Natural-based chiral task-specific deep eutectic solvents: a novel, effective tool for
enantiodiscrimination in electroanalysis

Serena Arnaboldi®®, Andrea Mezzetta®®, Sara Grecchi?, Mariangela Longhi?, Elisa Emanuele?, Simona Rizzo°,
Fabiana Arduini®, Laura Micheli ¢, Lorenzo Guazzelli®*, Patrizia Romana Mussini®®

a. Dipartimento di Chimica, Universita degli Studi di Milano, Via Golgi 19, 20133 Milano (Italia).
E-mail: patrizia.mussini@unimi.it

b. Dipartimento di Farmacia, Universita degli Studi di Pisa, Via Bonanno 33, 56126 Pisa (Italia).
E-mail: lorenzo.quazzelli@unipi.it

c.  CNR Istituto di Scienze e Tecnologie Chimiche “Giulio Natta”, Via C. Golgi 19, 20133 Milano (Italia).

d. Dipartimento di Scienze e Tecnologie Chimiche, Universita degli Studi di Roma Tor Vergata, Via della Ricerca Scientifica, 1
00133 Roma (Italia)

§ Co-first authors
*Co-corresponding and co-last authors.

Abstract
Deep Eutectic Solvents (DESs) offer advantages similar to ionic liquid (IL) ones, with easier and more
sustainable synthesis; moreover, bio-based DESs often include chiral components, surprisingly
underexploited. A proof of concept is now offered of the impressive potential of enantiopure chiral DESs as
chiral media for enantioselective electroanalysis. Three chiral DESs, consisting of a molecular salt with bio-
based chiral cation [NopolMIm]* combined with three natural and/or low-cost partners (levulinic acid,
glycerol and urea), are introduced and investigated as chiral voltammetry media. Significant potential
differences are observed for the enantiomers of a model chiral probe, with a dramatic tuning depending on
the achiral DES component, reaching an impressive ~0.5 V in the levulinic acid case (while less efficient
appears [NopolMIm]* as chiral additive in IL).

These findings can be
considered as a remarkable step further in chiral electroanalysis as well as in the development of task-specific
enantioselective media.
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Introduction

Deep eutectic solvents (DESs) are rapidly growing in popularity as attractive media for a variety of
applications [1-4]. This interest follows from their featuring many advantageous properties similar to
ionic liquids (ILs), combined with lower cost and easier preparation as well as, possibly, higher
biocompatibility and biodegradability [1,2,4] particularly if made of biobased components (natural
deep eutectic solvents, NADES) [5-7].

A further DES advantage is their exceptionally wide and easy modulability in composition and
properties, which is implicit in their definition. Unlike ILs, DESs are not pure compounds constituted
by anions and cations alone, but mixtures of Lewis or Brgnsted acids and bases, like for instance a
hydrogen bond acceptor HBA (often a quaternary N salt) and a hydrogen bond donor HBD (often an
alcohol, polyol, carboxylic acid, amine, carbohydrate, or urea), that have an eutectic point at a
temperature quite below the one predicted for an ideal mixture [8]. It is worthwhile noticing that
single DES components could have more than one binding site, even of different character, resulting
in more complex interactions between the two partners; as a result, it may be more appropriate to
describe them in terms of prevailing hydrogen bond donor or acceptor character. In any case,
according to the above definition, to assess the real DES nature of a new mixture requires to obtain
its experimental phase diagram, to be compared to the ideal predicted one. Importantly, although
the non-ideal lowering of the eutectic melting point is linked to strong specific interactions between
the eutectic components, the eutectic composition may not correspond to a stoichiometric 1 : n
proportion between the component mole fractions, since it results from a combination of ideal fusion
properties and 1 : n specific interactions between the mixture components [8]. On the other hand, it
is not required for the operating mixture to have the exact composition of the eutectic point to be
considered a DES, but any component mixture in the liquid state at a working temperature below the
ideal eutectic point can be considered as a DES. This allows for modulation of DES properties by
changing the component ratio [8].

In analogy to ILs, DESs look particularly attractive as electrochemistry and electroanalysis media, on
account of peculiar transport and solvation properties as well as convenient potential windows [3],
with redox active molecules featuring reasonable diffusion coefficients, nearly unaffected by charges
[9] and electron transfer (ET) rate constants considerably higher respect to the IL case.[10]
Accordingly, an increasing number of electrochemical applications have recently appeared,
particularly concerning electrodepositions and sensing [3], like for ILs.

