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enantioselective electroanalysis†

Serena Arnaboldi, *a Silvia Cauteruccio, *a Sara Grecchi,a Tiziana Benincori, b

Massimo Marcaccio, c Alessio Orbelli Biroli, d Giovanna Longhi, e

Emanuela Licandro a and Patrizia Romana Mussini *a

Chiral electroanalysis could be regarded as the highest recognition degree in electrochemical sensing,

implying the ability to discriminate between specular images of an electroactive molecule, particularly in

terms of significant peak potential difference. A groundbreaking strategy was recently proposed, based

on the use of “inherently chiral” molecular selectors, with chirality and key functional properties

originating from the same structural element. Large differences in peak potentials have been observed

for the enantiomers of different chiral molecules, also of applicative interest, using different selectors, all

of them based on atropisomeric biheteroaromatic scaffolds of axial stereogenicity. However, helicene

systems also provide inherently chiral building blocks with attractive features. In this paper the

enantiodiscrimination performances of enantiopure inherently chiral films obtained by electrooxidation

of a thiahelicene monomer with helicoidal stereogenicity are presented for the first time. The

outstanding potentialities of this novel approach are evaluated towards chiral probes with different

chemical nature and bulkiness, in comparison with a representative case of the so far exploited class of

inherently chiral selectors with axial stereogenicity. It is also verified that the high enantiodiscrimination

ability holds as well for electron spins, as for atropisomeric selectors.
Introduction

In the ongoing search for efficient tools to achieve enantiose-
lective electrochemistry for analytical, preparative and
advanced device applications, a major target is to discriminate
the enantiomers of chiral probes in terms of signicant
potential differences, in order to recognize and possibly quan-
tify and/or manage each enantiomer with no preliminary
separation steps.1 In this perspective, outstanding results have
been recently obtained by different approaches having in
common the use of “inherently chiral” selectors, either elec-
trode surfaces2–7 or media.8,9 According to a functional deni-
tion,2,3 in inherently chiral molecules and materials both
chirality and specic properties must originate from the same
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structural element, so that they are strictly linked. In the above
works, this has been achieved by the insertion of atropisomeric
stereogenic elements, introducing a tailored torsion in the main
selector backbone. This strategy was implemented on one side
in heterocycle-based electroactive monomers, to be converted
by electrochemical or chemical oxidation in a mixture of open
as well as closed oligomers, exploited as inherently chiral elec-
trode surfaces (employing 3,30-bibenzothiophene,1–4,6 3,30-
bithiophene,5 or 2,20-biindole atropisomeric systems,7 Fig. 1a).

On the other side, the same strategy was implemented in the
cations of ionic liquids or supporting electrolytes/additives to
be employed as inherently chiral media for electrochemical
Fig. 1 (a): Inherently chiral selectors with stereogenic axis, based on
atropisomeric scaffolds for electrodeposition of inherently chiral film
surfaces; (b) inherently chiral ionic liquids or additives.
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Fig. 2 Inherently chiral thiahelicene scaffolds of increasing chain
length.
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experiments on achiral electrodes (employing bicollidinium or
bibenzimidazolium atropisomeric units,8,9 Fig. 1b).

In all cases neat enantiodiscrimination in terms of large
potential differences, specular by inversion of selector cong-
uration, was obtained,2–9 conrming the general validity of this
strategy. An important feature for the selector performance is C2

symmetry, too. In the ionic liquid case it favours high ordering
at the charged electrode/ionic liquid interface, which has been
recently shown to resemble a semisolid crystal extending for
many layers.10 In the lm case, it grants regio- and stereoregu-
larity in oligomerization; in this frame, synergistic progressive
addition of atropisomeric scaffolds in the oligomerization
process results in very stable macromolecular folding, much
more efficient in enantiodiscrimination than chiral polymers
with chirality sources external to the conjugated backbone, such
as stereocenters localized in attached pendants.11

Attractively, as very recently highlighted by some of us,7 the
outstanding enantiodiscrimination ability of inherently chiral
lms towards chiral electroactive molecular probes holds as
well towards the L- and D- circularly polarized light compo-
nents,2,7,12 and towards spin magnetic moments under appli-
cation of an external magnetic eld (with unprecedented
response in terms of potential rather than difference),13 the
three contexts being strictly interrelated.7

Focusing on inherently chiral lms, so far only atropiso-
meric systems have been explored, but other architectures
could be exploited to achieve the required controlled twisting of
the main electroactive (hetero)aromatic backbone.

