular backbone, based on a conjugated (hetero)aromatic system featuring
an helical or axial stereogenic element, is the source of both chirality and key electron
absorption/electron transfer properties.[7-9]

In summary, at least two chiral actors (probe/selector, although it should be remarked that
discriminating between probe and selector is only a matter of perspective...) and at least one
chromophore/redox site must be present in the environment were the enantiorecognition event has
to be achieved and detected. A tentative comparative schematization of possible cases is provided
in Scheme 1.

Scheme 1. (following page) A tentative schematization of possible enantiodiscrimination
strategies in chiral electronic absorption spectroscopy or chiral voltammetry, with related
implications.
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2.a Achieving enantiodiscrimination in electronic spectroscopy with truly chiral actors

In principle, enantiodiscrimination could be achieved in absorption or emission spectroscopy with
both chiral actors being “molecular” ones, provided that their combination results in significant
variation in absorption wavelength or/and intensity for at least one chromophore belonging to one
or both chiral actors (or to a third auxiliary achiral co-actor).

Although a significant number of such cases have been studied, especially for colorimetric/visual
readout of the recognition event (like e.g. [10,11]), this approach does not look very popular,
possibly since it requires development, preparation and bulk consumption of specific, powerful
chiral molecular selectors, and is probe-destructive.

Such onerous requirement is instead not necessary working with polarized light, in the well-
established technique of circular dichroism [12-21,23].

Plane polarized light PL can be regarded (Figure 1) as the sum of two helix-like left-handed and
right-handed circularly polarized light components, L-CPL and R-CPL (which in turn can be
regarded as the sum of two perpendicular PLs with + n/2 phase difference). When PL passes
through a chiral sample, its L-CPL and R-CPL components proceed at different speed; as a result,

e if the wavelength is such that no absorption can take place, the light exiting the chiral
sample is still plane polarized, but rotated by a given o angle (the observed quantity in the
popular polarimetry technigue). Such rotation depends on the light wavelength, which is
the object of the optical rotation dispersion ORD technique, analyzing L-CPL vs R-CPL
propagation speed differences [21,22];

e ifthe light wavelength A is such that it can be also absorbed by the sample, the light exiting
the sample is elliptically polarized, as a consequence of the two CPL components being
absorbed with different molar extinction coefficients eL and er, resulting in different AL
and Ar absorbances (“Cotton effect”). Recording the ellipticity 3, or its proportional
quantities er—eL or Ar—AL, as a function of incident PL wavelength, provides circular
dichroism CD spectra [12,15,23] or, more precisely, E[lectronic]CD spectra, to distinguish
them from V[ibrational]CD spectra, which can be obtained in the infrared range [24,25].

ECD signals are located in correspondence of UV-Vis absorption ones, but, unlike them, being
differential quantities they can be either positive or negative, and are perfectly specular for the
enantiomers of a given chiral molecule.

It is worthwhile recalling that extinction coefficient €, accounting for efficiency of photon/matter
interaction, depends on both electric and magnetic transition dipole moments, accounting for
electron density redistribution (translational and rotational displacement, respectively) in transition
between different energy levels implying different orbital (electron density) shapes. In achiral UV-
Vis absorption spectroscopy the electric transition dipole moment is usually the prevailing one,
and allowed and forbidden transitions are defined considering it only. Instead, in chiral
spectroscopy both dipole moments are important, involving chiral charge displacement along e.g.
a helical path (in the asymmetric chiral magnetic field corresponding to the chiral sample) [12]




Simulation of CD spectra with theoretical computations enables to assign absolute configuration
to the two enantiomers. [15,19,26]

Conformation [13], supramolecular [14] and solid-state effects [17,20,27-29] can result in
significant modulation of ECD spectra. The ECD technique is particularly useful when studying
chiral macromolecules (including both natural and synthetic ones), to account for the presence of
a regular "secondary" chiral structure [13,30] (Figure 1). In particular, the more regular and stable
the “secondary” helical/foldamer chiral structure of the macromolecule, the more evident its ECD
response, which can instead nearly cancel for chiral polymers with “random coil” features and/or
resulting from non-regioregular oligomerization. [28,31] Accordingly, the ECD of a given chiral
macromolecule remarkably changes if the latter conformation changes (at constant configuration)
e.g. as a function of pH, solvent, light, electric charge etc..[29]

Symmetrically to ECD, in emission spectroscopy with PL excitation, chiral samples can fluoresce
with PL, consisting of two circularly polarized components of different intensity (Circularly
polarized luminescence, CPL. [32-35]
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‘ —» Circularly
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Plane polarized light PL
B
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When PL passes through a chiral sample without being absorbed, its L-CPL and R-CPL components proceed at different
speeds. As a result, the plane of their sum PL exiting the chiral sample is rotated by a given a angle (POLARIMETRY, ORC

If, in addition, the light wavelength A is such so that the light can be
also absorbed by the sample, the two CPL components are absorbed
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Figure 1. Polarized light and electronic circular dichroism basic features.



2.b Achieving enantiodiscrimination at the electrochemical interphase with truly chiral actors

In chiral voltammetry the most desirable transduction mode of the enantiomer recognition event
is in terms of a significant, possibly wide, potential difference for the two electroactive probe
enantiomers in the presence of the chiral enantiopure selector. (Figure 2) In fact, a potential
difference can enable direct enantiomer recognition (also combined with quantitative estimation
from peak currents) and/or selective enantiomer activation, [7] from the microscopic scale up to,
fascinatingly, the macroscopic one, in many smart device architectures [36-40]

The most favourable circumstance is when a neat potential difference between two well-defined
peaks with linear dynamic range for currents is observed for the two enantiomers simultaneously
present, enabling to estimate enantiomeric excesses. [41,42] This optimal situation can be easier
achieved for chemically reversible electron transfer processes, which result in little or no surface
conditioning by the first enantiomer electrode process with respect to the second one. [41,42]

It must be underlined that there is obviously no a priori relationship between the combination of
probe/enantiomer absolute configurations and the peak sequence, being the (R)- and (S)-
descriptors assigned according to an abstract convention. Instead, specular potential differences
must be obtained upon inverting either probe or selector configuration (Figure 2); such double
inversion test provides the soundest reliability test for the enantiodiscrimination protocol, enabling
to rule out possible other causes for the observed potential differences. [41]

Actually many cases have been recently presented of significant and even wide potential
differences, obtained for various probe enantiomers by implementing molecular chiral selectors at
the electrochemical interphase, either as confined solid selector layer/network, modifying the
electrode surface with suitable chiral selector films [41-51], or as expanded semisolid selector
network, exploiting media of high local order at the interphase with a charged achiral electrode
implemented with chirality, like ionic liquids or deep eutectic solvents [52-57].

Since in the voltammetry case the enantiodiscrimination process is intrinsically hetereogeneous,
taking place at the interphase rather than in the bulk, only minimal quantities of the molecular
selector can be employed, e.g. modifying the electrode surface by electrodeposition of a very thin
chiral selector layer [ 41-51] or working with screen-printed cells with a thin layer of ionic liquid
modified with a chiral additive (or itself chiral).[53-55,57] Moreover, the modified surface could
be recycled (at least in favourable cases with no filming/conditioning products) and in any case
the experiment is non-destructive for the bulk probe. Furthermore, local cage/structuring/electro-
magnetic effects can enhance probe/selector interactions respect to bulk conditions.

Notably, the observed potential shifts (up to some hundreds mVs) are consistent with mild
coordination, considering e.g. the well known Kolthoff and Lingane treatment for ligand effect on
electrochemically reversible species [58], or the significant peak potential differences that are often
observed for a given electroactive molecule upon changing the supporting electrolyte, on account
of different tendency to ionic couple formation.

Remarkably, when considering the study cases provided in the above cited papers, the selectors
can be considered “multipurpose”, because a given selector is effective with even very different



probes, and a given probe can be discriminated by various selectors, although with different
efficiency. This can be explained by the good number of elements available for probe/selector

coordination (heteroatoms, (hetero)aromatic rings and = conjugated systems) in the reported
examples.
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(S)-enantiomer (R)-enantiomer
in (R)-environment/ in (S)-environment/
coordinated to (R) selector coordinated to (S) selector

Figure 2. Chiral voltammetry basic features.

However, besides such “molecular interaction” effect, an “electromagnetic” effect should be
considered, too [59], related to the a- vs - spin electrons in rototranslational motion across the
chiral interphase being promoted or hampered by the latter’s chiral magnetic field, in turn
modulated by the presence of a second chiral magnetic field corresponding to the chiral probe.
Indeed, referring to Scheme 1, voltammetry case (1) must also include voltammetry case (11b), and



the concurrent presence of two chiral selectors should be considered, resulting in two contributions.
It is worthwhile noticing that such considerations are possible on account of the electron flux being
intrinsically unidirectional, i.e. perpendicular to the electrochemical interphase, while the parallel
spectroscopic case (l), involving unpolarized light, implies infinite planes.

Of course a key issue is to evaluate the extent of such “electromagnetic” contribution.

The different interaction of o- vs - spin electrons with a chiral magnetic field corresponding to a
chiral molecular layer of (R)- or (S)- configuration, particularly modifying an electrode surface
across which the chiral rototranslational motion of electrons takes place, is a fascinating subject
that has been the object of extensive investigations (e.g. [59-85]), particularly by Naaman and
colleagues [59-80], who termed it CISS (“chiral-induced spin selectivity”).

They observed that a- vs B- spin polarization induced by a molecular chiral electrode surface can
be impressive, even surpassing common inorganic spin-filters [60], pointing to competitive
applications such as molecular spin filters or giant magnetoresistive molecular spin valves [86-88]
in spintronics, a field of great current applicative interest [89-92]. They also pointed out that to
justify such high spin polarizations an unusually high spin-orbit coupling should be considered, of
several orders of magnitude greater that normal cases of organic molecules [60]. To justify it, spin
transport has been modelled in the electromagnetic field of an helical molecular structure
[60,63,71,81,82] resulting in estimated energy splittings of even several hundreds of meV [60]
between the two spin states. Also the tunneling probability for the favoured spin has been estimated
to be enhanced with respect to normal cases by even 1-2 orders of magnitude [63]. The importance
of electron correlation has also been pointed out [84], with the estimated spin polarization
increasing in molecular chains with the number of ionic sites and laps.

To study the CISS effect, spin-specific/enriched currents were typically generated using a
magnetic electrode under magnetic field [61,62] (which actually adds a further actor, although a
“false”, i.e. non time-invariant [93-95], chirality one), then evaluating their variations upon
crossing the chiral layer under study [62]. More recently, however, a protocol based on a working
electrode modified with a circuit implementing Hall effect has been proposed to avoid the presence
of the magnetic field. [59] Actually spin-specific currents can also be produced by the CISS effect
itself, at an electrode modified with a chiral molecular layer [93].Very recently, spin-dependent
charge transfer at chiral electrodes has been probed by magnetic resonance [69]. Moreover,
Kelvin-probe experiments resulted in potential differences up to about one hundred mV. The CISS
effect has been shown to be appliable to enhance water splitting [66,78], to achieve asymmetric
reactions [75] enantiomer separation [70] and enantiomer bio-recognition [63], and to propagate
along achiral low-resistance molecular wires [72].

