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Chiral Recognition: A Spin-Driven Process in Chiral
Oligothiophene. A Chiral-Induced Spin Selectivity (CISS)

Effect Manifestation

Andrea Stefani, Tommaso Salzillo, Patrizia Romana Mussini, Tiziana Benincori,
Massimo Innocenti, Luca Pasquali, Andrew C. Jones, Suryakant Mishra,

and Claudio Fontanesi*

In this paper it is experimentally demonstrated that the electron-spin/
molecular-handedness interaction plays a fundamental role in the chiral
recognition process. This conclusion is inferred comparing current versus
potential (I-V) curves recorded using chiral electrode surfaces, which are
obtained via chemisorption of an enantiopure thiophene derivative:
3,3’-bibenzothiophene core functionalized with 2,2’-bithiophene wings
(BT,T,). The chiral recognition capability of these chiral-electrodes is probed
via cyclic voltammetry measurements, where, Ag nanoparticles (AgNPs)
capped with enantiopure BT, T, (BT,T,@AgNP) are used as the chiral redox
probe. Then, the interface handedness is explored by recording spin-polarized
I-V curves in spin-dependent electrochemistry (SDE) and
magnetic-conductive atomic force microscopy (mc-AFM) experiments. The
quality of the interfaces is thoroughly cross-checked using X-ray
photoemission spectroscopy, Raman, electrodesorption measurements,
which further substantiate the metal(electrode)-sulfur(thiophene) central role
in the chemisorption process. Spin-polarization values of about 15% and 30%
are obtained in the case of SDE and mc-AFM experiments, respectively.

1. Introduction

Chirality is an exceptionally transversal
and interdisciplinary field of science, pro-
foundly connected to biology, chemistry,
physics, and mathematics. As a concept,
chirality is often conveyed in terms of the
left and right hands specular images, which
is by far an oversimplified picture of a
much more complex subject. For instance
a distinction must be made between “true”
and “false” chirality.'!! Furthermore, prop-
erties deeply related with the concept of
handedness, and apparently unrelated to
“chirality,” are 1) magnetism, where po-
lar and axial vectors play a central rolel?]
2) spin 3) the photon helicity.??! In bi-
ology chirality is of primary importance,
proteins and DNA are chiral, and in ad-
dition, biorelated molecular architectures
are present in nature with a single hand-
edness, this evidence is addressed as the

A. Stefani

Department of Physics

Informatics and Mathematics ‘FIM’
University of Modena and Reggio Emilia
Via Giuseppe Campi, 213, Modena 41125, Italy
A. Stefani, L. Pasquali, C. Fontanesi
Department of Engineering ‘Enzo Ferrari’
DIEF

University of Modena and Reggio Emilia
Via Vivarelli 10, Modena 41125, Italy
E-mail: claudio.fontanesi@unimore.it

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202308948

© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adfm.202308948

Adv. Funct. Mater. 2024, 34, 2308948 2308948 (1 of 11)

T. Salzillo

Department of Industrial Chemistry “Toso Montanari”
University of Bologna

Viale del Risorgimento, 4, Bologna 40136, Italy

P. R. Mussini

Department of Chemistry

University of Milano

Via Golgi 19, Milano 20133, Italy

T. Benincori

Department of Science and Technology

DISAT

University of Insubria

Via Valleggio 11, Como 22100, Italy

M. Innocenti

Department of Chemistry

“Ugo Schiff”’

Univ. of Firenze

via della Lastruccia 3, Sesto Fiorentino 50019, Italy

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:claudio.fontanesi@unimore.it
https://doi.org/10.1002/adfm.202308948
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202308948&domain=pdf&date_stamp=2023-09-29