A frontier application worthy to be explored is represented by enantioselective electrochemistry and
electroanalysis, particularly in terms of obtaining significant potential differences for the antipodes
of electroactive probes, in order to easily discriminate them (with possible concurrent quantification
from current evaluation) or selectively activate the desired one [11]. This of course requires the enan-
tiomers to undergo electron transfer (ET) processes in energetically different conditions, which can
be achieved implementing suitable enantiopure chiral selectors at the interphase, either at the
electrode surface or in the medium, resulting in diastereomeric ET contexts for the two enantiomers
[11]. Most approaches have so far focused on the first strategy, i.e. the chiral electrode one [11],
while comparatively less have been those based on achiral electrodes in media implemented with
chirality (e.g. in the solvent, or supporting electrolyte, or in additives/ complexing agents/
mediators...) [11]. However, a breakthrough can be achieved with chirality implemented in highly
ordered media, like ILs, which imply electrochemical processes to take place at an interphase of very
high intrinsic order [12-17], resembling bulk liquid crystal features at least close to the charged
electrode surface. Such high structural order has been recently experimentally demonstrated to
extend for many layers up to a considerable distance from the surface [16], with significant
modulation according to the IL ion combination [17] and to the possible presence of coadsorbed
species, including water (with the IL character holding up to considerable amounts of the latter)
[18,19]. Actually significant differences in voltammetry peak potentials [11,16-24] have been recently



observed for the enantiomers of chiral probes working on achiral electrodes in commercial achiral
ILs with the addition of small amounts of chiral molecular salts, either solid at room temperature or
liquid (and therefore chiral ionic liquids CILs), or in bulk CILs. Such attractive results, particularly
impressive in the case of salts with “inherently chiral” cations of axial or helical stereogenicity
[ ] (with potential differences of even hundreds of mVs for probe enantiomers, in analogy
with the powerful performances of electrode surfaces modified with inherently chiral films, e.g. [25]),
have been justified considering the highly ordered interphase between the charged electrode and
the ionic liquid medium, the latter containing chiral cations either in massive amount (bulk CIL) or
even moderate (IL with chiral salt additives). In the latter case, a local “chiral mouldering” effect could
be assumed, by analogy with nematic to cholesteric phase transitions induced by chiral additives in
bulk liquid crystals ] or “liquid crystalline ionic liquids” [ ]. Moreover, the semisolid,
highly structured context at the charged interphase could also locally promote or enhance specific
interactions between probe and selector.

In this context, it is important to investigate whether DESs, sharing so many attractive properties
with ILs, would also prove effective for this extremely advanced application, possibly with the
additional advantage of easier and less expensive availability. In fact, attractively, the DES definition
implies that chiral DESs can be prepared by choosing at least one chiral donor or acceptor
component, either from the natural pool or synthetic ones, and many DES based on natural
components are actually chiral and even enantiopure [5-7]. However, in most cases such components
are chosen and exploited on account of their natural origin, low cost as well as "scalar"
physicochemical properties, not on account of their chirality. Surprisingly, only very few examples
have so far been described of intentional exploitation of the chiral properties of DES components.
These include a series of monosaccharide-based DES for the development of CPL emitting materials,
based on HBD derived from biomass, glucose, and fructose [31] and a series of DES consisting of a
chiral HBD (camphorsulphonic acid) and a chiral HBA, N,N,N-trimethyl-(1-phenylethyl)Jammonium
methanesulfonate (in this report, focus is on the effect of the combination of both DES component
configurations on the enantiomeric excess obtained in a model Friedel-Crafts Michael-type addition
[32]).