A recent review discusses how helical chirality can be
induced by introducing strain into a sufficiently rigid backbone
made by fused or linked aromatic rings, classifying the resulting
helically twisted ribbons into helicenes, twistacenes and
bannisters.14 Helicenes15–18 are quite attractive candidates to be
explored to achieve inherently chiral surfaces as an alternative
to the above atropisomeric systems. They are curved p-conju-
gated molecules made of aromatic and/or heteroaromatic fused
rings, with a torsional barrier increasing with n ring number, so
that from a given n onwards they can be separated into stable
enantiomers (M and P). In the last decades the number of
available helicene structures has dramatically increased, as well
as the range of tested applications,15,18–20 like in stereoselective
catalysis,15,18,21 molecular switches, also electrochemically
modulated, or molecular machines,15,18,22–24 optoelectronics and
non-linear optics,18 supramolecular assemblies,18 liquid crys-
tals,18 biological applications, like nucleic acid interactions and
bioimaging,19 sensing devices18 etc. However, surprisingly,
although electrochemistry has been so far widely employed to
characterize the electronic properties of many helicene mole-
cules, in combination with spectroscopy and theoretical
computations, only very few electrochemical applications have
been so far reported (e.g. the recent example23 concerning
electroluminescence25), excluding the signicant number of
studies focusing on the ion-coordinating ability of racemic
helicenes.26 The helicene chirality has been considered in
connection with electrochemistry e.g. when dealing with elec-
trochemically activated redox switches,22,24 and very recently, as
a tool to achieve spin-selective electrochemistry (although so far
1540 | Chem. Sci., 2019, 10, 1539–1548
in terms of current differences only).27 However, surprisingly,
the enantiodiscrimination potential of helicene-based enan-
tiopure electrode surfaces has not been explored yet, although
helicene-based polymers and oligomers have been reported,
obtained both chemically and electrochemically, with suitable
linkers between carbohelicene units,18 or by linking the heli-
cene unit to a thiophene monomer,28 or by direct electro-
oxidative deposition, of carbohelicene monomers (resulting in
enantiopure layers on ITO electrodes starting from enantiopure
monomers29) or, in milder conditions, of thiahelicene mono-
mers with free thiophene terminals.30,31

Among the different helicene families, a most convenient
one for application as active materials in advanced devices is
the thiahelicene series,32,33 alternating condensed thiophene T
and benzene B rings, and ending with two thiophene terminals.
Angular benzodithiophene TBT is its smaller term, followed by
ve-membered TBTBT (5-TH), seven-membered TBTBTBT (7-
TH, tetrathiahelicene), nine-membered TBTBTBTBT (9-TH,
pentathiahelicene) and so on (Fig. 2). The series has huge
specic optical rotations (e.g. [a]D � 2990� for 7-TH33) as well as
good enantiodiscrimination ability for the circularly polarized
light components in chiroptical experiments (e.g. 7-TH34);
possible correlations have been recently discussed13 between
the last feature, typical of inherently chiral electroactive oligo-
heterocycles,35,36 and their enantiodiscrimination ability for
electroactive chiral probes in electrochemical experiments.
Moreover, compared to the homologue family of carboheli-
cenes, consisting of all benzene rings, the thiahelicene family is
electron richer, and has higher conjugation efficiency and
electrochemical reactivity.30,37

7-TH and some derivatives were electrochemically investi-
gated in detail by some of us several years ago.30,31 7-TH is the
shortest term in the thiahelicene series in which sterical
hindrance between thiophene terminals results in a signicant
torsion with an energy barrier high enough to allow the mole-
cule to exist as stable enantiomers, contrary to 5-TH that
undergoes fast racemization at room T, being separable into
enantiomers only at low T.33 At the same time, in 7-TH the
thiophene terminals are still unhindered enough to enable
electrooxidative formation of an electroactive lm at a reason-
able rate,30 which is achievable even when one of the terminals
is unavailable since capped/functionalized.30,31 In longer terms,
superimposition of thiophene terminals can result in p-stack-
ing effects and stabilization of the electrochemically formed
radical cation intermediates, thus hampering lm electrode-
position, as observed for a 11-TH monomer.30
This journal is © The Royal Society of Chemistry 2019
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Thus, in the present study we focus on tetrathiahelicene 7-
TH, which exhibited a high ability for electrooxidative deposi-
tion of electroactive lms, and a solubility low enough to allow
a good electrodeposition rate.30 The enantiodiscrimination
performances are presented for the rst time of enantiopure
inherently chiral lms obtained by 7-TH electrooxidation on
chiral electroactive probes in electrochemistry experiments.
Moreover, the outstanding potentialities of this novel approach
are evaluated in comparison with a representative case of the so
far exploited class of inherently chiral selectors with axial ster-
eogenic elements. The electroanalytical enantiodiscrimination
tests are also complemented with preliminary tests of interac-
tion with circularly polarized light and with an applied
magnetic eld, to verify whether the interrelation observed with
atropisomeric selectors also hold with helical ones.
Results
1. Redox properties of tetrathiahelicene and
electrodeposition of tetrathiahelicene-based inherently chiral
lms

The electroactivity of 7-TH in dichloromethane (DCM) and
acetonitrile (ACN), at constant 0.1 M TBAPF6 supporting elec-
trolyte and 0.2 V s�1 scan rate, is accounted for by the CV
patterns reported in Fig. 3.