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

“homochirality problem,” a yet to be solved fundamental
conundrum.[’] Within this picture, chiral recognition and enan-
tioselectivity rule asymmetric processes from chemical synthesis
to biological life cycles. Enantio-recognition can be probed by
circular dichroism (CD) spectroscopies,”! electrochemically,!®!
analytical separation in chromatography.®! Applicative aspects
concern sensors!1®12] resolution of racemic mixtures!*-16! drug
synthesis and chemical reactivity,’*"! chiral induction,!2%!]
and light-driven molecular motors.!?”] Chiral recognition was
assumed to be controlled by geometrical-based interactions,
the “lock and key” and “Three-Point Interaction” models, but
chiral recognition is recognized as still lacking a physical-based
detailed explanation.[”)] Recently, spin-based exchange inter-
actions have been proposed to rule chiral-induction, i.e., the
ability of a chiral compound to induce chirality in an achiral
system.?*] Indeed, the physics underlying the emerging of
specific interactions between chiral systems and spin polarized
electrons is a true “hot-topic,” the magneto-chiral dichroism
and CISS effects are two manifestations.!'®2-28] Remarkably,
state-of-the-art diamagnetic materials characterized by good
spin-polarization characteristics have been developed within this
field of research.[*293%1 Moreover, charge transmission appears
unexpectedly efficient in the case of chiral systems,3'38] and
what is more, it is shown to be spin-selective,!*! and theoretical
results suggest that a fundamental role is played by spin-orbit
coupling (SOC).1**3%41] In this arena, the purpose of this paper
is to assess the physics of the driving force underlying chiral
recognition, to this end the charge transmission of suitable
chiral, metal-substrate|chemisorbed-BT,T, (hybrid), interfaces
is probed by means of electrochemical and magneto contact-
conductive probe (mc-AFM) measurements. Surface chirality is
imparted by BT, T, self-assembled monolayers (SAM), formed
exploiting the strong chemisorption of the thiophene moiety
on Au, Ag, and Ni. Then, chiral recognition is probed via the
implementation of three different experimental configurations,
as summarized in Figure 1B-D. These three experiments are
conceived to probe independently the interplay between chiral-
ity, molecular handedness, and spin selectivity. Experiment I: a
current is transmitted through a “sandwich” of two molecular
layers on gold, either of the same (symmetric) or opposed
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(dissymmetric) handedness, electric contact is provided via
grafted AgNPs. Experiment II: in a typical SDE setup,***] a
spin-polarized current is measured through molecular layers
of different helicities, yet AgNPs are used as terminal contact.
Experiment III: the current through an AFM magnetized tip is
measured. Note that, handedness in these experiments relies on
the use of two enantiopure stereoisomers of the same chemical
species (R- and S- BT, T,), thus variations observed in -V curves
are exclusively due to handedness discrimination, i.e., chiral
recognition.

2. Results and Discussion

2.1. Probing Molecular Handedness: Chiral Recognition
2.1.1. Experiment I: Chiral Recognition

Cyclic voltammetry (CV) curves are recorded for the four
possible combinations Au|(S)-BT,T,|(R)-BT,T,@AgNP, Aul(S)-
BT, T,|(S)-BT,T,@AgNP, Aul(R)-BT,T,|(R)-BT,T,@AgNP and
Au|(R)-BT,T,|(S)-BT,T,@AgNP, interfaces, i.e., probing the
charge transmission of interfaces of symmetric versus dis-
symmetric handedness, a typical way to investigate chiral
recognition.®*] Figure 2A shows the relevant actual experimen-
tal implementation.

Remarkably, the peak current (at —0.1 and 0.05 V) is larger
for the “symmetric” combination, i.e., when the two facing in-
terfaces feature the same handedness. Red curve in Figure 2B
(S)-BT,T,|(S)-BT,T,, while the black curve in Figure 2C has the
largest current corresponding to the (R)-BT,T,|(R)-BT,T, com-
bination. Details concerning AgNPs preparation (and capping)
and the chemisorption on Au are reported in the Supporting
Information: chiral capped AgNPs synthesis (Figures S1-S3,
Supporting Information). While, details concerning the prepa-
ration and characterization of the Au|BT,T,|BT,T,@AgNP in-
terfaces are reported in Sections S1.3.1 and S1.3.2, Figures S4
and S5 (Supporting Information). Section 2 gives full details con-
cerning gold functionalization. Figure S6 (Supporting Informa-
tion) shows X-ray photoemission spectroscopy (XPS) data, while
Figure S7 (Supporting Information) shows replicas of CVs con-
cerning the electrochemical based chiral recognition. The effec-
tive BT, T, chemisorption on Au was further characterized by
recording Raman spectra (exploiting SERS effect). Experimental
Raman results are discussed in detailed based on theoretical cal-
culations (high quality DFT B3LYP/cc-pVTZ level of the theory
for the isolated BT, T, molecule, semiempirical for a cluster of
BT, T, on gold) Section 3, Figures S8-S11 (Supporting Informa-
tion).