To our knowledge, the application of chiral DESs as media to achieve enantioselective electroanalysis
and electrochemistry has not been documented yet. Clearly, considering the above very successful
IL cases, a key issue concerns the degree and kind of structural order of DESs at the interphase with
a charged electrode. Unfortunately, unlike the IL case, only a few first studies are so far available [

]. Indeed the subject is very complex to treat respect to the IL case [37]. However, considering for
instance the very popular cases of DESs consisting of a quaternary N salt HBA in 1:2-1:4 molar ratio
with an alcohol, polyol, carboxylic acid, amine, carbohydrate, or urea as HBD, they could be expected
to have intermediate features between the limiting cases of
i) ILs, entirely consisting of ions, including at least one with long alkyl chains; their structure is mainly
based on strong coulombic interactions between net charges, with some contribution from van der
Waals interactions increasing with increasing alkyl chain length; at the charged electrode they display
a very strong and regular order, consisting of many ionic layers, like a semisolid crystal [ 1;

ii) classical (solvent + supporting electrolyte) electrochemistry media, which imply solvent-solvent
interactions based on hydrogen bonding and/or van der Waals interactions, plus ion-dipole and ion-
ion interactions concerning ionic species typically present in small amount (2-4 w% for ~0.1 M
supporting electrolytes); the charged electrode surface is faced by a layer of ions of opposite charge
from the supporting electrolyte (in the absence of specific adsorption, on the “outer Helmholtz
plane” after a layer of solvent dipolar molecules) but respect to the IL case the charged surface
polarization effects are lost at very short distance.

Actually the first studies point to a local DES order consisting of multiple layers [ ]; such
interphase structure, strongly influenced by the electrode potential determining the surface charge



[ ] and by the cation alkyl chain length [36], looks by far less tight respect to the IL case, with the
molecular component favouring packing over layering [33] with alkyl chains tending to associate into
clusters [34]; moreover, it fades within just a few nm from the electrode surface [ 1.
Surprisingly, however, such DES interphase structure holds up to 30-50 wt% of water, with water
even incorporated/cooperating in the structural order [ ] (the same also holds for bulk DES
order, although within a lower reported threshold of 0.4/0.5 mole fraction water, corresponding to
several wt% only [42]); this is a great advantage for electrochemical applications, enabling to simplify
the operating conditions and to widely modulate the medium properties [ ] (for example, to
lower resistance and viscosity) while maintaining DES interphacial properties [ 1.
At the same time, as above mentioned, DESs look advantageously closer to molecular solvents
respect to ILs in terms of electron transfer rate constants [10] as well as diffusion coefficient features
].
Thus overall DESs apparently display specifical advantages over ILs for electrochemistry experiments
while maintaining a certain degree of peculiar local order. It is therefore quite attractive to
investigate whether in the case of a chiral DES such local order, although less defined and expanded
than the IL one, can still be sufficient for effective enantiodiscrimination in electron transfers
involving chiral electroactive probes.
We recently introduced a new family of chiral biobased salts, a selection of which were also tested
as ClILs and/or CIL additives in bulk ILs for voltammetry enantiodiscrimination experiments, with
promising features that could be assumed to apply to the whole family [22]. The salt family includes
3-{2-[(1R,5S)-6,6-dimethylbicyclo[3.1.1]hept-2-enyl]lethyl}-1-methyl-1H-imidazol-3-ium methanesul-
fonate ([NopolMIm] Mes, precursor of the corresponding bistriflimide CIL [22], Figure 1), which
appears to be a good candidate as DES component in conjunction with appropriate HBD partners on
account of its methanesulfonate anion of strong HBA character. Other family members with
bistriflimide anions look less convenient not only because of the additional required metathesis step
and of their being expensive and environmentally unfriendly, but also because of their lower HBA
character compared with methanesulfonate homologues.

N (0]

/\\N@_ eo_g_

X g
Figure 1. The DES chiral bio-based component [NopolMIm] Mes (3-{2-[(1R,5S)-6,6-dimethylbicyclo-[3.1.1]hept-2-
enyl]ethyl}-1-methyl-1H-imidazol-3-ium methanesulfonate) [22]

Counteranion methanesulfonate is also quite preferable from the electrochemical perspective with
respect to halide ones, which are often featured in DES [43], because halide anions are quite
electrochemically active, resulting in a much narrower potential window on the oxidation side as well
as in specific adsorption phenomena in suitable conditions.

Thus an original series of electroanalytical enantiodiscrimination experiments is now presented, per-
formed with model electroactive chiral probes in three chiral DESs prepared combining chiral
[NopolMIm] Mes with convenient HBA partners, aiming to achieve a sound proof-of-concept of the
remarkable potentialities of chiral DESs for enantioselective electroanalysis. Moreover, for
comparison’s sake, the same protocol is also investigated using the same chiral selector as 0.05 M
additive in achiral IL BMIMTf;N.