Fascinatingly, the CISS effect has also been related to the intriguing subject of biological
homochirality [96].

Returning to the present issue, in principle the spin electron polarization upon interaction with the
chiral probe could be sufficient as a selector for enantiomer discrimination, even without a
molecular one, and would represent the electrochemical parallel of the ECD experiment. However
unlike the spectroscopic case, (a) the approach based on two molecular actors has so far been very



successful (it would be however interesting to evaluate how much is the spin polarization
contribution) and (b) at least so far, evaluation of a- vs - spin ratio is still critical/not trivial
respect to evaluation of L-CPL to R-CPL ratio in spectroscopy. Were it to become easily
accessible, an “electrochemical spin dicroism” could be developed for electrochemical enantiomer
discrimination in the absence of molecular selectors!

2.c Substituting a “truly” chiral actor with a “falsely” chiral one: application of an external
magnetic field

Achiral polarizable substrates can also give circular dichroism response under magnetic field
application, proportionally to magnetic field intensity and presenting mirror image spectra upon
inverting magnetic field orientation. Such "magnetic circular dichroism” (MCD) has been
explained in terms of perturbation of electronic energy levels by an external static magnetic field
and can be the sum of three contributions [97-99]: a first one, temperature-independent, of
sigmoidal shape, related to loss of degeneration in excited states; a weak second one, also
temperature-independent, bell-shaped, related to mixing of close excited states; and a third one,
also bell-shaped and more intense, related to loss of degeneration in ground state, dominant
especially at low temperatures, being linked to population distribution in o— vs 3— ground
sublevels. MCD is a well-established technique, exploited for molecular property elucidation (for
example it has been widely applied to property elucidation of porphyrin and phthalocyanins
properties since the ‘70s [100]) e.g. to resolve degenerate levels.

In a certain way, one might consider the combination achiral molecule+magnetic field as a [false]
chirality probe substituting the [true] chirality molecular one. It must however be remarked that,
as it was clearly pointed out by Barron [94,95], an external applied magnetic field can only result
in “false”, i.e. non time-invariant, chirality, unlike the “true”, i.e. time-invariant, chirality of a
chiral molecular magnetic field..

Simmetrically, mirror image spectra can be also obtained when working on chiral molecules with
unpolarized light, by application of a magnetic field (“magneto-chiral dichroism” [101,102]). In
this case the polarized light chiral actor is substituted by the combination of normal light+magnetic
field.

Do similar considerations also apply to chiral voltammetry?

Magnetoelectrochemistry phenomena have been studied in the last two centuries since the first
Faraday experiments (who incidentally in such context discovered the polarized light rotation
under magnetic field, “Faraday effect”), encompassing magnetic field effects on electron transport
(e.g. Lorentz force as well as Hall and spin Hall [90] effects) and on electrode processes, (involving
interphase capacitance and electron transfer as well reactant diffusion/diffusion issues [103-107]).
For example, chiral surfaces have been successfully prepared by electrodeposition exploiting
magnetodynamic effects [105], and autonomous Janus swimmers driven by Lorentz force have
been recently presented [108].

In the present context, performing voltammetry of an achiral molecule under magnetic field, a
Zeeman effect must take place, resulting in loss of degeneration of a- vs - spin levels and a- vs



[3- electron unbalance; and, of course, upon inverting the magnetic field orientation the opposite
situation must be obtained. However, the two situations are enantiomeric, i.e. energetically
coincident and undistinguishable from the voltammetry “scalar” point of view.

Simmetrically, performing voltammetry of the achiral probe on a chiral electrode, a Zeeman effect
must take place (as already above discussed); in this case the effect is a true chirality one,
originating from a magnetic field of chiral molecular origin, and therefore time-invariant. Again,
however, the situations obtained with (R)- vs (S)- layers are enantiomeric and undistinguishable
from the voltammetry point of view.

A ”’scalar” energy difference can be obtained by applying both magnetic fields, e.g. the molecular
and the external one. In fact this implies a double splitting effect, modifying the couple of
enantiomeric and therefore energetically equivalent combinations into two couples of
diastereomeric and therefore energetically different ones). (Figure 3 bottom)

Actually, very successful “pseudochiral voltammetry” experiments were recently obtained with
achiral Fe(Il)|Fe(111) redox couples (ferrocyanidelferricyanide or ferrocene|ferricinium) working
on chiral electrodes under magnetic field [93,46-48]. Potential differences were observed of
hundreds of mVs, symmetrically upon inverting either magnetic field orientation or chiral surface
configuration. A further analogy with MCD [97] is the dependence on the applied magnetic field
strength (the observed potential differences regularly decrease with increasing magnet distance)
and also, possibly, the temperature effect [93]. Importantly, while a similar phenomenon was
observed with different chiral oligomer layers, it was entirely absent when the electrode was
modified with an oligomer film of similar molecular properties but achiral.[93]

Looking at Scheme 1, this striking experiment, which implies spin-resolved electron energy levels
(or, from the electrochemical perspective, spin-resolved electrochemical potentials), could
correspond to either situations (I11b) (considering the achiral probe+magnetic field combination to
replace the chiral probe) or (V) (regarding the chiral surface as probe, and the combination of a-
/ B- electron + magnetic field to replace the chiral selector).

From a further different perspective, application of the external magnetic field can enable to
highlight the molecular spin filter properties of the chiral film on the electrode surface, and to
discriminate its configuration; moreover, modulating the magnetic field can enable to modulate
spin polarization and energy difference. In this light, it has been proposed that such setup could be
looked at as a solution-based equivalent of magnetoresistance determination in all-solid devices
(except for the distinction between electron transfer and electron transport) [93]
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Figure 3 A “pseudochiral voltammetry” experiment obtained working on a chiral electrode with achiral
probe under magnetic field. [93] Figure elements reproduced from Ref. 93 with permission from the Royal
Society of Chemistry.



2.d Focusing on the molecular chiral actors involved: structure-activity relationship analogies

Beautiful analogies also concern the relationship between the structural features of the involved
molecular actors and the observed chiroptical / chiral voltammetry effects.

1) Both techniques share the same ideal selector features: inherently chiral molecules

As mentioned above, the stereogenicity element should be as strictly related as possible to the
optically/redox active site(s). In this light, chiral spectroscopy and chiral voltammetry share the
same ideal chiral actor features. In particular, huge chirality manifestations are observed both in
chiroptical spectroscopy ([12,15], following the old concept of “Inherently Dissymmetric
Chromophores and Circular Dichroism” [110]) and in chiral voltammetry [41-51,53-55,57] with
“inherently chiral” molecules, in which the source of both chirality and key functional properties
coincides, while generally less effective discrimination is obtained when the stereogenic element
is a localized, often peripheral, stereocentre (e.g. [111,112] vs [53-55,57] concerning chiral vs
inherently chiral ionic liquid based media).
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For example, very effective are inherently chiral selectors having as molecular backbone a
conjugated electroactive (hetero)aromatic system featuring an helical or axial (atropisomeric)
stereogenic  element, their ~molecular design being also tailored to promote
propagation/amplification of stereogenicity from monomer to oligomer and supramolecular
structures. Such systems can give both intense, well defined ECD signals (as well as neat circularly
polarized luminescence and VCD), and large potential differences (up to some hundreds of mVs)
when employed as one of the chiral molecular actors in voltammetry [41,47,112,113].

Remarkably, a given selector appears highly effective with very different chiral probes; this can
be justified by the presence of many heteroatoms and aromatic systems available for coordination,
consistently with recent chiral voltammetry tests in systematic sequences of molecular probes or
selectors (e.g.[45,49,51,56]); however, the helical or foldamer structure of the inherently chiral
actor should also powerfully enhance the electron orbital-spin coupling and therefore the



“electromagnetic” contribution to the enantiomer discrimination. Actually with such selectors the
above impressive magnetoelectrochemistry effect can also be observed [46-48,93].

ii)_Both techniques highlight coupling effects of interacting chromophores/redox sites

Inherently chiral selectors with axial stereogenicity consisting of two equivalent and reciprocally
interacting redox centres/chromophores (the two symmetrical moieties), like the biindole-based
monomer described in [47], also provide very nice model cases to highlight similar energy splitting
effects in spectroscopy and in voltammetry. (Figure 4)

From the perspective of intramolecular electronic transitions, the interaction between the two
equivalent chromophores results in an energy level degeneration removal and a wavelength
splitting, which however is usually difficult to resolve in UV-vis spectroscopy, only corresponding
to a slight signal broadening. Instead the same effect (“exciton coupling” resulting in “Davydov
splitting”) becomes evident in CD, since in this case the two components have opposite sign: thus
a typical sigmoidal pattern appears (the larger the A\, the better defined is such pattern) [12,15,26]
(Figure 4 top). The effect is modulated by the angle between the two equivalent chromophores, is
affected by the chromophore environment and working conditions, and can provide important
information about the molecule conformation [12,15] in case the magnetic dipole transition
moment contribution can be well represented by two independent electric dipole transition
moments dissymmetrically disposed [114]

The voltammetry pattern of the same molecule features a typical first oxidation twin peak system
which is related to the presence of two equivalent, reciprocally interacting redox sites, mainly
localized in the two moieties of the atropisomeric biindole core, which is the electron richest part
of the molecule. (This is confirmed by the observation that oligomerization, requiring radical
cation formation on the thiophene terminals, does not occur when limiting the potential in the
range of the twin peak system, and can only be obtained at potentials corresponding to the
subsequent oxidation peak system).

Also in this case the effect provides interesting information on the molecular properties (in
particular, the peak splitting increases with the extent of reciprocal interaction/electronic
communication [115]) and is affected from the redox site environment (for example the peak
splitting decreases upon increasing the solvent polarity [47,115]).

Figure 4. (following page) A comparative study case of equivalent, reciprocally interacting
chromophores/redox sites in ECD and in CV. Figure elements reproduced from Ref. 47 with
permission from the Royal Society of Chemistry.
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iii) Exploiting the intrinsic reciprocal connection of the three outstanding properties in
inherently chiral molecules

Finally, an attractive property of the above inherently chiral molecules is that since chirality,
optical activity and electrochemical activity all originate from the main backbone, they are
reciprocally strictly linked. For example, chiroptical activity can be regularly and reversibly
modulated by electrochemistry, as nicely demonstrated in CD spectroelectrochemistry
experiments. [41,112]

3. Conclusions and perspectives

Absorption spectroscopy and voltammetry, having well known analogies and connections, share
even more fascinating similarities and connections at a superior complexity level, when
“upgrading” them with the ability to discriminate between enantiomer probes, which requires
implementation of a chiral selector.

Both “molecular” selectors, having significantly different coordination ability for the probe
enantiomers, and “electromagnetic” selectors (L- vs R- circularly polarized light components for
spectroscopy, a- Vs - spin electrons in voltammetry) can be considered in both techniques.

In the more mature area of chiral spectroscopy, the technique of choice for enantiodiscrimination,
electronic circular dichroism, is based on the second alternative, which requires no development/
consumption of high-value reagents and is not probe-destructive, and is made possible by the
commercial availability of instrumentation enabling to evaluate differential adsorption of the
polarized light components. In the “younger” chiral voltammetry technique, very good results in
terms of enantiomer potential differences have been so far obtained with molecular chiral selectors,
which in voltammetry case is not critical concerning material quantity (for example, working with
chirally modified electrodes requires very little selector quantities) and is not probe-destructive.
However, recent evidence concerning the differential interactions of a- vs - spin electrons with
molecular chiral magnetic fields at the electrode surface (CISS effect) suggest that an additional
contribution be present besides the molecular one, and could be even exploited alone, analogously
to the dichroism technique, should it become reasonably feasible from a technical point of view.