2.1.2. Experiment |I: Spin-Dependent Electrochemistry

The charge transmission through the enantiopure Ni|(S)-
BT,T,@AgNPs and Ni|(R)-BT,T, @AgNPs interfaces is probed
by recording CV curves (SDE) as a function of spin-injection,
i.e., by application of a magnetic field UP versus magnetic field
DOWN orientation (a permanent magnet is placed just under
the working electrode (WE) surface, 0.5 mm away from the ac-
tual contact between the solution and ferromagnetic WE surface).
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Figure 1. A) BT,T, molecular structure both the (S

)- and (R) enantiomers are shown. B) Experimental setup for the “true” chiral recognition experiment:

two BT, T, self-assembled monolayers (SAMs) are placed in tight contact with the two possible handedness combinations. Left same handedness
(symmetric interface). Right the two SAMs feature opposite handedness (dissymmetric interface). C,D) Spin-injecting/spin-probing device. The energy
versus density of state (DOS) pattern of the ferromagnetic electrode is shown as a function of the magnetic field orientation, the horizontal black dotted
line is the Fermi energy. Blue curves DOS for magnetic field up. Red curves DOS for magnetic field down.[42]

Figure 1C,D represents schematically the physics underlying Ex-
periment II, while Figure 3A shows the actual experimental im-
plementation, the relevant experimental CV curves are presented
in Figure 3B,C.

Remarkably, the I versus E pattern is found to be a func-
tion of the magnet orientation. What is more, for the Ni|(S)
BT, T,@AgNP interface the largest current peaks (at about 0.1
and —0.075 V) in the CV are found for spin-injection correspond-
ing to magnet DOWN orientation (Figure 3B, red curve). The
opposite result (the largest current is relevant to the magnet
UP orientation) is found for the Ni|(R)-BT, T, @AgNP interface
(Figure 3C, black curve). Comparison of differences in current
peak values Figure 3C,D as a function of magnet orientation al-
low to determine a spin polarization (SP%) value ranging be-
tween 13% and 15%. Spin polarization is defined as:

(IMagUP - IMagDOWN)

SP% =

x 100 (1)

IMagUP + IMagDOWN

Where: I,,up and Iy,gpowy are the peak current values recorded
with the magnet orientation UP and DOWN, respectively. The
quantitative assessment of the spin-chirality interaction energy
can be addressed, by considering the potential difference in be-
tween the current peaks in the CVs shown in Figure 3B,C, the
potential shift is ranging between 50 and 100 mV. The Nernst
equation Ay = —nFE (Ay is the Gibbs energy involved in the
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spin-chirality interaction process, n is considered one transferred
electron, F is the Faraday, and E in our case the peak potential
shift due to magnet orientation) allows for a crude estimation
of 5 to 10 k] mol~"' as the range of spin-“molecular-handedness”
interaction energy. Details concerning the BT, T, chemisorption
on Ni, and relevant characterization, are reported in the Support-
ing Information. Section S3.4 (Supporting Information) reports
and discusses Raman spectra collected “in situ”/“in operando,”
Figure S12 (Supporting Information). Section 4.1 (Supporting
Information) reports the experimental XPS spectra (Figure S13,
Supporting Information), and relevant discussion concerning
the Ni|BT,T, interface. Fabrication procedure and XPS charac-
terization of the hybrid Ni|BT,T,@AgNP interface is presented
in Section S4.2 and Figure S14 (Supporting Information).

2.1.3. Experiment I1l: Magnetic Conductive Probe AFM

The charge transmission through the enantiopure Au|(S)-BT,T,
and Au|(R)-BT,T, interfaces is determined by recording -V
curves as a function of spin-injection (i.e., magnetic field UP ver-
sus magnetic field DOWN). Figure 1C,D represent the physics
underlying Experiment III (it is the same of the Experiment
II). Figure 4A shows the experimental setup. The relevant I-V
curves are presented in Figure 4B,C, which are recorded using
a mc-AFM. In this experiment the current between the AFM tip
and the surface is recorded as a function of the magnetic field

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. A) Actual experimental implementation of Experiment I: chiral recognition electrochemistry. Cyclic voltammetry (CVs) are recorded for all
the possible handedness combinations. B) Black Au|(S)-BT,T4|(R)-BT,T,@AgNP and red Au|(S)-BT,T4|(S)-BT,T,@AgNP. C) Black Au|(R)-BT,T4|(R)-
BT,T,@AgNP and red Au|(R)-BT,T,|(S)-BT,T,@AgNP. An amount of 0.1 m KCl in aqueous solution is the base electrolyte.

direction: spin-injection occurs via the ferromagnetic Ni tip. In
Figure 4B, (R)-BT,T, adsorbed on gold (Au|(R)-BT,T, interface),
the largest current is found for the magnet UP orientation, while
in Figure 4C the opposite is found: for the (S)-BT,T, enantiomer
adsorbed on gold (Au|(S)-BT, T, interface).