Results and Discussion
Chiral [NopolMIm] Mes [22] was combined with three natural and/or low-cost HBDs, often employed
in the preparation of DESs, including



. a weak ketoacid, levulinic acid (4-oxopentanoic acid);

. a polyalcohol, glycerol;

. a NH donor, urea.

The DES character of the three resulting binary systems was evaluated by differential scanning calo-
rimetry (DSC), comparing experimental temperature data for melting (or solid/liquid glass transition)
with "ideal" phase diagrams, calculated assuming no specific interactions between components in
the liquid phase [8,43]. Such diagrams (solid lines in Figure 2) were obtained in terms of melting T vs
xi curves for the binary mixture components A and B, their intersection providing the eutectic point.
Such curves were calculated from the thermodynamic equations accounting for the activity in the
liquid phase of the binary mixture components A and B as a function of temperature [8],

ey = (224) (B27) 4 (4222) (e 1 (24) 1)
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assuming va, e =1 as in ideal liquid mixture [44], and employing experimental data of melting
temperatures Tmaand Tme, molar melting enthalpies AHmAand AHn g, and variations of molar heat
capacities from the solid to the liquid state ACp,maand ACy m,s, for the two pure components A and B.
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Figure 2. Estimated "ideal" eutectic diagrams (solid lines) and experimental onset temperatures for melting (blue
and pink squares) or glass transitions (green squares) at different system compositions. For DES U also
experimental activity coefficients are provided.

Comparing the three cases in order of decreasing melting temperature of the HBD component, that
is, urea (Tm ~136 °C, Figure 2a), levulinic acid (Tm~33°C, Figure 2b) and glycerol (Tn~17 °C, Figure 2c),
the "ideal" eutectic mole fraction in the chiral HBA component [NopolMIm] Mes (having T, ~119 °C;
a detailed DSC study is reported at S| 1) remarkably decreases from slightly above 0.4 to very low
values (~0.1 and ~0.05), as for rather low molar ratios of the HBA salt in the HBD component. At the
same time the "ideal" eutectic temperature decreases from significantly above room temperature



(~75 °C) to just above room temperature (~30 °C), to slightly below room temperature (~10 °C); in
the last two cases the melting point lowering respect to the pure HBD component is very small.
However, quite different are the trends of the experimental onset temperatures for melting,
obtained across the whole composition range of the binary systems with HBD urea and levulinic acid.
They are reported in Figures 2a and 2b as squares, interpolated by dash-and-dot lines; the latter ones
should converge in the eutectic melting point; however, it should only be considered a virtual one,
since, in agreement with literature cases [ ], close to the eutectic composition only glass
transitions, located quite below the above extrapolated melting point, are observed, rather than
melting points possibly followed by glass transitions.

Thus, real phase equilibria show strong deviations respect to the corresponding ideal ones (also
highlighted in terms of dramatic decrease of the activity coefficients calculated from the above
equations with experimental x/T data, Figure 2a'). In particular:

(/) in both cases a shift is observed in the eutectic point composition, particularly remarkable in the
levulinic acid case, towards a higher content of the higher melting component (urea in the first case,
[NopolMIm]Mes in the second case);

(if) at the same time, a dramatic lowering is observed for the melting temperatures respect to ideal
ones on both converging curves, pointing to a huge decrease of the eutectic temperature. Thus, for
both binary systems, the DES requirement of having a eutectic point at a temperature quite below
the one predicted for an ideal mixture, is surely satisfied. Moreover, as mentioned above, any
component mixture in the liquid state at a working temperature below the ideal eutectic point can
be considered as a DES. In this perspective, a large interval of DES media looks available in both cases,
although the composition range shrinks, especially in the urea case, if we only consider temperatures
below 25 °C and aim to use the mixtures as liquid media at room temperature.

A good choice in both cases looks selecting Xnopoimimimes ~0.33, implying a 1:2 [NopolMIm]Mes: HBD
partner ratio; the resulting media will be hence referred as DES A in the case of levulinic acid and DES
U in the case of urea. The same composition was also adopted for the case of glycerol, verifying that
the corresponding mixture (DES G) has a much lower glass transition point than the theoretical
eutectic temperature (Figure 2c), and therefore can be considered as a DES, too. DSC curves for
[NopolMIm]Mes and for DES A, DES U and DES G are reported in Sl 2.a and 2.b respectively.