Another analogy between spectroscopy and voltammetry is the possibility of applying an external
magnetic field, which may be regarded as replacing a chiral actor (although with “false chirality”),
as in the well established magnetic circular dichroism technique, and in intriguing recent
magnetoelectrochemistry experiments.

Many analogies and connections also concern the molecular side of the enantiodiscrimination
events. In both techniques — circular dichroism and voltammetric enantiomer discrimination —
outstanding performances can be obtained with inherently chiral molecular actors. In this context,
a helical or atropisomeric molecular structure, in which a conjugated molecular backbone with a
tailored torsion is the source of both chirality and optical as well as electrochemical activity, offers
a fascinating and useful reciprocal three-fold connection of functional properties. Such molecular
design results inter alia in nice cases of equivalent and reciprocally interacting



chromophores/redox sites, evidenced both by sigmoidal patterns in CD and by twin peak splitting
inCV.

The powerful chirality manifestations of inherently chiral molecules can be justified by both
molecular considerations (many heteroatoms and aromatic rings available for molecular
interactions) and electromagnetic ones (powerful molecular chiral magnetic field, for which they
can be regarded as excellent potential molecular spin filters). Discriminating between the two
contributions in order to rationalize and exploit the impressive observed phenomena represents a
very desirable target as well as a fascinating challenge.

References [highlighted papers have only been selected among those from 2020 to date]

[1] J. Sworakowski, How accurate are energies of HOMO and LUMO levels in small-molecule
organic semiconductors determined from cyclic voltammetry or optical spectroscopy?,
Synthetic Metals 235 (2018) 125-130.

[2] J. Sworakowski, J. Lipinski, K. Janus, On the reliability of determination of energies of
HOMO and LUMO levels in organic semiconductors from electrochemical measurements.
A simple picture based on the electrostatic model, Organic Electronics 33 (2016) 300-310.

[3] R. E. M. Willelms, C. H. L. Weijtens, X. de Vries, R. Coehoorn, R. A. J. Janssen, Relating
Frontier Orbital Energies from Voltammetry and Photoelectron Spectroscopy to the Open-
Circuit Voltage of Organic Solar Cells, Adv. Org, Mater. 9 (2019) 1803677 (11 pages).

[4] A. Tacca, R. Po, M. Caldararo, S. Chiaberge, L. Gila, L. Longo, P.R. Mussini, A. Pellegrino,
N. Perin, M. Salvalaggio, A. Savoini, S. Spera, Ternary thiophene—X-thiophene semiconductor
building blocks (X = fluorene, carbazole, phenothiazine): Modulating electronic properties
and electropolymerization ability by tuning the X core, Electrochim. Acta 56 (2011) 6638-
6653. Appendix C. “Considerations about implications and meaning of different approaches in
calculating HOMO and LUMO levels and gaps”

[5] S. Trasatti, The absolute electrode potential: an explanatory note, Pure Appl. Chem. 58
(1986) 955.

[6] M. Quan, X.-Y. Pang, W. Jiang, Circular Dichroism Based Chirality Sensing with
Supramolecular Host-Guest Chemistry, Angew. Chem. Int. Ed. 61 (2022) e202201258 ** An
up-to-date, well organized review, with a useful, clear classification of enantiodiscrimination
strategies and related required features for probe and selector.

[7] S. Arnaboldi, M. Magni, P.R. Mussini, Enantioselective selectors for chiral electro-
chemistry and electroanalysis: Stereogenic elements and enantioselection performance, Curr.
Opin. Electrochem. 8 (2018) 60-72.

[8] S. Arnaboldi, S. Grecchi, M. Magni, P. Mussini, Electroactive chiral oligo- and polymer
layers for electrochemical enantiorecognition, Curr. Opin. in Electrochem. 7 (2018) 188-199.



[9] S.Arnaboldi, T. Benincori, A.Penoni, L. Vaghi, R. Cirilli, S.Abbate, G.Longhi, G.Mazzeo, S.
Grecchi, M. Panigati, P. R. Mussini, Highly enantioselective “inherently chiral” electroactive
materials based on a 2,20-biindole atropisomeric scaffold, Chem. Sci. 10 (2019) 10.2708-2717.

[10] M. Zhang, B.-C. Ye Colorimetric Chiral Recognition of Enantiomers Using the
Nucleotide-Capped Silver Nanoparticles Anal. Chem. 83 (2011) 1504-1509

[11] D. P. Iwaniuk, K. Yearick-Spangler, C. Wolf, Stereoselective UV Sensing of 1,2-
Diaminocyclohexane Isomers Based on Ligand Displacement with a Diacridylnaphthalene
N,N’- Dioxide Scandium Complex, J. Org. Chem. 77 (2012) 5203—5208.

[12] N. Berova, L. Di Bari, G. Pescitelli, Application of electronic circular dichroism in
configurational and conformational analysis of organic compounds, Chem. Soc. Rev. 36
(2007) 914-931.

[13] G. Pescitelli. L. Di Bari and N.Berova, Conformational aspects in the studies of organic
compounds by electronic circular dichroism, Chem. Soc. Rev. (2007) 36, 914.

[14] G. Pescitelli, L. Di Bari, N. Berova, Application of the electronic circular dichroism in the
study of supramolecular systems, Chem. Soc. Rev. 43 (2014) 5211

[15] J. T. VAzquez, Features of electronic circular dichroism and tips for its use in determining
absolute configuration, Tetrahedron: Asymmetry 28 (2017) 1199-1211.

[16] D. M. Rogers, S. B. Jasim, N. T. Dyer, F. Auvray, M. Réfrégiers, J. D. Hirst, Electronic
Circular Dichroism Spectroscopy of Proteins, Chem 5 (2019) 2751-2774.

[17] G. Albano, G. Pescitelli, L. Di Bari, Chiroptical Properties in Thin Films of - Conjugated
Systems, Chem. Rev. 120 (2020) 10145-10243. **A very rich and well organized, up-to-date,
authoritative review concerning materials which are of great interest from the electrochemical
perspective, too, particularly for smart device development.

[18] A. J. Miles, Robert W. Janes, B. A. Wallace, Tools and methods for circular dichroism
spectroscopy of proteins: a tutorial review, Chem. Soc. Rev., 50 (2021) 8400, DOI:
10.1039/d0cs00558d

[19] G. Pescitelli, Exciton chirality method today: a modern tool for determining absolute
configurations, Chirality 34 (2022) 333-363. **An authoritative, clear, up-to-date account on the
exciton coupling phenomenon (attractively similar to redox site coupling in voltammetry) and its
relationship with molecular structure.

[20] M. Gérecki, F. Lipparini, G. Albano, T. Javorfi, R. Hussain, G. Siligardi, G. Pescitelli, L. Di
Bari, Electronic Circular Dichroism Imaging (ECDi) Casts a New Light on the Origin of
Solid-State Chiroptical Properties, Chem. Eur. J. 28 (2022) €¢202103632.

[21] S.J. Yoo, Q.-H.Park, Metamaterials and chiral sensing: a review of fundamentals and
applications, Nanophotonics 8 (2019) 249-261.

[22] C. Djerassi, Optical Rotatory Dispersion, Mc Graw-Hill, New York (1960).



[23] W. Moffitt, A. Moscowitz, Optical Activity in Absorbing Media, J. Chem. Phys. 30 (1959)
648.

[24] T. B. Freedman, X. Cao, R. K. Dukor, L. A. Nafie, Absolute Conf iguration Determination
of Chiral Molecules in the Solution State Using Vibrational Circular Dichroism Chirality 15
(2003) 743-758.

[25] L. A. Nafie, Vibrational Optical Activity-Principles and Applications, Wiley, New York,
(2011).

[26] N. Harada, K.Nakanishi, Circular Dichroic Spectroscopy Exciton Coupling in Organic
Stereochemistry, University Science Books, Mill Valley, CA, and Oxford University Press,
Oxford (1983)

[27] E. Castiglioni, P. Biscarini, S. Abbate, Experimental Aspects of Solid State Circular
Dichroism, Chirality 21 (2009) E28- E36.

[28] G. Bidan, S. Guillerez, V. Sorokin, Chirality in regioregular and soluble polythiophene:
An internal probe of conformational changes induced by minute solvation variation, Adv.
Mater. 8 (1996) 157-160.

[29] B. M. W. Langeveld-Voss, R. A. J. Janssen, E. W. Meijer, On the origin of optical activity
in polythiophenes, J. Mol. Struct., 521 (2000) 285-301.

[30] R.W.Woody, Circular dichroism, Methods Enzymol. 246 (1995) 34-71.

[31] M. Catellani, S. Luzzati, F. Bertini, A. Bolognesi, F. Lebon, G. Longhi, S. Abbate, A.
Famulari, S.V. Meille, Solid-State Optical and Structural Modifications Induced by
Temperature in a Chiral Poly-3-alkylthiophene Chem. Mater. 14 (2002) 11, 4819-4826.

[32] G. Longhi, E. Castiglioni, J. Koshoubu, G. Mazzeo, S. Abbate, Circularly Polarized
Luminescence: A Review of Experimental and Theoretical Aspects, Chirality 28 (2016) 696—
707.

[33] J. Kumar, T. Nakashima T Kawai, Circularly Polarized Luminescence in Chiral Molecules
and Supramolecular Assemblies J. Phys. Chem. Lett. 2015, 6, 3445-3452.

[34] Y. Gao, C. Ren, X. Lin, T. He, The Progress and Perspective of Organic Molecules with
Switchable Circularly Polarized Luminescence, Front. Chem. 8 (2000) 458.

[35] Y. Deng, M. Wang, Y. Zhuang, S. Liu, W. Huang, Q. Zhao, Circularly polarized
luminescence from organic micro-/nano-structures, Light: Science & Applications 10 (2021)
Cc76.



[36] S. Arnaboldi, B. Gupta, T. Benincori, G. Bonetti, R. Cirilli, A. Kuhn, Absolute Chiral
Recognition with Hybrid Wireless Electrochemical Actuators, Anal. Chem. 92 (2020) 10042-
10047 10.1021/acs.analchem.0c01817 **The first of a series of exciting macroscopic
confirmations of the outstanding enantiodiscrimination properties of inherently chiral selectors in
terms of potential difference between enantiomers, here employed to selectively activate cantilever
actuators.

[37] G. Salinas, S. Arnaboldi, G. Bonetti, R. Cirilli, T. Benincori, A. Kuhn, Hybrid light-emitting
devices for the straightforward readout of chiral information, Chirality 33 (2021) 875-882 **
Another step in the same series, achieving LED visual macroscopic transduction

[38] S. Arnaboldi, G. Salinas, A. Karajic, P. Garrigue, T. Benincori, G. Bonetti, R. Cirilli, S.
Bichon, S. Gounel, N. Mano, A. Kuhn, Direct dynamic read-out of molecular chirality with
autonomous enzyme-driven swimmers, Nature Chemistry 12 (2021) 1241 10.1038/s41557-021-
00798-9 ** Another fascinating step in the same series, achieving control of right- or -left-hand
circular movement of enzyme-driven swimmers.