In DCM solvent the 7-TH rst oxidation peak is located at
Ep,Ia �0.92 V vs. Fc+|Fc. As usual in thiophene systems with free
a positions,38 it corresponds to radical cation formation and
subsequent coupling resulting in formation of a,a linked olig-
omers. In fact, the peak is chemically irreversible, as inferred
from the absence of a symmetrical return peak, pointing to
a fast chemical follow up, while the non-canonical reduction
peak at less positive potentials, regularly increasing upon
subsequent oxidative half cycles (Fig. SI.1a†), conrms the
progressive growth of an electroactive lm on the electrode
surface.

On the other hand, rst reduction is only perceived as
a positive shi of the cathodic background. ACN, having a wider
potential window, affords better observation of the reduction
pattern, with a rst reduction peak at Ep,Ia � �2.47 V vs. Fc+|Fc.
Fig. 3 Normalized CV patterns, assembled from first oxidation and
first reduction half cycles in order to exclude possible interferences
from reciprocal reaction products, obtained for 0.0017M 7-TH in DCM
(a) or ACN (b), with 0.1 M TBAPF6 supporting electrolyte, on GC
electrode, at 0.2 V s�1. Background patterns are also reported in grey,
for comparison's sake.

This journal is © The Royal Society of Chemistry 2019
In the same solvent the rst oxidation peak is located at Ep,Ia
�0.88 V vs. Fc+|Fc, resulting in a HOMO LUMO gap of�3.35 eV,
intermediate respect to �3.9 eV for linear oligo-T3 and �3.1 eV
for linear oligo-T4;39 this is consistent with a four-thiophene
system in which global conjugation is partially hampered by
the helical torsion. While the rst reduction peak looks chem-
ically reversible, pointing to a stable radical anion, the rst
oxidation one appears irreversible as in the DCM case.

Performing preparative potentiodynamic electrodepositions
cycling around the rst oxidation peak(s), very little formation
of electroactive product is observed on the electrode surface
when working in ACN (Fig. SI.1b†). Instead, in DCM satisfactory
electrodeposition can be achieved (Fig. 4a top), proceeding
slowly but steadily as well as reproducibly (in experiments with
different total cycle numbers, CV patterns are similar at
constant cycle number). Moreover, the electroactive layers
appear stable upon repeated “stability cycles”, performed
around the rst oxidation peak in monomer free solution in
order to eliminate monomer residuals and check the lm
stability in repeated doping/undoping cycles (Fig. 4a bottom).
The lm thickness appears to increase with cycle number as
expected from the electrodeposition CV pattern and conrmed
by prolometry data (SI.2†); however, the correlation between
number of deposition cycles and exchanged charge in the cor-
responding stability cycles appears irregular; this could be
a consequence of overoxidation and/or some other process aer
the rst radical cation coupling, partially hampering the lm
electroactivity but with little effect on the lm morphological
features.

MALDI analysis of the material electrodeposited by electro-
oligomerization of a racemic mixture of 7-THmonomer, proved
hard to perform and the recorded spectra are complex; however,
they conrm the presence of dimeric species in the oligomer
lms, particularly cyclic ones (SI.3†). Very interestingly, all
assigned MALDI signals (SI.3†) point to dimer structures in
which, besides the expected “interhelicene” links between
a positions of thiophene terminals resulting from radical cation
coupling (according to the usual thiophene electro-
oligomerization scheme38,39) and besides the S-atom oxidation
(Fig. SI.3.3†), the unexpected formation of one or two “intra-
helicene” single bonds, linking the b positions of the thiophene
terminals of the same tetrathiahelicene unit, is observed
(Fig. SI. 3.3–5†). This feature leads to attractive unprecedented
structures, like a closed dimer having a cyclooctatetraene
“antiaromatic” enclave (Fig. 5a) framed within two tetrathia-
helicene half crowns. Preliminary quantum chemical calcula-
tions at B3LYP/6-31G* DFT level40 point to the HOMO being
mostly localized on the central cyclooctatetraene, while the
LUMO is mostly delocalized on the tetrathiahelicene systems
(Fig. SI. 4.2†). Calculations also highlight the effect of the
conguration of the monomer units on the possible dimer
structures. While contorted structures implying open dimers
should originate from the coupling of a M monomer with a P
one (Fig. SI. 4.1c†), the coupling of twoM- or two P- enantiomers
should result in more planar, although twisted, geometries,
favouring ring closure (Fig. SI. 4.1a and b†). This feature is
similar to that recently observed by some of us for BT2T4
Chem. Sci., 2019, 10, 1539–1548 | 1541
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Fig. 4 Top: electrodeposition experiments from (a) monomer 7-TH in DCM, (b) monomer BT2T4 in DCM and (c) monomer BT2T4 in ACN, all of
them carried out by potential cycling on glassy carbon electrode, at constant 0.0025 M monomer concentration, with 0.1 M TBAPF6 supporting
electrolyte and at 0.2 V s�1 potential scan rate, as a function of the total number of potential cycles (in particular, 50, 100, and 144 cycles).
Bottom: last of five stability cycles in monomer free solution for each deposited film.
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inherently chiral dimers, with cyclic ones originating from
coupling of monomers having the same R- or S- conguration.41

However in the present case the sequence of C–C bond forma-
tion should also be evaluated, considering both a,a “inter-
helicene” and b,b “intrahelicene” ones. In the MALDI spectrum
of (P,M)-7-TH a group of signals has been assigned to an open
dimer with a single a,a interhelicene bond and two b,b intra-
helicene ones, which could be either homochiral, or hetero-
chiral, or both of them; concerning the homochiral one,
calculations show (SI.4†) that ring closure by formation of the
second a,a bond is highly favoured.