The electrochemical windows of bulk DES A and DES G (DES U, the highest melting DES in the series,
is very viscous and requires addition of a small water quantity to be applied for electrochemical
experiments at room temperature, a quite acceptable modulation according to the above cited
literature [ ], resulting all the same in a DES interphase) were explored with cyclic voltammetry
in thin layers on screen printed electrode cells with graphite working electrodes and Ag|Ag*
pseudoreference electrodes. As shown in Figure 3, the new chiral media have convenient potential
windows for electrochemical experiments, about 3 V wide, with reasonable extension on both the
oxidation and reduction side.
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Figure 3. CV potential windows (at 0.2 V/s scan rate) of bulk DES A and DES G, as thin films spread on screen printed
electrode cells with graphite working and counter electrodes and Ag|Ag* pseudoreference electrodes.



The same two DESs were also studied by electrochemical impedance spectroscopy EIS as thin films
on a flat cell with concentric graphite electrodes. The recorded EIS features (Figure 4) are numerically
well fitted by a (RC)Q1Q; equivalent circuit, with R and C accounting for the bulk electrolyte resistance
and capacitance (dominating at high frequencies, with tzc = RC) and constant phase elements Q,
associated to reactance Zg =1/(ioM""), dominating at medium low (Qi) and low (Qz) frequencies.
Numerical fitting of experimental data gives values for all the above parameters (details in SI.3),
including

() n1=0.40/0.41, i.e. approaching the 0.5 value typical of a Warburg element accounting for diffusive
control; actually, considering the nice rationalization provided in [47], this frequency domain should
account for ion diffusion (with tp = L2/D) limiting the charging process;

(if) n2 = 0.98/1.0, i.e. approaching the ideal capacitance behaviour, clearly accounting for the double
layer capacitance at the two interphases.

The electrolyte resistance R is also perceivable as semicircle diameter in the Nyquist diagram (4a)
and as horizontal plateau in the Bode modulus plot (4b). Specific conductance (or conductivity) k can
be estimated from R = 1/« - cell constant (cm™) by comparison with 0.1 m KCl (a IUPAC standard [48]),
resulting in the 0.1-0.3 mS/cm range, significantly lower than that of bulk ionic liquid 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide BMIMTf;N, as such or with 0.05 M
[NopolMIm]Mes as chiral additive, but still acceptable for electrochemical experiments.
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Figure 4. EIS features (as Nyquist, Bode modulus and Bode phase diagrams) of DES A and DES G (red and orange,
respectively) as films on a flat conductivity cell with concentric graphite electrodes. The features are also reported of
standard 0.1 m KClI (black) and of ionic liquid BMIMTf;N, as such (blue) and with 0.05 M [NopolMIm]Mes as chiral additive
(green)

The three chiral DESs, DES A, DES G and DES U, were tested as selector media in voltammetry
enantiodiscrimination experiments, to our knowledge the first example so far of such an application.
The study also included ionic liquid BMIMTf,;N with 0.05 M [NopolMIm]Mes as chiral additive, for
comparison's sake.

were performed with enantiomer probes (R)-(+)-
or (S)-(—)-N,N’-dimethyl-1-ferrocenylethylamine (henceforth labelled (R)-Fc and (S)-Fc), our usual
choice as model probes when testing chiral electrode surfaces and media, due to their chemical and
electrochemical reversibility as well as commercial availability. It is also interesting to note that in



the present case such probes, including a tertiary amino group as one of the stereocentre
substituents, can have acid/base interactions with the levulinic acid component in DES A.

(R)-Fc and (S)-Fc were studied by differential pulse voltammetry DPV, both alone and in mixtures, in
small solution volumes at concentrations in the 0.05-0.0075 M range, on screen-printed electrode
SPE cells. In all cases a small volume of aqueous KCl solution (0.003 cm? per 0.1 cm? DES A and DES
G, 0.006 cm? per 0.1 cm? in the case of more viscous DES U) was added to the chiral medium, to
stabilize the potential of the pseudoreference electrode, besides advantageously resulting in lower
viscosity (an important issue, especially in the DES U case); again, such addition should be regarded
as fully compatible with a DES-like interphase considering the above cited literature [ ]. Three
models of SPE cells were considered, one with graphite working electrodes and two with gold
working electrodes (details in Sl), verifying that enantiodiscrimination could be achieved on all of
them, although gold electrodes resulted in better performances. A synopsis of DPV features of single

(R)-Fc and (S)-Fc solutions in the four tested media on Au SPE is reported in Figure 5.
Figure 5. A synopsis of DPV features of (R)-Fc and (S)-Fc solutions on Au SPE in different chiral media based on
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Enantiodiscrimination in terms of significant potential differences is observed in all cases.