[39]S. Arnaboldi, B. Gupta, T. Benincori, G. Bonetti, R. Cirilli, A. Kuhn, Large Scale Chirality
Transduction with Functional Molecular Materials, Chem. Mater. 32 (2021) 10663-10669
10.1021/acs.chemmater.0c03835 **Another example, achieving controlled film deformation
resulting in one of two macroscopic enantiomorphs.

[40] G. Salinas, G. Bonetti, R. Cirilli, T. Benincori, A. Kuhn, S. Arnaboldi, Wireless light-
emitting device for the determination of chirality in real samples, Electrochim. Acta 421
(2022) 140494 10.1016/j.electacta.2022.140494**The newest achievement, a proof-of-concept of
light-emitting bipolar devices based on inherently chiral selectors as analytical tools for qualitative
and quantitative measurements of enantiomeric excess, even in real samples.

[41] F. Sannicolo, S. Arnaboldi, T. Benincori, V. Bonometti, R. Cirilli, L. Dunsch, W. Kutner, G. Longhi,
P. R. Mussini, M.Panigati, M. Pierini, S. Rizzo Potential-Driven Chirality Manifestations and
Impressive Enantioselectivity by Inherently Chiral Electroactive Organic Films Angew. Chem.
Int. Edn., 2014, 53, 1-6.

[42] S.Arnaboldi, T. Benincori, R.Cirilli, W. Kutner, M. Magni, P. Mussini, K. Noworyta, F. Sannicolo,
Inherently chiral electrodes: the tool for chiral voltammetry, Chem. Sci. 6 (2015) 1706 — 1711.

[43] F. Sannicolo, P.R. Mussini, T. Benincori, R. Cirilli, S. Abbate,S. Arnaboldi, S. Casolo, E. Castiglioni,
G. Longhi, R. Martinazzo, M. Panigati, M. Pappini, E.Quartapelle Procopio, S. Rizzo Inherently
Chiral Macrocyclic Oligothiophenes: Easily Accessible Electrosensitive Cavities with
Outstanding Enantioselection Performances Chem. Eur. J. 2014, 20, 15298 — 15302.

[44] F. Sannicolo, PR. Mussini, T. Benincori, R. Martinazzo, S. Arnaboldi, G. Appoloni, M. Panigati,
E.Quartapelle Procopio, V. Marino, R. Cirilli, S.Casolo, W. Kutner, K. Noworyta, A. Pietrzyk-Le, Z.
Iskierko, K.Bartold Inherently Chiral Spider-Like Oligothiophenes, Chem.-Eur. J. 22 (2016)
10839-10847.

[45] S. Amaboldi, T. Benincori, R. Cirilli, S.Grecchi, L. Santagostini, F. Sannicolo, P. R. Mussini,
"Inherently chiral™ thiophene-based electrodes at work: a screening of enantioselection
ability toward a series of pharmaceutically relevant phenolic or catecholic amino acids,
amino esters, and amine, Anal. Bional. Chem. 408 (2016) 7243-7254.

[46] S. Arnaboldi, S. Cauteruccio, S. Grecchi, T. Benincori, M. Marcaccio, A. Orbelli Biroli, G. Longhi,



E. Licandro, P.R. Mussini, Thiahelicene-based inherently chiral films for enantioselective
electroanalysis, Chem. Sci. 10 (2019) 1539-1548.

[47] S. Amaboldi, T. Benincori, A. Penoni, L. Vaghi, R. Cirilli, S. Abbate, G. Longhi, G. Mazzeo, S.
Grecchi, M. Panigati, P. Romana Mussini, Highly Enantioselective "Inherently Chiral™
Electroactive Materials Based on the 2,2'-Biindole Atropisomeric Scaffold, Chem. Sci. 10
(2019) 2708-2717.

[48] G. Bonetti, S. Arnaboldi, S. Grecchi, G. Appoloni, E. Massolo, S. Rossi, R. Martinazzo, F. Orsini,
P.R. Mussini, PR., T. Benincori, Effective enantiodiscrimination in electroanalysis based on a
new inherently chiral 1,1'-binaphthyl selector directly synthesizable in enantiopure form,
Molecules 25 (2020) 2175. *A new entry in the family of available atropisomeric inherently chiral
selectors.

[49] S. Grecchi, S. Arnaboldi, M. Korb, R. Cirilli, S. Araneo, V. Guglielmi, G. Tomboni, M. Magni, T.
Benincori, H. Lang, P. R. Mussini, Widening the Scope of “Inherently Chiral” Electrodes:
Enantiodiscrimination of Chiral Electroactive Probes with Planar Stereogenicity
ChemElectroChem 7 (2020) 3429-3438. *Extending demonstration of inherently chiral selector
efficiency to a different kind of probe stereogenicity.

[50] M. Donnici, R. Toniolo, S. Arnaboldi, P.R. Mussini, T. Benincori, R. Cirilli, S. Daniele,
Characterization of Inherently Chiral Electrosynthesized Oligomeric Films by Voltammetry
and Scanning Electrochemical Microscopy (SECM), Molecules 25 (2020) *An insight on the
microscopic features of an inherently chiral film successfully performing as chiral selector.

[51] L. Scapinello, S. Grecchi, S. Rossi, F. Arduini, S. Arnaboldi, A. Penoni, R. Cirilli, P.R. Mussini, T.
Benincori, Modulating the Enantiodiscrimination Features of Inherently Chiral Selectors by
Molecular Design: A HPLC and Voltammetry Study Case with Atropisomeric 2,2°-Biindole-
Based Monomers and Oligomer Films, Chem. Eur: J. 27 (2021) 13190-13202, *A case study on the
correlations between molecular structure and HPLC and Voltammetry features in inherently chiral
selectors

[52] S. Grecchi, S. Arnaboldi, S. Rizzo, PR. Mussini, Advanced chiral molecular media for
enantioselective electrochemistry and electroanalysis, Curr. Opin. Electrochem. 30 (2021) 100810
(minireview) ** Implementing chirality at the electrochemical interphase in the medium (especially of
high local order, like ionic liquids and DES) as an alternative to electrode surface modification.

[53] S.Rizzo, S. Amaboldi, V. Mihali, R. Cirilli, A. Forni, A. Gennaro, A. Ahmed Isse, M. Pierini, P. R.
Mussini, F. Sannicold, "Inherently Chiral” Ionic-Liquid Media: Effective Chiral
Electroanalysis on Achiral Electrodes, Angew. Chem. Int. Edn. 56 (2017) 2079-2082.

[54] S. Rizzo, S. Arnaboldi, R. Cirilli, A. Gennaro, A.A. Isse, F. Sannicolo, PR. Mussini, An
“inherently chiral” 1,1’-bibenzimidazolium additive for enantioselective voltammetry in
ionic liquid media, Electrochem. Commun. 89 (2018) 57-61.

[55] F. Fontana, G. Carminati, B. Bertolotti, P.R. Mussini, S. Araboldi, S. Grecchi, R. Cirilli, L. Micheli,
S. Rizzo, Helicity: A Non-Conventional Stereogenic Element for Designing Inherently Chiral
lonic Liquids for Electrochemical Enantiodifferentiation, Molecules 26 (2021) 311 (13 pages)
*First test of enantiodiscrimination ability of an helical inherently chiral selector based on an azahelicene
structure.



[56] S. Amaboldi, A. Mezzetta, S. Grecchi, M. Longhi, E. Emanuele, S. Rizzo, F. Arduini, L. Micheli, L.
Guazzelli, PR. Mussini, Natural-based chiral task-specific deep eutectic solvents: A novel,
effective tool for enantiodiscrimination in electroanalysis, Electrochim. Acta 380 (2021) 138189
(9 pages) **DES share with ILs advantageous features, but are much more sustainable, since they can
be prepared by combining ingredients of low-cost and widely available, often of natural origin (including
chiral ones). A proof-of-concept of the enantiodiscrimination potentialities of chiral DESs, resulting in
one case in an impressive potential difference.

[57] F. Fontana, B. Bertolotti, S. Grecchi, P.R. Mussini, L. Micheli, R. Cirilli, M. Tommasini, S. Rizzo,
2,12-Diaza[6]helicene:  An Efficient Non-Conventional Stereogenic Scaffold for
Enantioselective Electrochemical Interphases, Chemosensors 9 (2021) 216 (14 pages) *Widening
enantiodiscrimination ability studies on more inherently chiral selectors based on azahelicene structures.
[58] I. M. Kolthoff, J. J. Lingane, Polarography, Vol. 1 (2nd Ed.), Interscience, New York, 1952,
pp. 189-234.

[59] C. Fontanesi, E.Capua, Y. Paltiel, D. H. Waldeck, R. Naaman, Spin-Dependent Processes
Measured without a Permanent Magnet, Adv. Mater. 30 (2018) 1707390.

[60] R. Naaman, D. H. Waldeck, Spintronics and Chirality: Spin selectivity in electron
transport though chiral molecules, Annu. Rev. Phys. Chem. 66 (2015) 263-281.

[61] P. C. Mondal, C. Fontanesi, D. H. Waldeck, R. Naaman, Field and Chirality Effects on
Electrochemical Charge Transfer Rates: Spin Dependent Electrochemistry, ACS Nano 9
(2015) 3377-3384

[62] P. C. Mondal, C. Fontanesi, D.H. Waldeck, R. Naaman, Spin-Dependent Transport
through Chiral Molecules Studied by Spin-Dependent Electrochemistry, Acc. Chem. Res.
(2016), 49, 2560—2568

[63] K. Michaeli,.N. Kantor-Uriel, Ron Naaman, D. H. Waldeck, The electron’s spin and
molecular chirality — how are they related and how do they affect life processes? Chem. Soc.
Rev. 45 (2016) 6478 DOI: 10.1039/c6¢cs00369a

[64] P. C. Mondal, P. Roy, D. Kim, E. E. Fullerton, H. Cohen, R. Naaman, Photospintronics:
Magnetic Field-Controlled Photoemission and Light-Controlled Spin Transport in Hybrid
Chiral Oligopeptide-Nanoparticle Structures, Nano Lett. 16 (2016) 2806—2811.

[65] A. Kumar, E. Capua, K.Vankayala, C. Fontanesi, R. Naaman, Magnetless Device for
Conducting Three-Dimensional Spin-Specific Electrochemistry, Angew. Chem. Int. Ed. 56
(2017) 14587 —14590.

[66] P. C. Mondal, W. Mtangi, C. Fontanesi, Chiro-Spintronics: Spin-Dependent
Electrochemistry and Water Splitting Using Chiral Molecular Films, Small Methods 2 (2018)
[67] M. Gazzotti, S. Arnaboldi, S. Grecchi, R. Giovanardi, M. Cannio, L. Pasquali, A. Giacomino,
O. Abollino, C.Fontanesi, Spin-dependent electrochemistry: Enantio-selectivity driven by
chiral-induced spin selectivity effect, Electrochim. Acta 286 (2018) 271-278.