Homochiral dimers, particularly the discoid cyclic ones, are
also more suitable for self-assembling by p,p-stacking, as for
many polyaromatic hydrocarbons with extended structures.42

When the oligomerization is carried out starting from an
enantiopure monomer, rather than on the monomer racemate,
less freedom degrees should be implied affording more selec-
tivity in the resulting dimer structures, promoting the above
cyclic, easily stackable ones. An atomic force microscopy (AFM)
investigation was carried out on thin lms electrodeposited in
the rst two potential cycles on uat-ITO substrate from race-
mate monomers (Fig. 5b/b0) vs. enantiopure ones (Fig. 5c/c0) in
DCM. In the enantiopure lm case nanorods are observed, with
dimensions that are roughly one order of magnitude larger than
the size of oligomers themselves (about 1.5 nm as obtained by
molecular modeling). This is consistent with the above
1542 | Chem. Sci., 2019, 10, 1539–1548
discussed cyclic dimer structures resulting from homochiral
monomers, which can allow self-assembling into nano-
structured rods similarly e.g. to the hexabenzocoronene case.43

Scratching the lm with the AFM tip allowed to estimate the
layer thickness about 15 nm, corresponding to the height of the
nanometric rods. This is also shown by AFM section analysis
(Fig. 5d), along the white lines in the AFM image of Fig. 5c0,
where it is possible to see that the average heights of the rods
are about 15 nm with a length of 250 nm. Instead, applying the
same protocol to the lm obtained from the racemate results in
a dispersion of closer, bigger and less uniform nanostructured
aggregates, clearly constituted by spherical deposits (average
size 15–35 nm) agglomerating along lines. Such a pattern, albeit
showing some degree of ordering, reminds the rst stages of
deposition of achiral traditional conducting polymers.
2. Enantioselectivity performance of tetrathiahelicene-based
inherently chiral lms

Enantiopure lms gave outstanding enantiodiscrimination
performances in a series of tests with a collection of different
chiral probes. Concerning the preparation protocol of the
enantiopure electrode surfaces, we selected 100 as a convenient
cycle number as a compromise to obtain a lm of reasonable
thickness (�1.5 mm according to prolometry tests, SI.2†), while
maintaining a good charging/discharging ability.
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a and a0): Assumed general formula as well as structure opti-
mized at DFT B3LYP/6-31G* level for (M, M) or (P, P) cyclic dimers
included in the 7-TH oligomer film, with indication of possible addi-
tional oxidation sites by orange/red lines (additional intramolecular
C–C links between terminal beta positions) or pink circle (S/S]O). (b
and b0): Tapping Mode AFM images of 10 � 10 mm2 and 4 � 4 mm2

areas of a thin layer electrodeposited from 1.7 mMmonomer racemate
onto uflat-ITO electrodes (2 cycles, DCM solution, 0.2 V s�1); (c and c0):
same protocol applied to films electrodeposited from enantiopure
monomers. (d) Profilometric analysis for the c0 film sample, along the
white lines with red and blue markers in Fig. 5c0.

Fig. 6 Enantioselection performance of enantiopure (P)-7-TH (yellow
box) and (M)-7-TH (blue box) electrode surfaces towards chiral elec-
troactive (a) ferrocenyl probes, named (S)-Fc and (R)-Fc, (b) methyl L-
and D-DOPA and (c) L- and D-tyrosine. CVs were recorded at 0.05 V s�1

potential scan rate.
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Fig. 6a shows the enantiopure lm performance in our
standard enantiodiscrimination test, carried out with the
commercially available (S)-(�)- and (R)-(+)-N,N-dimethyl-1-
ferrocenylethylamine, (S)-Fc and (R)-Fc. We usually employ
such chiral probe in rst tests of new selectors, on account of its
undergoing facile and reversible electron transfer at a mild
oxidation potential, with Ep,Ia � 0.05 V on bare GC electrode. At
such potential, 7-TH-based lms should be still uncharged,
considering the lm stability CV patterns in Fig. 4a. However, it
must be taken into account that probe/lm interactions can
modify lm activation conditions.
This journal is © The Royal Society of Chemistry 2019
As evident in Fig. 6a, outstanding enantiodiscrimination in
terms of peak potential values (E�0, calculated as the average
between forward and backward peak potentials), is obtained. In
fact, two quite different CV peaks, both well dened and
partially reversible, are observed for (i) (R)-Fc on (P)-lm (Fig. 6a,
le) or (S)-Fc on (M)-lm (Fig. 6a, right) specular combinations,
at a formal potential E