The quantitative analysis of mc-AFM [-V curves as a function
of magnet orientation, Figure 4B,C allows to determine a max-
imum spin-polarization value, which is found ranging between
28% to 30%, obtained for a +2 V bias.

2.2. Hybrid Interfaces Characterization
2.2.1. XPS S 2p Results

The [-V curves accuracy relies on the accurate fabrication of
complex hybrid multilayered molecular architectures, a crucial
task. A substantial effort was devoted to the in depth character-
ization of the interfaces, by cross-checking results obtained by
using independent surface sensitive techniques: XPS, Raman,
and electrodesorption. The XPS experimental outcome was also
compared with theoretical results. In particular, Figure 5 shows
XPS S 2p XPS spectra recorded for the interfaces used in the Ex-
periments I, II, and III. Figure 5a sets out S 2p spectra of the
BT,T,@AgNPs interface, the peak found in the 168 to 158 eV
range is due to three different components: sulfur involved in
a strong chemical interaction at 161.4 eV, free not-bound thio-

Adv. Funct. Mater. 2024, 34, 2308948 2308948 (4 of 11)

phene sulfur at 163.6 eV, and oxidized sulfur at 166 eV, these
components are indicated in Figure 5a as Sy;.4, Siopn> 20d S,
respectively. The prominent S 2p 161.4 eV component stems
from the strong S-Ag interaction (bound sulfur) giving due rea-
son to the effective AgNPs capping. Figure S3 (Supporting Infor-
mation) shows the BT, T, @AgNPs XPS survey, C 1s and Ag 3d
spectra, together with the relevant Voight doublets components
fitting (compare the Supporting Information for details concern-
ing the fitting procedure). Figure 5b shows XPS S 2p spectra for
the Au|BT,T, interface, the peak in the 170 to 158 eV region can
be effectively fitted by two components centered at 163.6 (due to
the free, not-chemically-bound thiophene) and 161.4 eV (associ-
ated to the S atoms of the BT, T, adsorbed to the Au surfacel*).
The absence of any signal for energy values larger than 166.5 eV
further supports the effective gold surface functionalization (sig-
nals at energies larger than 166.5 eV are typical of oxidized
sulphur).’*5! The component relevant to chemisorbed sulphur
appears more intense than the free thiophene one, this suggests
a disposition of the BT, T, which maximizes the number of sul-
phur atoms interacting with the gold surface.’?4 The inset in
Figure 5b sets out the S 2p core level spectrum using a 260 eV
probing photon energy (Elettra synchrotron facility, 0.1 eV of res-
olution). Figure 5b inset analysis allows to appreciate a neat sep-
aration between the two components of the doublet, the rela-
tive intensity of the two main components at 163.6 and 161.4 eV
is reversed, with respect to Figure 5b main spectrum, taken at
1253.6 V of photon energy. Remarkably, a lower energy of the

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Experiment Il: spin-dependent cyclic voltammetry (CVs). A) Schematic representation of Experiment Il setup B) Ni|(S)-BT,T,@AgNPs: black
line MagUP, red curve MagDOWN. C) Ni|(R)-BT,T,@AgNPs: black line MagUP, red curve MagDOWN.

A) Experiment Il 2.0+ B)
-y S-BT2T4
| =
‘S 0.0-
5
&
-2.0- —— MagUp
C) —— MagDown
2.0
< | R-BT2T4
E
S 0.0
5
&
-2.0-
(S)-BT2-Ty
- . 20 -10 00 1.0 20
Potential (V)

Figure 4. A) Schematic representation of Experiment Il setup: magnetic conductive probe atomic force microscopy (mc-AFM). Au substrate and Ni
ferromagnetic tip: black line MagUP orientation, red line MagDOWN orientation. B) Aul(S)-BT, T, interface. C) Au|(S)-BT, T, interface. Circle dimension
in |-V curves is representative of a +0.1 nA sensitivity, corresponding to a 5% standard deviation on the largest current value. See Section S5 and
Figure S15 (Supporting Information), for more details concerning |-V experimental data acquisition and data sensitivity.