[68] A. Kumar, E. Capua, C. Fontanesi, R. Carmieli, R. Naaman, Injection of Spin-Polarized
Electrons into a AlGaN/GaN Device from an Electrochemical Cell: Evidence for an
Extremely Long Spin Lifetime,ACS Nano 12 (2018) 3892—3897.



[69] A. Kumar, P.C. Mondal, C. Fontanesi Chiral Magneto-Electrochemistry,
Magnetochemistry 4 (2018) 36.

[70] K.Banerjee-Ghosh, O. Ben Dor, F. Tassinari, E. Capua, S. Yochelis, A. Capua, S.-H. Yang,
S. S. P. Parkin, S. Sarkar, L.Kronik, L. T. Baczewski, R. Naaman, Y. Paltiel, Separation of
enantiomers by their enantiospecific interaction with achiral magnetic substrates, Science
360 (2018) 1331-1334.

[71] R. Naaman, Y. Paltiel, D. H. Waldeck, Chiral molecules and the electron spin, Nature
Reviews 3 (2019) 250-260.

[72] G. Bullard, F. Tassinari, C.-H. Ko, A. K. Mondal, R. Wang, S. Mishra, R. Naaman, M. J.
Therien, Low-Resistance Molecular Wires Propagate Spin-Polarized Currents, J. Am. Chem.
Soc. 141 (2019) 14707-14711.

[73] R. Naaman, Y. Paltiel, D. H. Waldeck, Chiral Induced Spin Selectivity Gives a New Twist
on Spin-Control in Chemistry, Acc. Chem. Res. 53 (2020) 2659-2667. **An inspiring discussion
on the potentialities of exploiting electon spin to control chemical processes.

[74] T. S. Metzger, S. Mishra, B. P. Bloom, N. Goren, A. Neubauer, G. Shmul, J. Wei, S. Yochelis,
F. Tassinari, C. Fontanesi, The Electron Spin as a Chiral Reagent, Angew. Chem. Int. Ed. 59
(2020) 1653-1658. **Three proof-of-concept examples of manipulating chemical
reactions/interactions of chiral molecules by controlling the electron spin.

[75] B. P. Bloom, Y. Lu, T. Metzger, S. Yochelis, Y. Paltiel, Asymmetric reactions induced by
electron spin polarization, Phys.Chem.Chem.Phys. 22 (2020) 21570 **A fascinating
overview/perspective discussion on this exciting application of the CISS effect

[76] S. Ghosh, S. Mishra, E. Avigad, B. P. Bloom, L. T. Baczewski, S.Yochelis, Y. Paltiel, R.
Naaman, D. H. Waldeck, Effect of Chiral Molecules on the Electron’s Spin Wavefunction at
Interfaces, J. Phys. Chem. Lett. 11 (2020) 1550—1557. **Kelvin probe investigations on key
parameters affecting electron transmission from ferromagnetic electrodes to chiral molecule
monolayers.

[77] M. Innocenti, M. Passaponti, W. Giurlani A. Giacomino, L. Pasquali, R. Giovanardi, C.
Fontanesi, Spin dependent electrochemistry: Focus on chiral vs achiral charge transmission
through 2D SAMs adsorbed on gold, J. Electroanal. Chem. 856 (2020) 113705.

[78] F. Blumenschein, M. Tamski, C. Roussel, E.Z. B. Smolinsky, F. Tassinari, R. Naaman, J.-P.
Ansermet Spin-dependent charge transfer at chiral electrodes probed by magnetic resonance,
Phys. Chem. Chem. Phys. 22 (2020) 997 **A new approach for highlighting the CISS effect.

[79] S. Ghosh, B. P. Bloom, Y. Lu, D. Lamont, D. H. Waldeck, Increasing the Efficiency of
Water Splitting through Spin Polarization Using Cobalt Oxide Thin Film Catalysts, J. Phys.
Chem. C 124 (2020), 22610—22618.

[80] S. Mishra, M. di Marzio, R. Giovanardi, F. Tassinari, Magnetoelectrochemistry and
Asymmetric Electrochemical Reactions, Magnetochemistry 6 (2020) 1. *Studying magnetic
field dependent electrodeposition of a chiral Ni electrode surface.

[81] S. Yeganeh, M. A. Ratner, E. Medina, V.Mujica, Chiral electron transport: Scattering
through helical potentials, J. Chem. Phys. 131 (2009) 014707.



[82] R. Gutierrez, E. Diaz, C. Gaul, T. Brumme, F. Dominguez-Adame, G. Cuniberti, Modeling
Spin Transport in Helical Fields: Derivation of an Effective Low-Dimensional Hamiltonian
J. Phys. Chem. C 117 (2013) 22276—22284.

[83] J.M. Abendroth, K. M. Cheung, D. M. Stemer, M.S. El Hadri, C. Zhao, E. E. Fullerton, P.S.
Weiss, Spin-Dependent lonization of Chiral Molecular Film, J. Am. Chem. Soc. 141 (2019)
3863—-3874.

[84] J. Fransson, Chirality-Induced Spin Selectivity: The Role of Electron Correlations, J.
Phys. Chem. Lett. 10 (2019) 7126—7132.

[85] S Rozen, S. Larroque, N. Dudovich, Y. Mairesse, B. Pons, Enhanced chiral-sensitivity of
Coulomb-focused electrons in strong field lonization, J. Phys. B: At. Mol. Opt. Phys. 54 (2021)
184002 (9pp).

[86] M. Cinchetti, V. Alek Dediu, L. E. Hueso, Activating the molecular spinterface, Nat. Mat.
16 (2017) 507.

[87] A. Cornia, P. Seneor The molecular way, Nat. Mat. 16 (2017) 506.

[88] Sun, L. Yin, C. Sun, H. Guo, Z. Gai, X.-G. Zhang, T. Z. Ward, Z. Cheng, J. Shen, Giant
Magnetoresistance in Organic Spin Valves, PRL 104 (2010) 236602.

[89] I. Z. J.Fabian, S. D. Sarma, Spintronics: Fundamentals and applications, Rev. Modern
Phys. 76 (2004) 323-410.

[90] S.Takahashi, S. Maekawa, Spin current, spin accumulation and spin Hall effect, Sci.
Technol. Adv. Mater. 9 (2008) 014105 (11pp).

[91] Y. H. Park, H.-J. Kim, J. Chan, H. C. Koo, Observation of spin dependent electrochemical
potentials at room temperature in a quantum well structure, Curr. Appl. Phys. 17 (2017).

[92] J.-H. Lee, S. Hong, H.-J. Kim, J. Chang, H. C. Koo, Reconfigurable spin logic device using
electrochemical potentials, Appl. Phys. Lett. 114 (2019) 152403.

[93] T. Benincori, S. Arnaboldi, M. Magni, S. Grecchi, R. Cirilli, C. Fontanesi, P.R. Mussini,
Highlighting spin selectivity properties of chiral electrode surfaces from redox potential
modulation of an achiral probe under applied magnetic field, Chem. Sci. 10 (2019) 10, 2750-
2757

[94] L. D. Barron, True and false chirality and absolute synthesis, J. Am. Chem. Soc., 108
(1986) 55309.

[95] L. D. Barron, True and false chirality and absolute enantioselection, Rend. Fis. Acc.
Lincei, 24 (2013) 179.

[96] M. Senami, On the origins of life’s homochirality: inducing enantiomeric excess with
spin-polarized electrons, PNAS 119 (2022) e2204765119. ** A fascinating and inspiring
discussion on the biological implications of CISS effect

[97] B. Han, X. Gao, J. Lv, Z. Tang, Magnetic Circular Dichroism in Nanomaterials: New
Opportunity in Understanding and Modulation of Excitonic and Plasmonic Resonances, Adv.
Mater. 32 (2020) 1801491.** A recent, very clear account of the MCD technique, of great interest
for comparison with magnetoelectrochemistry experiments



[98] A.D. Buckingham, P.J. Stephens, Magnetic Optical Activity, Annu. Rev. Phys. Chem. 17
(1966) 399—432.

[99] S.B. Piepho, P.N. Schatz, Group Theory in Spectroscopy with Applications to Magnetic
Circular Dichroism John Wiley & Sons, New York (1983)

[100] N. Kobayashi, K. Nakai, Applications of magnetic circular dichroism spectroscopy to
porphyrins and phthalocyanines, Chem. Commun. (2007) 4077-4092.

[101] M. Atzori, Magneto-Chiral Dichroism: A Playground for Molecular Chemists, Chem.
Eur. J. 26 (2020) 9784-9791

[102] M. Atzori, C.Train, E. A. Hillard, N. Avarvari, G. L. J. A. Rikken, Magneto-chiral
anisotropy: From fundamentals to perspectives, Chirality 33 (2021) 844-857 *An interesting
account of a less known case which can be regarded as complementary to MCD (above ref. [97]),
implying chiral probe/magnetic field/unpolarized light/ instead of achiral probe/magnetic
field/polarized light.

[103] I. Mogi, G. Kido, Y. Nakagawa, The effect of very high magnetic fields on cyclic
voltammetry, Bull. Chem. Soc. Jpn. 63 (1990) 1871-1875.

[104] S. R. Ragsdale, J. Lee, X. Hao, H. S. White, Magnetic field effects in electrochemistry.
Voltammetric reduction of acetophenone at microdisk electrodes, J. Phys. Chem. 100 (1996)
5913-5922.

[105] I. Mogi, R. Morimoto, R. Aogaki, Surface chirality effects induced by magnetic fields,
Curr. Opin. Electrochem. 7 (2018) 1-6.

[106] M.M.M. Ahmed, T. Imae, Effect of external magnetic field on cyclic voltammetry of
exfoliated graphene-based magnetic composites with conductive polymer and carbon dots,
J. Magn. Magn. Mat. 491 (2019) 165604.

[107] R. Cheng, J. Xu, X. Wang, Q. Ma, H. Su, W. Yang, Q Xu, Electrochemical characteristics
and transport properties of V(11)/V(1111) redox couple in a deep eutectic solvent: magnetic
field effect, Frontiers in Chemistry, 8 (2020) art. 619

[108] G. Salinas, K. Tieriekhov, P. Garrigue, N. Sojic, L.Bouffier, A. Kuhn, Lorentz Force-
Driven Autonomous Janus Swimmers, J. Am. Chem. Soc. 143 (2021) 12708—12714.

[109] S. Grecchi, C. Federghini, M. Longhi, A. Mezzetta, L. Guazzelli, S.Khawthong, F. Arduini,
C. Chiappe, A. luliano, P.R. Mussini, Chiral Biobased lonic Liquids with Cations or Anions
including Bile Acid Building Blocks as Chiral Selectors in Voltammetry, ChemElectroChem
8 (2021) 1377-1387.

[110] E. Bunnenberg, C. Djerassi, K. Mislow, A. Moscowitz, Inherently Dissymmetric
Chromophores and Circular Dichroism, J. Am. Chem. Soc. 84 (1962) 2823-2826.

[111] M. Longhi, S. Arnaboldi, E. Husanu, S. Grecchi, R. Cirilli, S. Rizzo, C. Chiappe, P.R. Mussini, L.
Guazzelli A family of chiral ionic liquids from the natural pool: relationships between



structure and functional properties and electrochemical enantiodiscrimination tests,
Electrochim. Acta 298 (2019) 194-209.