�0
I z 0:239� 0:009 V; (ii) (R)-Fc on (M)-

lm (Fig. 6a, right), or (S)-Fc on (P)-lm (Fig. 6a, le), specular
combinations, in a diastereomeric relationship with respect to
the two former ones at E

�0
II z 0:50� 0:01 V: Thus, a huge formal

potential difference of DE
�0
II�I z 0:25 V is observed between

potentials of the two (R)-Fc and (S)-Fc enantiomers using both
(P)- or (M)-lms, as a consequence of a diastereomeric interac-
tion between probe and selector, which produces energetically
different conditions. Remarkable specular differences also
concern peak morphology; this points to signicant differences
in the electron transfer mechanism and follow-up, which could
involve lm activation, too. In particular, the CV pattern for the
(R,P) or (S,M) combinations, resembling a former case studied
by some of us of an electroactive lm constituted by
Chem. Sci., 2019, 10, 1539–1548 | 1543
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Fig. 7 CV patterns for the achiral Fe(CN)6
3�|Fe(CN)6

4� redox couple,
recorded at 0.05 V s�1 in aqueous solution on ITO electrodes (a) or
SWCN SPEs (b) modified by a thin layer of (P)-enantiopure oligo-7-TH
thin film, as such and under application of an external magnet with N/S
or S/N orientation (red or green lines respectively).
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tetrathiahelicene units functionalized with a ferrocene terminal
via an ethynyl bridge,31 suggests the Fc|Fc+ couple acting as
redox mediator for lm oxidation activation at lower potential.

Reproducibility is conrmed by experiment repetitions and,
even more reliably, particularly to rule out systematic errors, by
the nice specularity of the signals obtained inverting probe or
lm conguration (Fig. 6a).

The thiahelicene-based enantiopure lms have also been
submitted to enantioselection tests of more applicative char-
acter, in aqueous buffered solution, with chemically different
chiral probes of pharmaceutical interest, i.e. L- and D-DOPA
methyl ester (Me-DOPA) and L- and D-tyrosine, both of them at
pH 4 (Fig. 6b and c), in which condition they give on bare
electrode a chemically irreversible rst oxidation peak at 0.51 V
vs. SCE for Me-DOPA and at 0.94 V vs. SCE for tyrosine.6 Again,
a huge difference is obtained in both CV peak potentials and
morphology for the Me-DOPA enantiomers (Fig. 6b). In partic-
ular a chemical irreversible rst oxidation is observed (in this
case we consider peak potentials rather than formal potentials):
(i) at Ep,Ia,I z 0.80 V for specular combinations D-Me-DOPA on
(P)-lm and L-Me-DOPA on (M)-lm; (ii) at Ep,Ia,II z 1.15 V for
specular combinations D-Me-DOPA and (M)-lm + or L-Me-
DOPA on (P)-lm, that are in a diastereomeric relationship
with respect to the two former ones. Thus, an outstanding peak
potential difference, DEp,Ia,II–I z 0.35 V, even larger than that
obtained with the ferrocenyl probes, is observed for probe +
selector combinations obtained by inverting either the probe or
the lm conguration. This feature can allow to clearly distin-
guish the enantiomer conguration with no preliminary sepa-
ration steps; at the same time the peak current, with suitable
standardization, can provide quantitative information. A neat
peak difference is also observed with tyrosine (Fig. 6c), resulting
in Ep,Ia,I z 0.95 V and Ep,Ia,II z 1.15 V, with a potential differ-
ence of Ep,Ia,II–I z 0.2 V.

Such results soundly conrm the general character of the
huge discrimination ability of the new selector surfaces,
holding for molecules of different structures and reactivities,
including probes of practical interest.

Such enantiodiscrimination performances could be justied
considering the electrochemical process to take place in dia-
steromeric and thus energetically different situations, resulting
from intermolecular interactions between enantiopure selector
and enantiopure probe, particularly hinging on the many
available aromatic rings and heteroatoms. Moreover, diaste-
reomeric conditions could also originate from modulation of
the internal magnetic eld of the chiral lm in the presence of
the (R)- or (S)- probe, as we recently pointed out in a very recent
study highlighting the spin-lter properties of inherently chiral
lms with atropisomeric scaffold.13