This important feature can be justified in terms of significantly different energy conditions for the
electron transfer for the two enantiomers, resulting from diastereocisomeric interactions with the
enantiopure environment, which could rely:

. on one hand, on a (supramolecular) peculiar chiral DES order at the interphase at the charged
electrode, probably less tight than in the ILs case, and with stronger contribution of
packing/clustering respect to ion layering effects, but still effective at least close to the electrode
surface, according to the above discussed literature [ 1;

. on the other hand, on (molecular) specific interactions between chiral DES cations and chiral
probe molecules; in fact, even mild coordination (here supported e.g. by the presence of
heteroatoms and aromatic systems) is known to result in significant potential shift for an
electroactive probe undergoing electrochemically reversible electron transfer. In particular [49], the
potential is known to shift by (k/n)logK (i.e., considering a one-electron process, by about 60 mV per
decade in coordination constant K) plus an additional (k/n)logc. contribution linked to the ligand
concentration; the shift direction depends on coordination stabilizing the electron transfer reactant
or product.



Of course, both the above effects should increase with increasing concentration of the chiral selector
component in the medium, and, indeed, the selector concentration has been pointed to as an
important factor, resulting in a regular increase of the enantiomer peak potential difference in the
case of bipyridine-based inherently chiral additives in achiral ionic liquids ]. In the case of the
family of biobased chiral molecular salts which includes [NopolMIm]Mes, tests on salts liquid at room
temperature consisting of cations very similar to [NopolMIm]* in combination with anion
bistriflimide, only showed limited improvements when using the chiral selector as bulk chiral ionic
liquid rather than as additive in achiral ionic liquid, although such observations only refer to cases
with bistriflimide anions, resulting in low melting points and therefore in room temperature ClLs [20].
According to the present comparative experiments the chiral [NopolMIm]* selector looks more
powerful when employed as DES component rather than as IL additive, with a dramatic modulation
depending from the nature of the HBD component. In fact, the enantiomer peak potential difference
remarkably increases in the order DES U<DES G<<<DES A, reaching an impressive ~0.5 V difference
in the levulinic acid case. The enantiomer sequence is the same in all cases, as reasonable considering
that the chiral selector is kept the same, i.e. [NopolMIm]*.

The improved chiral selector performance of [NopolMIm]* as DES component respect to when used
as IL additive in the DES cases could be at least partially (see above) justified with its higher
concentration. However, the impressive difference in the three performances observed in the
present case with the chiral selector at the same mole fraction in the three DESs, points to a
fundamental role of the nature of the DES achiral partner, with the real huge improvement being
observed in the case of DES A. The latter case, on account of the above considerations, could be
considered a peculiar case, maybe even a task-specific chiral DES for amino compounds, hinging on
specific acid/base interactions beyond general-scope interactions based on the available
heteroatoms and aromatic rings.

Given the availability of a single enantiomer of the chiral selector [NopolMIm]Mes, corresponding to
the configuration of its natural building block, we were unable in this case to perform our usual
"double inversion" enantioselection check, consisting in verifying that a specular response is
obtained inverting either probe or selector configuration. However, our chosen probe molecule,
undergoing a reversible electrode process resulting in none or little electrode filming, enabled an
even stronger verification experiment, i.e. racemate resolution.