[112] G. Longhi, S. Abbate, G. Mazzeo, E. Castiglioni, P. Mussini, T. Benincori, R. Martinazzo, F.
Sannicolo, Structural and Optical Properties of Inherently Chiral Polythiophenes: A
Combined CD-Electrochemistry, Circularly Polarized Luminescence, and TD-DFT
Investigation J. Phys. Chem. C 118 (2014) 16019-16027.

[113] T. Benincori, G. Appoloni, PR. Mussini, S. Arnaboldi, R. Cirilli, E.Quartapelle Procopio, M.
Panigati, S. Abbate, G. Mazzeo, G. Longhi, Searching for models exhibiting high circularly
polarized luminescence: electroactive inherently chiral oligothiophenes, Chem.-Eur. J. 24
(2018) 11082-11093.

[114] T. Bruhn, G. Pescitelli, S. Jurinovich, A. Schaumloffel, F. Witterauf, J. Ahrens, M. Broring, G.
Bringmann, Axially chiral BODIPY DYEmers: An apparent exception to the exciton chirality
rule, Angew. Chem., Int. Ed. 53 (2014) 14592—14595.

[115] S. Arnaboldi, S. Grecchi, L. Vaghi, A. Penoni, L. Scapinello, I. F. Buzzi, R. Cirilli, M.
Pierini, T.Benincori, P. R. Mussini, Tropos and Atropos biindole chiral electroactive
monomers: A voltammetry and HPLC comparative insight, ChemElectroChem 9 (2022)
€202100903 *Investigating the effects of the molecular structure (in particular, of the torsional
barrier between two equal moieties and related configurational stability) and of the solvent
modulation on the communication between equivalent redox centres in biindole electroactive
monomers including inherently chiral selectors.



Revised Manuscript Click here to view linked References =

Enantiomer discrimination
in Absorption Spectroscopy and in Voltammetry:
highlighting fascinating similarities and connections

Patrizia R. Mussini*?, Serena Arnaboldi?, Mirko Magni®?, Sara Grecchi?,
Giovanna Longhi¢, Tiziana Benincori®
aDipartimento di Chimica, Universita degli Studi di Milano (Italy)
PDipartimento di Scienze e Politiche Ambientali, Universita degli Studi di Milano (Italy)
°Dipartimento di Medicina Molecolare e Traslazionale, Universita degli Studi di Brescia (Italy)
dDipartimento di Scienza e Alta Tecnologia, Universita degli Studi dell’Insubria, Como (Italy)

Molecules
(% e il o )
‘yf’f"‘ "m*:‘ic:c‘

Chiral “actors”
in fascinating
interactions!

Keywords: chiral voltammetry, circular dichroism spectroscopy, magnetic/spin effects,
inherently chiral selectors, coupling of chromophore/redox sites

Electrons

Abstract. Absorption spectroscopy and voltammetry, of known analogies and connections, share
even more fascinating similarities and connections at a higher complexity level, when “upgrading”
them with the ability to discriminate between enantiomers by chiral selector implementation. In
both techniques either “molecular” selectors or “electromagnetic” ones (L- vs R- circularly
polarized light components for spectroscopy, a- vs - spin electrons for voltammetry) can be
considered; moreover, external magnetic field application can replace a truly chiral actor. A
tentative schematization is provided. Analogies and connections also concern molecular features
of the enantiodiscrimination actors. In both techniques outstanding performances are obtained with
inherently chiral molecules, in which a conjugated backbone with tailored torsion is source of
chirality as well as spectroscopic and electrochemical activity, in an attractive three-fold
interconnection. Their outstanding effects can be justified by a combination of chemical and

electromagnetic properties (excellent potential molecular spin filters), a fascinating challenge for
future developments.
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1. Well known analogies and connections between Voltammetry and Electronic Absorption
Spectroscopy in the study of active molecules and molecular materials

The steadily growing search for molecules and molecular materials with advanced functional
properties often involves systems that include sites with interesting electronic features, making
them at the same time spectroscopically and electrochemically active, i.e. both chromophores and
redox sites. To experimentally investigate and rationalize such electronic properties, electronic
absorption spectroscopy and voltammetry are usually applied in sinergy, with well-known
reciprocal connections. The first one accounts for intramolecular electronic transitions driven by
increasing energy in terms of decreasing wavelength of incident light; the second one accounts for
electron transfer processes to/from electrode (oxidations/reductions) driven by increasing energy
in terms of increasingly positive/negative electrode potentials. In turn, measured quantities, i.e.
absorbance in the first case and current intensity in the second case, share dependency on (i)
chromophore/redox site concentration, (ii) geometric parameters (optical path length, electrode
surface), as well as (iii) molecular parameters accounting for the process mechanism (molar
extinction coefficient, accounting for light-matter interaction, in the first case; energy barrier
symmetry factor, number of exchanged electrons etc. in the second case). Accordingly, molecular
identification/discrimination together with information about molecular energy levels can be
achieved considering absorption wavelengths/potentials for electron transfer, while quantification
is feasible by considering absorption/current intensities.

Actually the information obtained from the two approaches about energy levels is not expected to
coincide, considering the significantly different conditions (homogeneous phase, organic solvent,
even apolar, with no electrolyte, no net charge formation... in the first case; heterogeneous
conditions, electrolyte medium, net charge formation... in the second case); nor is expected to
coincide with values obtained by other approaches such as theoretical computations (usually in
vacuum) or, for molecular solids, photoelectron spectroscopies (aggregation effects...).[1-3]
However, for example, HOMO-LUMO energy gaps obtained (in eV) from first absorption
wavelengths (maxima or onset ones [4]) according to

h (J's) x c(m s)/(Amaxsonset(m) x ge(C 1))
are often similar to those obtained from first oxidation and first reduction potentials (formal, or
peak, or onset ones [4]) in voltammetry experiments, according to

le x [EI ar- EIc]V
Notably, however, only electrochemical experiments make it possible to estimate single HOMO
or LUMO levels,

ELumo (eV) ~ —1e x [(E1c /V(Fc|Fc) + 4.8 V (Fc*|Fc vs zero)]

Eromo (eV) = —1e x [(Ei1a /V(Fc*|Fc) + 4.8 V (Fc*|Fc vs zero)]
on the basis of the estimation of the energy level of the reference intersolvental reference couple
Fc*|Fe respect to vacuum (here considered as 4.8 eV, but for which actually there is a range of
proposed literature values, being an extrathermodynamic quantity [5]).

Moreover, there can be exceptions in which the two approaches yield remarkably different results,
particularly if first oxidation and/or first reduction in the voltammetry experiment do not involve
the same HOMO and LUMO energy levels as in the spectroscopic experiments, like e.g. when in



large molecules easiest oxidation and easiest reduction involve different sites that are reciprocally
distant and not communicating.

2. The two techniques at a higher selectivity level: discriminating enantiomers of chiral
advanced molecules and molecular materials

Many optically and electrochemically active molecules of high relevance, for example among
natural or synthetic active pharmaceutical ingredients/nutrients, catalysts, materials for optics and
spintronics..., are chiral. Endowing spectroscopy and voltammetry with the ability to discriminate
between their enantiomers is important, as an alternative or at least a complement to expensive
and destructive separation by enantioselective chromatographic techniques.

In achiral environments the enantiomers of chiral electroactive molecules have identical physico-
chemical properties and therefore result in identical absorption spectra or voltammetry patterns.
Therefore, achieving enantiomer recognition, thus upgrading spectroscopy or voltammetry to
chiral spectroscopy or chiral voltammetry, requires implementation of a suitable chiral selector
able to significantly interact with the chiral probe, resulting in diastereomeric and therefore
energetically distinguishable situations.

As we will discuss further on, the selector can be either a “molecular” one, i.e. the (R)- or (S)-
enantiomer of a second chiral molecular species besides the chiral probe, or an “electromagnetic”,
one, also truly chiral: in particular, the L- and R- circularly polarized light components, or the a.-
and B-spin electrons in rototranslational motion across the electrochemical interphase.

Of course, in order to achieve transduction of the recognition event, at least one chromophore
or/and redox site, respectively for chiral spectroscopy or/and chiral voltammetry, must either be
present in the probe and/or in the selector, or, if necessary, provided by a third, possibly achiral,
co-actor [6]. In any case, such active sites should be possibly strictly related to (e.g. located close
to, coupled with, or, best of all, coincident with) the stereogenic element which enables chiral
recognition. In such perspective, particularly attractive are “inherently chiral” molecular selectors
in which the main molecular backbone, based on a conjugated (hetero)aromatic system featuring
an helical or axial stereogenic element, is the source of both chirality and key electron
absorption/electron transfer properties.[7-9]

In summary, at least two chiral actors (probe/selector, although it should be remarked that
discriminating between probe and selector is only a matter of perspective...) and at least one
chromophore/redox site must be present in the environment were the enantiorecognition event has
to be achieved and detected. A tentative comparative schematization of possible cases is provided
in Scheme 1.

Scheme 1. (following page) A tentative schematization of possible enantiodiscrimination
strategies in chiral electronic absorption spectroscopy or chiral voltammetry, with related
implications.
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2.a Achieving enantiodiscrimination in electronic spectroscopy with truly chiral actors

In principle, enantiodiscrimination could be achieved in absorption or emission spectroscopy with
both chiral actors being “molecular” ones, provided that their combination results in significant
variation in absorption wavelength or/and intensity for at least one chromophore belonging to one
or both chiral actors (or to a third auxiliary achiral co-actor).

Although a significant number of such cases have been studied, especially for colorimetric/visual
readout of the recognition event (like e.g. [10,11]), this approach does not look very popular,
possibly since it requires development, preparation and bulk consumption of specific, powerful
chiral molecular selectors, and is probe-destructive.

Such onerous requirement is instead not necessary working with polarized light, in the well-
established technique of circular dichroism [12-21,23].

Plane polarized light PL can be regarded (Figure S1 in Sl) as the sum of two helix-like left-handed
and right-handed circularly polarized light components, L-CPL and R-CPL (which in turn can be
regarded as the sum of two perpendicular PLs with + =/2 phase difference). When PL passes
through a chiral sample, its L-CPL and R-CPL components proceed at different speed; as a result,

o if the wavelength is such that no absorption can take place, the light exiting the chiral
sample is still plane polarized, but rotated by a given a angle (the observed quantity in the
popular polarimetry technigue). Such rotation depends on the light wavelength, which is
the object of the optical rotation dispersion ORD technique, analyzing L-CPL vs R-CPL
propagation speed differences [21,22];

o if the light wavelength A is such that it can be also absorbed by the sample, the light exiting
the sample is elliptically polarized, as a consequence of the two CPL components being
absorbed with different molar extinction coefficients €. and g, resulting in different AL
and Ar absorbances (“Cotton effect”). Recording the ellipticity 3, or its proportional
quantities er—eL or Ar—AL, as a function of incident PL wavelength, provides circular
dichroism CD spectra [12,15,23] or, more precisely, E[lectronic]CD spectra, to distinguish
them from V[ibrational]CD spectra, which can be obtained in the infrared range [24,25].

ECD signals are located in correspondence of UV-Vis absorption ones, but, unlike them, being
differential quantities they can be either positive or negative, and are perfectly specular for the
enantiomers of a given chiral molecule.