In this context, the new selector lms based on helical
elements were also preliminarily tested concerning interactions
with electron spin moments under applied magnetic eld,
following the approach that very recently enabled us to unveil
outstanding spin lter properties in lms obtained from atro-
pisomeric monomers.7,13 CV patterns were recorded for the
achiral, reversible ferrocyanide/ferricyanide couple in aqueous
solution, both on ITO and on screen-printed single-walled
1544 | Chem. Sci., 2019, 10, 1539–1548
carbon nanotube (SWNT SPE) working electrode, modied
with a very thin enantiopure oligo-P-7-TH lm electrodeposited
in a single CV cycle. Application of an external magnetic eld
resulted in both cases in remarkable formal potential shi
according to the N/S or S/N magnet orientation (Fig. 7), an
impressive effect recently observed on inherently chiral lms
based on atropisomeric units (oligo-BT2T4 lms13 and on 2,20-
biindole-based lms7), besides a chiral C2-symmetry PEDOT.
The phenomenon has been tentatively justied considering the
combined effects of the internal magnetic eld intrinsic of the
chiral layer (particularly effective for an inherently chiral one)
and of the external applied magnetic eld on the electron
energy levels, as a function of the a or b spin magnetic
moment.13 Two couples of equivalent a,b energy level splitting
situations can be considered, one corresponding to both
magnetic elds favouring the same spin orientation and one
corresponding to them having opposite effects.

Since the two cases are in diastereomeric relationship, they
are energetically different, which could explain the shi in
formal potentials upon application of opposite external
magnetic elds.

Such “spin modulated electrochemical potentials” are of
great potential interest from both fundamental and applicative
perspectives.13
3. Comparison of 7-TH electrochemical performance with
those of BT2T4, a representative case of axial stereogenicity

We consider interesting and useful to compare the outstanding
features and performance of the helicene selectors with the C2-
symmetric bibenzothiophene BT2T4 and its electrodeposited
lms.1 In fact (i) both monomers 7-TH and BT2T4 are endowed
with inherent chirality, but on account of different stereogenic
elements, i.e. helicity vs. stereogenic axis.; (ii) both monomers
have electroactivity based on thiophene conjugated systems: in
the case of 7-TH, a system of four thiophene rings alternated to
condensed benzene ones with an helicoidal torsion; in the case
of BT2T4, two weakly interacting linear terthiophene systems;
(iii) the torsional barrier to be overcome for racemization is
similar (i.e.�45 kcal mol�1 for BT2T42 and�39 kcal mol�1 for 7-
TH30); (iv) both monomers have two free homotopic thiophene
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Enantioselection performance of enantiopure (S)-BT2T4
(yellow) and (R)-BT2T4 (blue) films towards chiral electroactive ferro-
cenyl probes, named (S)-Fc and (R)-Fc, in DCM (top) and ACN (bottom)
as solvents.
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terminals for stereo- and regio regular electrodeposition of
oligomer lms.

For comparison's sake, in this paper we have prepared and
tested BT2T4 lms with the same protocol used for the 7-TH
helical selector, in both DCM and ACN solvents. Unlike the 7-
TH case, BT2T4 oligomerization is very slow in DCM, with the
resulting lms appearing very thin (Fig. 4b and SI.2†), while it
proceeds fast, regularly and with no apparent limitation in ACN
(Fig. 4c) as formerly accounted, too.4,6

The electrodeposited layers appear quite different from the
thiahelicene-based ones, as revealed by an AFM morphological
investigation carried out on very thin lms electrodeposited by
the rst two CV cycles, with the same protocol above applied to
the oligo-7-TH case. In particular, the layers display a lamellar
structure (Fig. 8a and b) and are signicantly thicker (in the
range 70–140 nm, Fig. 8c), as it results from the scratch of the
lm by the AFM tip.

Enantiopure BT2T4 lms electrodeposited in DCM with the
same 100-cycle protocol adopted for 7-TH gave poor enantio-
discrimination in our model test with ferrocenyl chiral probes,
resulting in E

�0
I z 0:32 V; E

�0
II z 0:37 V; DE

�0
II�I z 0:05 V (Fig. 9,

top). This is consistent with the thinness and fragility of the
lms obtained with this protocol. Instead good discrimination
was obtained on the thick, although quite rough, BT2T4 lms
electrodeposited in the same conditions but in ACN solvent
(Fig. 9, bottom). In this case two signals signicantly different in
potential and shape (again, possibly involving lm activation,
too) are observed at E

�0
I z 0:40 V and E

�0
II z 0:55 V with a peak

potential difference of DE
�0
II�I z 0:15 V:

Such observations conrm rst of all the outstanding
enantiodiscrimination potentialities of the helical selector,
even compared to the atropisomeric one. We have to consider
that the comparison between the two systems unfortunately is
not fully achieved because we could not electrodeposit 7-TH
monomer in ACN and vice versa BT2T4 monomer in DCM.
Fig. 8 Tapping Mode AFM images (a) 10 � 10 mm2, (b) and (c) 4 � 4
mm2 of BT2T4 oligomers electrochemically deposited onto uflat-ITO
electrode by 2 voltammetric cycles at 0.2 V s�1 from a DCM solution of
1.7 mM racemic monomer BT2T4.