In fact, as shown in Figure 6a, working in DES A with a 1:1 solution of (R)-Fc and (S)-Fc results in two
neatly separated peaks, located at potentials close to the single enantiomer ones. Experiments
carried out with mixed enantiomer solutions in different ratios, varying one enantiomer while
keeping the other constant (Figures 6b and 6c¢), show a good dynamic range with concentrations and
confirm that the two peaks correspond to the same enantiomers as in the single experiments, i.e.
the (S) one at about -0.2 V preceding the (R) one at about 0.3 V. The first peak looks sharper and
better reproducible/with a better dynamic range than the second one, which might be ascribed to
the first process partially conditioning the interphase and affecting the result of the following one.
Notably, although the peak separation looks narrower on C than on Au (Sl 4), a large enantiomer
resolution is obtained on all the SPE cells tested; this feature is also important, since it can be
regarded as an indicator of the robustness of the proposed approach to enantioselective
voltammetry based on chiral DES.
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Figure 6. DPV patterns of (R)-Fc and (S)-Fc mixed solutions on Au SPE in DES A.

The enantiodiscrimination ability of DES A was also tested with the L- and D- antipodes of aminoacid
tryptophan, an example of chiral probe of applicative interest, very different from the former one
and undergoing a chemically irreversible first oxidation. Notably, it includes two N sites, both of
which however have the N doublet by far less available than the tertiary amine one in the model Fc
probes. In fact, in this case the amino group is involved in highly favoured zwitterion formation by
intramolecular neutralization equilibrium with the carboxylic group; on the other hand, the doublet
of the indolic N is involved in the conjugation of the heteroaromatic system, so that the indole
basicity is very weak, and with protonation taking place in Cs position rather than on the N atom
[50,51], so two pKas are usually reported for tryptophan, referred to COOH and NHs* as in the simplest
amino acid cases [52].

The tests were performed at different enantiomer concentrations, by DPV in a drop of DES A (with a
small addition of aqueous KCI as in the former case) on C SPEs, i.e. on graphite working electrodes.
For sake of comparison, the tryptophan antipodes were also tested with the same protocol in achiral
BMIMT,N ionic liquid. The results are summarized in Figure 7.

Clear enantiodiscrimination is observed also in this case, with a peak potential difference of ~0.23 V
for the two enantiomers in DES A (while the peak potentials are practically coincident in the achiral
medium, Figure 7 top); a remarkable one, although not so outstanding as in the Fc case, which might
be justified by the above comparison of N group availability. Moreover, also in this case a linear
dynamic range with very good correlation coefficients is observed for peak currents as a function of
concentration for both enantiomers (Figure 7 bottom).



This second experiment confirms that working in a suitable chiral DES large enantiomer peak
potential differences can be obtained also with significantly different chiral probes, and with good
linear dynamic ranges for peak currents. This combination provides a most desirable background for
the development of effective protocols for qualitative and quantitative electroanalysis of chiral
electroactive probes in chiral DESs.
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Figure 7. A synopsis of DPV features of D- and L- tryptophan (red and blue, respectively) in chiral DES A on C SPEs. Top:
comparison with the same protocol in achiral BMIMTf;N at 0.05 M concentration. Bottom: verification of peak current vs
concentration linearity for each enantiomer.

Conclusions

The results presented here constitute the first proof of concept of the remarkable potentialities of
enantiopure chiral DESs as selector media for enantioselective electrochemistry and electroanalysis.
DES interphases, although less defined and expanded than IL ones, and involving a higher amount of
packing/clustering vs ion layering effects according to the first available studies [33-40], definitely
look able to provide effective enantiodiscrimination in electron transfers involving chiral
electroactive probes. Even more, the performances as chiral selector of our investigated molecular



salt with biobased cation appear enhanced when it is employed as DES component rather than as IL
additive.

In the case of DES A, the results are particularly impressive, since a selector with stereocentre-based
stereogenicity results in a striking outcome, similar to performances obtained with very powerful
inherently chiral selectors. In particolar, large to huge DPV potential differences as well as good linear
dynamic ranges for currents, a most desirable combination for development of quali/quantitative
electroanalysis protocols, are obtained for the enantiomers of two quite different electroactive chiral
probes, a model ferrocenyl amine one, and tryptophan, an amino acid of applicative interest.

Such proof-of-concept results also suggest many interesting developments, including a deeper
investigation of the molecular interactions within the three-actor (probe and DES components)
system, as such and at the interphase with the charged electrode surface, and a further analysis of
the role of acid/base interactions. These studies should be regarded as an important step further in
the frontier field of enantioselective electroanalysis and, more generally, can positively impact the
development of task-specific enantioselective media and also promote development of DESs with
more powerful stereogenicity elements in the chiral component.
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