It is worthwhile recalling that extinction coefficient €, accounting for efficiency of photon/matter
interaction, depends on both electric and magnetic transition dipole moments, accounting for
electron density redistribution (translational and rotational displacement, respectively) in transition
between different energy levels implying different orbital (electron density) shapes. In achiral UV-
Vis absorption spectroscopy the electric transition dipole moment is usually the prevailing one,
and allowed and forbidden transitions are defined considering it only. Instead, in chiral
spectroscopy both dipole moments are important, involving chiral charge displacement along e.g.
a helical path (in the asymmetric chiral magnetic field corresponding to the chiral sample) [12]




Simulation of CD spectra with theoretical computations enables to assign absolute configuration
to the two enantiomers. [15,19,26]

Conformation [13], supramolecular [14] and solid-state effects [17,20,27-29] can result in
significant modulation of ECD spectra. The ECD technique is particularly useful when studying
chiral macromolecules (including both natural and synthetic ones), to account for the presence of
a regular "secondary" chiral structure [13,30] (Figure S1 in Sl). In particular, the more regular and
stable the “secondary” helical/foldamer chiral structure of the macromolecule, the more evident
its ECD response, which can instead nearly cancel for chiral polymers with “random coil” features
and/or resulting from non-regioregular oligomerization. [28,31] Accordingly, the ECD of a given
chiral macromolecule remarkably changes if the latter conformation changes (at constant
configuration) e.g. as a function of pH, solvent, light, electric charge etc..[29]

Symmetrically to ECD, in emission spectroscopy with PL excitation, chiral samples can fluoresce
with PL, consisting of two circularly polarized components of different intensity (Circularly
polarized luminescence, CPL). [32-35]

2.b Achieving enantiodiscrimination at the electrochemical interphase with truly chiral actors

In chiral voltammetry the most desirable transduction mode of the enantiomer recognition event
is in terms of a significant, possibly wide, potential difference for the two electroactive probe
enantiomers in the presence of the chiral enantiopure selector. (Figure 1) In fact, a potential
difference can enable direct enantiomer recognition (also combined with quantitative estimation
from peak currents) and/or selective enantiomer activation, [7] from the microscopic scale up to,
fascinatingly, the macroscopic one, in many smart device architectures [36-40]

The most favourable circumstance is when a neat potential difference between two well-defined
peaks with linear dynamic range for currents is observed for the two enantiomers simultaneously
present, enabling to estimate enantiomeric excesses. [41,42] This optimal situation can be easier
achieved for chemically reversible electron transfer processes, which result in little or no surface
conditioning by the first enantiomer electrode process with respect to the second one. [41,42]

It must be underlined that there is obviously no a priori relationship between the combination of
probe/enantiomer absolute configurations and the peak sequence, being the (R)- and (S)-
descriptors assigned according to an abstract convention. Instead, specular potential differences
must be obtained upon inverting either probe or selector configuration (Figure 1); such double
inversion test provides the soundest reliability test for the enantiodiscrimination protocol, enabling
to rule out possible other causes for the observed potential differences. [41]

Actually many cases have been recently presented of significant and even wide potential
differences, obtained for various probe enantiomers by implementing molecular chiral selectors at
the electrochemical interphase, either as confined solid selector layer/network, modifying the
electrode surface with suitable chiral selector films [41-51], or as expanded semisolid selector
network, exploiting media of high local order at the interphase with a charged achiral electrode
like ionic liquids or deep eutectic solvents, implemented with chirality [52-57].



Since in the voltammetry case the enantiodiscrimination process is intrinsically hetereogeneous,
taking place at the interphase rather than in the bulk, only minimal quantities of the molecular
selector can be employed, e.g. modifying the electrode surface by electrodeposition of a very thin
chiral selector layer [41-51] or working with screen-printed cells with a thin layer of ionic liquid
modified with a chiral additive (or itself chiral)[53-55,57]. Moreover, the modified surface could
be recycled (at least in favourable cases with no filming/conditioning products) and in any case
the experiment is non-destructive for the bulk probe. Furthermore, local cage/structuring/electro-
magnetic effects can enhance probe/selector interactions respect to bulk conditions.

Notably, the observed potential shifts (up to some hundreds mVs) are consistent with mild
coordination, considering e.g. the well known Kolthoff and Lingane treatment for ligand effect on
electrochemically reversible species [58], or the significant peak potential differences that are often
observed for a given electroactive molecule upon changing the supporting electrolyte, on account
of different tendency to ionic couple formation.

Remarkably, when considering the study cases provided in the above cited papers, the selectors
can be considered “multipurpose”, because a given selector is effective with even very different
probes, and a given probe can be discriminated by various selectors, although with different
efficiency. This can be explained by the good number of elements available for probe/selector
coordination (heteroatoms, (hetero)aromatic rings and n conjugated systems) in the reported
examples.

However, besides such “molecular interaction” effect, an “electromagnetic” effect should be
considered, too [59], related to the a- vs - spin electrons in rototranslational motion across the
chiral interphase being promoted or hampered by the latter’s chiral magnetic field, in turn
modulated by the presence of a second chiral magnetic field corresponding to the chiral probe.
Indeed, referring to Scheme 1, voltammetry case (1) must also include voltammetry case (11b), and
the concurrent presence of two chiral selectors should be considered, resulting in two contributions.
It is worthwhile noticing that such considerations are possible on account of the electron flux being
intrinsically unidirectional, i.e. perpendicular to the electrochemical interphase, while the parallel
spectroscopic case (1), involving unpolarized light, implies infinite planes.

Of course a key issue is to evaluate the extent of such “electromagnetic” contribution.

The different interaction of a- vs - spin electrons with a chiral magnetic field corresponding to a
chiral molecular layer of (R)- or (S)- configuration, particularly modifying an electrode surface
across which the chiral rototranslational motion of electrons takes place, is a fascinating subject
that has been the object of extensive investigations (e.g. [59-85]), particularly by Naaman and
colleagues [59-80], who termed it CISS (“chiral-induced spin selectivity™).

They observed that o.- vs - spin polarization induced by a molecular chiral electrode surface can
be impressive, even surpassing common inorganic spin-filters [60], pointing to competitive
applications such as molecular spin filters or giant magnetoresistive molecular spin valves [86-88]
in spintronics, a field of great current applicative interest [89-92].
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Figure 1. Chiral voltammetry basic features.

They also pointed out that to justify such high spin polarizations an unusually high spin-orbit
coupling should be considered, of several orders of magnitude greater that normal cases of organic
molecules [60]. To justify it, spin transport has been modelled in the electromagnetic field of an
helical molecular structure [60,63,71,81,82] resulting in estimated energy splittings of even several
hundreds of meV [60] between the two spin states. Also the tunneling probability for the favoured
spin has been estimated to be enhanced with respect to normal cases by even 1-2 orders of
magnitude [63]. The importance of electron correlation has also been pointed out [84], with the
estimated spin polarization increasing in molecular chains with the number of ionic sites and laps.

To study the CISS effect, spin-specific/enriched currents were typically generated using a
magnetic electrode under magnetic field [61,62] (which actually adds a further actor, although a



“false”, i.e. non time-invariant [93-95], chirality one), then evaluating their variations upon
crossing the chiral layer under study [62]. More recently, however, a protocol based on a working
electrode modified with a circuit implementing Hall effect has been proposed to avoid the presence
of the magnetic field. [59] Actually spin-specific currents can also be produced by the CISS effect
itself, at an electrode modified with a chiral molecular layer [93].Very recently, spin-dependent
charge transfer at chiral electrodes has been probed by magnetic resonance [69]. Moreover,
Kelvin-probe experiments resulted in potential differences up to nearly one hundred mV.[76] The
CISS effect has been shown to be appliable to enhance water splitting [66,78], to achieve
asymmetric reactions [75] enantiomer separation [70] and enantiomer bio-recognition [63], and to
propagate along achiral low-resistance molecular wires [72].

Fascinatingly, the CISS effect has also been related to the intriguing subject of biological
homochirality [96].

Returning to the present issue, in principle the spin electron polarization upon interaction with the
chiral probe could be sufficient as a selector for enantiomer discrimination, even without a
molecular one, and would represent the electrochemical parallel of the ECD experiment. However
unlike the spectroscopic case, (a) the approach based on two molecular actors has so far been very
successful (it would be however interesting to evaluate how much is the spin polarization
contribution) and (b) at least so far, evaluation of a- vs - spin ratio is still critical/not trivial
respect to evaluation of L-CPL to R-CPL ratio in spectroscopy. Were it to become easily
accessible, an “electrochemical spin dichroism” could be developed for electrochemical
enantiomer discrimination in the absence of molecular selectors!

2.c Substituting a “truly” chiral actor with a “falsely” chiral one: application of an external
magnetic field

Achiral polarizable substrates can also give circular dichroism response under magnetic field
application, proportionally to magnetic field intensity and presenting mirror image spectra upon
inverting magnetic field orientation. Such "magnetic circular dichroism” (MCD) has been
explained in terms of perturbation of electronic energy levels by an external static magnetic field
and can be the sum of three contributions [97-99]: a first one, temperature-independent, of
sigmoidal shape, related to loss of degeneration in excited states; a generally weak second one,
also temperature-independent, bell-shaped, related to mixing of close excited states; and a third
one, also bell-shaped and more intense, related to loss of degeneration in ground state, dominant
especially at low temperatures, being linked to population distribution in a— vs p— ground
sublevels. MCD is a well-established technique, exploited for molecular property elucidation (for
example it has been widely applied to property elucidation of porphyrin and phthalocyanins
properties since the ‘70s [100]) e.g. to resolve degenerate levels.

In a certain way, one might consider the combination achiral molecule+magnetic field as a [false]
chirality probe substituting the [true] chirality molecular one. It must however be remarked that,
as it was clearly pointed out by Barron [94,95], an external applied magnetic field can only result
in “false”, i.e. non time-invariant, chirality, unlike the “true”, i.e. time-invariant, chirality of a
chiral molecular magnetic field.



Symmetrically, mirror image spectra can be also obtained when working on chiral molecules with
unpolarized light, by application of a magnetic field (“magneto-chiral dichroism” [101,102]). In
this case the polarized light chiral actor is substituted by the combination of normal light+magnetic
field.

Do similar considerations also apply to chiral voltammetry?

Magnetoelectrochemistry phenomena have been studied in the last two centuries since the first
Faraday experiments (who incidentally in such context discovered the polarized light rotation
under magnetic field, “Faraday effect”), encompassing magnetic field effects on electron transport
(e.g. Lorentz force as well as Hall and spin Hall [90] effects) and on electrode processes, (involving
interphase capacitance and electron transfer as well reactant diffusion/diffusion issues [103-107]).
For example, chiral surfaces have been successfully prepared by electrodeposition exploiting
magnetodynamic effects [105], and autonomous Janus swimmers driven by Lorentz force have
been recently presented [108].

In the present context, performing voltammetry of an achiral molecule under magnetic field, a
Zeeman effect must take place, resulting in loss of degeneration of a- vs - spin levels and a- vs
[3- electron unbalance; and, of course, upon inverting the magnetic field orientation the opposite
situation must be obtained. However, the two situations are enantiomeric, i.e. energetically
coincident and undistinguishable from the voltammetry “scalar” point of view.