This journal is © The Royal Society of Chemistry 2019
Conclusions

Enantiopure thiahelicenes can be regarded as valuable inher-
ently chiral building blocks for the preparation of the corre-
sponding enantiopure inherently chiral electroactive surfaces,
exhibiting very high enantiodiscrimination ability, hinging on
a helical stereogenic element rather than an axial one as in
former cases. Furthermore, the availability of a large potential
window on the oxidation side allows to use the thiahelicene-
based electrodes for a wide range of chiral probes in enantio-
selection tests.

Our convenient preparation protocol affords electrodeposi-
tion of compact lms of adequate thickness and stability. The
inherently chiral electroactive surfaces display outstanding
enantiodiscrimination performance for different chiral probes,
in terms of peak potential and morphology differences,
competitive with those obtained by an inherently chiral selector
with axial stereogenicity. A new, important helicene application
is thus unveiled, adding a novel class to the growing palette of
inherently chiral selectors for enantioselective electroanalysis.

Moreover, the wide-scope effectiveness of the inherent
chirality strategy is further conrmed by the observation that
inherently chiral helical electroactive molecules share with
atropisomeric ones the same all-around discrimination ability,
encompassing besides circularly polarized light components
electroactive chiral probes as well as electron spin magnetic
moments.

Developments could involve not only the exploration of
a wider casebook of probe/selector/protocol combinations,
particularly of applicative interest, but also possible interrela-
tions as well as combinations with the optoelectronic and
spintronic peculiarities.
Chem. Sci., 2019, 10, 1539–1548 | 1545
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Methods
1. Synthesis and separation of enantiopure antipodes of
7-TH

Tetrathia[7]helicene (�)-7-TH was synthesized as previously
reported.44 The two enantiomers of (�)-7-TH were separated
using an Agilent 1100 series HPLC, equipped with DAD analyzer
and the chiral semipreparative column Chiralpak IA (10 �
250 mm), in a hexane/dichloromethane mixture (92 : 8, v/v) as
the mobile phase.45 The earlier eluting fraction consisted of the
enantiomer exhibiting a positive optical rotation (+)-7-TH, while
the later eluting fraction contained the enantiomer with nega-
tive optical rotation (�)-7-TH. On the basis of their X-ray
structures,46 (+)-7-TH corresponds to the absolute congura-
tion of a right-handed helix (P), and, vice versa, (�)-7-TH
corresponds to the absolute conguration of a le-handed
helix (M).
2. Electrochemistry

2.1. Electrodepositions. Cyclic voltammetry (CV) experi-
ments were performed using Autolab PGSTAT potentiostats
(Eco-Chemie (Utrecht, The Netherlands)), controlled by a PC
with GPES soware from the same manufacturer.

All electrodepositions and stability tests (cycling 5 times the
oligomer in a monomer free solution) were performed in
traditional solvents, acetonitrile (ACN, Sigma-Aldrich, anhy-
drous, 99.8%) and dichloromethane (DCM, Sigma-Aldrich
anhydrous, 99.8%).

Electrodepositions of enantiopure (R)- and (S)-BT2T4 lms
and enantiopure (P)-(+)-7-TH and (M)-(�)-7-TH ones were per-
formed on the GC disk electrode with 2.5 mM (R)- or (S)- cor-
responding monomer solutions in DCM and ACN with 0.1 M
tetrabutylammonium hexauorophosphate as supporting elec-
trolyte (TBAPF6, Sigma-Aldrich, electrochemical analysis). 50,
100, 144 consecutive oxidative potential cycles at 0.2 V s�1

around the rst oxidation peaks for both starting monomers
were performed, followed by repeated potential cycling in
a monomer free solution, until the CV curves became stable.
These lms were then analysed by means of prolometry
experiments.

2.2. Enantiodiscrimination voltammetry tests. Enantio-
discrimination tests were carried out aer stability experiments
on the enantiopure (R)- and (S)-BT2T4 lms and the enantiopure
(P)-(+)-7-TH and (M)-(�)-7-TH electrode surfaces only for the
lms obtained aer 100 oxidative potential cycles. The enan-
tioselection capability was tested by dipping the chiral electrode
lms in 3 mM (R)- and (S)-N,N-dimethyl-1-ferrocenylethylamine
probes (Sigma-Aldrich, 97%) solutions (acetonitrile + TBAPF6
0.1 M or DCM + TBAPF6 0.1 M) and by recording voltammetric
signals at 0.05 V s�1 potential scan rate. The organic solvents in
these tests were only DCM for 7-TH chiral lms and both ACN
and DCM for chiral BT2T4 lms due to the high solubility of the
latter in DCM.

Other tests on the enantiorecognition capability were per-
formed at 0.05 V s�1 scan rate, only on the (P)-(+)-7-TH and (M)-
(�)-7-TH electrode surfaces in 0.003M solutions of two different
1546 | Chem. Sci., 2019, 10, 1539–1548
probes of pharmaceutical interest (i) L- and D-tyrosine (Alfa-
Aesar) and (ii) L- and D-methyl-DOPA hydrochloride prepared
according to a literature protocol48 in a buffer pH 4 solution
(Fluka, prepared with citric acid, NaOH, and NaCl).