Symmetrically, performing voltammetry of the achiral probe on a chiral electrode, a Zeeman
effect must take place (as already above discussed); in this case the effect is a true chirality one,
originating from a magnetic field of chiral molecular origin, and therefore time-invariant. Again,
however, the situations obtained with (R)- vs (S)- layers are enantiomeric and undistinguishable
from the voltammetry point of view.

A ”’scalar” energy difference can be obtained by applying both magnetic fields, e.g. the molecular
and the external one. In fact this implies a double splitting effect, modifying the couple of
enantiomeric and therefore energetically equivalent combinations into two couples of
diastereomeric and therefore energetically different ones). (Figure 2 bottom)

Actually, very successful “pseudochiral voltammetry” experiments were recently obtained with
achiral Fe(Il)|Fe(l11) redox couples (ferrocyanidelferricyanide or ferrocene|ferricinium) working
on chiral electrodes under magnetic field [93,46-48]. Potential differences were observed of
hundreds of mVs, symmetrically upon inverting either magnetic field orientation or chiral surface
configuration. A further analogy with MCD [97] is the dependence on the applied magnetic field
strength (the observed potential differences regularly decrease with increasing magnet distance)
and maybe also the temperature effect [93]. Importantly, while a similar phenomenon was
observed with different chiral oligomer layers, it was entirely absent when the electrode was
modified with an oligomer film of similar molecular properties but achiral.[93]
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Figure 2. A “pseudochiral voltammetry” experiment obtained working on a chiral electrode with achiral
probe under magnetic field. [93] Figure elements reproduced from Ref. 93 with permission from the Royal
Society of Chemistry.



In the frame of Scheme 1, this striking experiment, which implies spin-resolved electron energy
levels (or, from the electrochemical perspective, spin-resolved electrochemical potentials), could
correspond to either situations (I11b) (considering the achiral probe+magnetic field combination to
replace the chiral probe) or (1V) (regarding the chiral surface as probe, and the combination of -
/ B- electron + magnetic field to replace the chiral selector).

From a further different perspective, application of the external magnetic field can enable to
highlight the molecular spin filter properties of the chiral film on the electrode surface, and to
discriminate its configuration; moreover, modulating the magnetic field can enable to modulate
spin polarization and energy difference. In this light, it has been proposed that such setup could be
looked at as a solution-based equivalent of magnetoresistance determination in all-solid devices
(except for the distinction between electron transfer and electron transport) [93]

2.d Focusing on the molecular chiral actors involved: structure-activity relationship analogies

Beautiful analogies also concern the relationship between the structural features of the involved
molecular actors and the observed chiroptical / chiral voltammetry effects.

i)_Both techniques share the same ideal selector features: inherently chiral molecules

As mentioned above, the stereogenicity element should be as strictly related as possible to the
optically/redox active site(s). In this light, chiral spectroscopy and chiral voltammetry share the
same ideal chiral actor features. In particular, huge chirality manifestations are observed both in
chiroptical spectroscopy ([12,15], following the old concept of “Inherently Dissymmetric
Chromophores and Circular Dichroism” [110]) and in chiral voltammetry [41-51,53-55,57] with
“inherently chiral”” molecules, in which the source of both chirality and key functional properties
coincides, while generally less effective discrimination is obtained when the stereogenic element
is a localized, often peripheral, stereocentre (e.g. [111,112] vs [53-55,57] concerning chiral vs
inherently chiral ionic liquid based media).
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For example, very effective are inherently chiral selectors having as molecular backbone a
conjugated electroactive (hetero)aromatic system featuring an helical or axial (atropisomeric)
stereogenic  element, their molecular design being also tailored to promote
propagation/amplification of stereogenicity from monomer to oligomer and supramolecular
structures. Such systems can give both intense, well defined ECD signals (as well as neat circularly
polarized luminescence and VCD), and large potential differences (up to some hundreds of mVs)
when employed as one of the chiral molecular actors in voltammetry [41,47,112,113].

Remarkably, a given selector appears highly effective with very different chiral probes; this can
be justified by the presence of many heteroatoms and aromatic systems available for coordination,
consistently with recent chiral voltammetry tests in systematic sequences of molecular probes or
selectors (e.g.[45,49,51,56]); however, the helical or foldamer structure of the inherently chiral
actor should also powerfully enhance the electron orbital-spin coupling and therefore the
“electromagnetic” contribution to the enantiomer discrimination. Actually with such selectors the
above impressive magnetoelectrochemistry effect can also be observed [46-48,93].

i1)_Both techniques highlight coupling effects of interacting chromophores/redox sites

Inherently chiral selectors with axial stereogenicity consisting of two equivalent and reciprocally
interacting redox centres/chromophores (the two symmetrical moieties), like the biindole-based
monomer described in [47], also provide very nice model cases to highlight similar energy splitting
effects in spectroscopy and in voltammetry. (Figure 3)

From the perspective of intramolecular electronic transitions, the interaction between the two
equivalent chromophores results in an energy level degeneration removal and a wavelength
splitting, which however is usually difficult to resolve in UV-vis spectroscopy, only corresponding
to a slight signal broadening. Instead the same effect (“exciton coupling” resulting in “Davydov
splitting”) becomes evident in CD, since in this case the two components have opposite sign: thus
a typical sigmoidal pattern appears (the larger the AL, the better defined is such pattern) [12,15,26]
(Figure 3 top). The effect is modulated by the angle between the two equivalent chromophores, is
affected by the chromophore environment and working conditions, and can provide important
information about the molecule conformation [12,15] in case the magnetic dipole transition
moment contribution can be well represented by two independent electric dipole transition
moments dissymmetrically disposed [114].

Figure 3. (following page) A comparative study case of equivalent, reciprocally interacting
chromophores/redox sites in ECD and in CV. Figure elements reproduced from Ref. 47 with
permission from the Royal Society of Chemistry.
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The voltammetry pattern of the same molecule features a typical first oxidation twin peak system
which is related to the presence of two equivalent, reciprocally interacting redox sites, mainly
localized in the two moieties of the atropisomeric biindole core, which is the electron richest part
of the molecule. (This is confirmed by the observation that oligomerization, requiring radical
cation formation on the thiophene terminals, does not occur when limiting the potential in the
range of the twin peak system, and can only be obtained at potentials corresponding to the
subsequent oxidation peak system).

Also in this case the effect provides interesting information on the molecular properties (in
particular, the peak splitting increases with the extent of reciprocal interaction/electronic
communication [115]) and is affected from the redox site environment (for example the peak
splitting decreases upon increasing the solvent polarity [47,115]).

iii) Exploiting the intrinsic reciprocal connection of the three outstanding properties in
inherently chiral molecules

Finally, an attractive property of the above inherently chiral molecules is that since chirality,
optical activity and electrochemical activity all originate from the main backbone, they are
reciprocally strictly linked. For example, chiroptical activity can be regularly and reversibly
modulated by electrochemistry, as nicely demonstrated in CD spectroelectrochemistry
experiments. [41,112]

1. Conclusions and perspectives

Absorption spectroscopy and voltammetry, having well known analogies and connections, share
even more fascinating similarities and connections at a superior complexity level, when
“upgrading” them with the ability to discriminate between enantiomer probes, which requires
implementation of a chiral selector.

Both “molecular” selectors, having significantly different coordination ability for the probe
enantiomers, and “electromagnetic” selectors (L- vs R- circularly polarized light components for
spectroscopy, a- vs - spin electrons in voltammetry) can be considered in both techniques.

In the more mature area of chiral spectroscopy, the technique of choice for enantiodiscrimination,
electronic circular dichroism, is based on the second alternative, which requires no development/
consumption of high-value reagents and is not probe-destructive, and is made possible by the
commercial availability of instrumentation enabling to evaluate differential adsorption of the
polarized light components. In the “younger” chiral voltammetry technique, very good results in
terms of enantiomer potential differences have been so far obtained with molecular chiral selectors,
which in voltammetry case is not critical concerning material quantity (for example, working with
chirally modified electrodes requires very little selector quantities) and is not probe-destructive.
However, recent evidence concerning the differential interactions of o- vs - spin electrons with
molecular chiral magnetic fields at the electrode surface (CISS effect) suggest that an additional
contribution be present besides the molecular one, and could be even exploited alone, analogously
to the dichroism technique, should it become reasonably feasible from a technical point of view.



Another analogy between spectroscopy and voltammetry is the possibility of applying an external
magnetic field, which may be regarded as replacing a chiral actor (although with “false chirality”),
as in the well established magnetic circular dichroism technique, and in intriguing recent
magnetoelectrochemistry experiments.

Many analogies and connections also concern the molecular side of the enantiodiscrimination
events. In both techniques — circular dichroism and voltammetric enantiomer discrimination —
outstanding performances can be obtained with inherently chiral molecular actors. In this context,
a helical or atropisomeric molecular structure, in which a conjugated molecular backbone with a
tailored torsion is the source of both chirality and optical as well as electrochemical activity, offers
a fascinating and useful reciprocal three-fold connection of functional properties. Such molecular
design results inter alia in nice cases of equivalent and reciprocally interacting
chromophores/redox sites, evidenced both by sigmoidal patterns in CD and by twin peak splitting
in CV.

The powerful chirality manifestations of inherently chiral molecules can be justified by both
molecular considerations (many heteroatoms and aromatic rings available for molecular
interactions) and electromagnetic ones (powerful molecular chiral magnetic field, for which they
can be regarded as excellent potential molecular spin filters). Discriminating between the two
contributions in order to rationalize and exploit the impressive observed phenomena represents a
very desirable target as well as a fascinating challenge.
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Response to Reviewers

Itemized reply to Referee Issues

We are indeed delighted with the Referee’s kind appreciation!

Concerning the points raised:

e “Authors use the term "actors", it is not clear why authors do not use the proper word
which is "system". This is a scientific paper going to be published in a scientific journal”

Actually we really feel that “system” does not fit our intended meaning, nor have we found a more
appropriate term than “actor”, which is used here in a generic meaning of “taking part to an
(inter)action”, and can be found also as “molecular actor(s)” in recent scientific papers.

Thus we have now specified in the (newly added) supporting information, to justify our adoption of
the “actor” term in the present context:

“As in various examples including recent scientific papers, the term has been employed in the
present discussion in its original generic meaning (also accounted for in dictionaries, according to
the Latin meaning “who does/acts”), i.e. to indicate an entity (molecular or electromagnetic in
our cases) which is taking active part to the described interactions/recognition events.”

e Figure 1. Frankly speaking a reader of Current Opinion in Electrochemistry is supposed to
know everything it is shown there. Figure 1 should be simply dropped. Making also the
manuscript a bit more compact.

We are not sure that an electrochemistry researcher not dealing with chirality issues can be
undoubtedly assumed to be an expert of circular dichroism fundamentals. Thus we have followed
the Referee advice to drop Figure 1 from the main paper to make it more compact, but have
moved it (with a slight modification) to the supporting information in case it can be useful to the
reader.

In the revised Manuscript we are submitting, we have also

¢ made a few small corrections in the paper (besides renumbering figures, of course)

¢ added inthe supporting information some explanation about enantiomer descriptors used
in the molecular case and in the spectroscopic one, since we realized that comparing R/S
vs R/L could be somehow puzzling for the reader

e added a possible TOC image

e as already mentioned, added a small supporting information file with the above elements
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