All experiments were carried out in a three-electrode minicell
(with 3 cm3 of solution), with a glass-embedded glassy carbon
disk (GC, Metrohm, S ¼ 0.033 cm2) as the working electrode,
a Pt disk as the counter electrode, and an aqueous saturated
calomel electrode (SCE) as the reference electrode operating in
a double bridge lled with the working medium to avoid water
and KCl leakage into the working solutions. N2 purging before
measurement was not necessary since all experiments were
included in a potential range more positive than O2 reduction.
The optimised preliminary polishing procedure for the GC disk
electrode consisted of a sonication for 5minutes of the GC tip in
acetone and aer a treatment with a diamond powder of 1 mm
diameter (Aldrich) on a wet DP-Nap cloth (Struers®).

2.3. Spin selectivity magnetoelectrochemistry tests. Mag-
netoelectrochemistry experiments were carried out by using
screen printed electrodes (SPEs) where working electrodes are
both ITO (indium tin oxide) and single walled nanotubes.

The enantiopure (P)- and (M)-oligo-thiahelicenes lms
were prepared by electrooligomerization of the monomer
enantiomers on SPEs from commercial ionic liquid 1-butyl-3-
methylimidazolium bis(triuoro-methylsulfonyl)imide
(BMIMTFSI).

Themagnetic eld was applied by an external magnet (nickel
coated NdFeB B88X0 Grade N42 K&J Magnet, Inc.; magnetic
eld strength at the surface ¼ 6353 Gauss) placed under the
SPEs during the cyclic voltammetric experiments.

Cyclic voltammograms of the achiral redox couple
Fe(CN)6

3�|Fe(CN)6
4� (with each component at 2.5 mM

concentration and 400 mM KCl as supporting electrolyte) were
recorded at 0.05 V s�1 potential scan rate by depositing a drop of
the aqueous solution on SPEs and by ipping the external
magnet north vs. south orientations.

3. Prolometry measurements

Thickness measurements were directly carried out on the
working electrode tip, scratching the lm deposited with
a wooden toothpick wet of acetone. The step obtained were
analysed by a Bruker DektakXT contact prolometer using
a 12.5 mm radius stylus in Low-Force mode. The working elec-
trode tip was xed to the vacuum chuck by a home-made holder.
The values of thickness and roughness were determinate by
Vision64 soware.

4. AFM investigations

AFM imaging and analysis were performed in air with a Digital
NanoScope 3D Multimode microscope (Veeco, USA) using phos-
phorus n-doped Silicon probes (spring constant, 20–80 N m�1;
resonance frequency 280–320 kHz; nominal tip radius <10 nm)
and operating in tapping mode. Samples for the AFM experi-
ments were prepared by depositing the oligomeric lm through
electrochemical polymerization, of either a ACN or DCM mono-
mer solution, on ultra-at ITO (uat-ITO), with a sheet resistance
This journal is © The Royal Society of Chemistry 2019
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of 7 U sq�1, RMS roughness of about 0.6 nm (1 � 1 mm2),
provided by Kuramoto Co. (Kurihara, Japan). The images were
obtained by optimizing the setpoint tapping amplitude with
respect to the free amplitude of the probe, near the resonance
frequency of the probe itself, as reported elsewhere.47 The
thickness of the deposit was evaluated by scratching an area of
the deposit with the AFM tip by applying a minimum constant
force (130 nN) in contact mode and subsequently performing the
imaging of the selected surface part in tappingmode. NanoScope
6.14r1 soware was used for data analysis.
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F. Sannicolò and P. R. Mussini, Electrochem. Commun.,
2018, 89, 57.

10 K. Ma, R. Jarosova, G. M. Swain and G. J. Blanchard,
Langmuir, 2016, 32, 9507.

11 L. A. P. Kane-Maguire and G. G. Wallace, Chem. Soc. Rev.,
2010, 39, 2545.

12 G. Longhi, S. Abbate, G. Mazzeo, E. Castiglioni, P. Mussini,
T. Benincori, R. Martinazzo and F. Sannicolò, J. Phys.
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Chem. Soc., 2014, 136, 10826.

25 J. R. Brandt, X. Wang, Y. Yang, A. J. Campbell and
M. J. Fuchter, J. Am. Chem. Soc., 2016, 138, 9743.

26 M. Tounsi, M. Ben Braiek, A. Baraket, M. Lee, N. Zine,
M. Zabala, J. Bausells, F. Aloui, B. Ben Hassine, A. Maaref
and A. Errachid, Electroanalysis, 2016, 28, 2892.

27 V. Kiran, S. P. Mathew, S. R. Cohen, I. Hernández Delgado,
J. Lacour and R. Naaman, Adv. Mater., 2016, 28, 1957.

28 J. Hrbac, J. Storch, V. Halouzka, V. Cirkva, P. Matejka and
J. Vacek, RSC Adv., 2014, 4, 46102.
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