Adv. Funct. Mater. 2024, 34, 2308948 2308948 (5 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

5UBD1] SUOWILIOD BAIERIO 3|eotjdde U} AQ PUBAOD e SDILE YO ‘35N JO SOINI 10} ARIGIT UIIUO /B]IAM UO (SUO1PUOO-PUE-SUWLBYLID" B |1 ARG [BUIIUO//SANL) SUOIPUOD PUE SIS 18U} 89S *[1Z02/20/ET] U0 AIGITaUIUO AB1IM ewnood 7 1ediq IBISIS By AQ 86808202 WIPe/Z00T OT/I0p/LICD" A 1M AJeid]|[pu|uo//:Sciy Woiy popeojumod ‘Z ‘w20z ‘8208919t


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS PAATLRIALS

www.advancedsciencenews.com

BT2T4@AgNPs

Sthioph

(a)

Sbound

505

0.8

0.6

0.4

0.2

0.0

Sthioph

v

Sbound

AuBT2T4] (b)

168 166 164 162 160

R S T A S L T
172 170 168 166 164 162 160 158
Binding Energy (eV)

1.0 (d) 1.0 (e)
3
0.8+ S bound 084
o Sthioph
0.6 . 0.6
= 3
e ©
= Oy € 0.4
02 = 02 .
: il

T v T T T T v T T '
170 168 166 164 162 160 158
Binding Energy (eV)

— ——
172 170 168 166 164 162 160 15
Binding Energy (eV)

Er & * F v L7 L T . B B

T .
172 170 168 166 164 162 160 15
Binding Energy (eV)

%t % 9y ¢ 1 B v W% I °
170 168 166 164 162 160 15
Binding Energy

Figure 5. S 2p X-ray photoemission spectroscopy (XPS) spectra. A) BT, T,@AgNPs capped nanoparticles. B) Au|BT,T, interface. C) Au|BT,T,@AgNPs
interface. D) Ni|BT,T, interface. E) Ni|BT,T,@AgNPs interface. Ni|BT,T,@AgNPs interface. The black curve represents the experimental spectra, the
thick blue line curve are the overall fitted data. Individual components: thin orange line is the bound sulfur, thin green line the unbound sulfur, thin

sky-blue line the oxidized sulfur.

probing photon implies a higher surface sensitivity, this allows
for a more sensitive detection of electrons ejected from sulfur
atoms dangling toward the vacuum, i.e., far (not-bonded) from
the gold surface. All in all, both high- and low-energy XPS re-
sults suggest that a monolayer of BT, T, is chemisorbed on gold
maximizing the interactions between sulfur and gold. A picture
which is consistent also with theoretical results relating to the
optimization of the BT,T, on a gold slab (as described in detail
in the Supporting Information). Figure 5c shows XPS S 2p spec-
tra for the Au|BT,T, @AgNPs, note that the spectrum is rather
noisy, but this result is consistent with sulfur of thiophene buried
in between the gold and silver. The two components at 161.4 (or-
ange solid curve) and 163.9 eV (green solid curve) are attributed
to bound (Syy,,,q) and free (S,;q,,) sulfur atoms, respectively, their
difference in energy, 1.5 eV, is consistent with results present
in the literature.l>! The component at 168.1 (black solid curve)
eV is assigned to oxidized sulfur.® Figure 5d,e shows XPS S
2p spectra for the Ni|BT, T, and Ni|BT,T, @ AgNPs interfaces, re-
spectively. Spectrum in Figure 5d features a well-defined peak,
which has the typical line-shape of thiols and thiophene-based
SAMs: in fact, both the 161.4 eV (free S atoms) and the 163.6 eV
(bound S atoms) are present, indicated as Sy,ipn and Syoung, Te-
spectively (in agreement with the results of Figure 5b). No com-
ponents of energy larger than 166.5 eV are present, indicating

Adv. Funct. Mater. 2024, 34, 2308948 2308948 (6 of 11)

a negligible amount of oxidized sulfur. Ni|BT,T, @AgNPs inter-
face, Figure 5e: the S 2p spectrum analysis shows a very close
agreement between Au-based and Ni-based systems. Also the pat-
tern of the spectrum is noiser with respect to the Ni|BT, T, inter-
face (Figure 5d), again in tight agreement with the results ob-
tained on gold.

2.2.2. Electrodesorption

Electrodesorption: Au|BT,T, Interface: Figure 6 sets out CV
curves of a ferrocyanide 5 x 1073 m, ferricyanide 5 X 1073 M
(Fe(III)|Fe(Il) redox couple) KCI 0.1 M aqueous solution, the
Au|BT, T, interface serves as the WE. The red curve in Figure 6a
shows the CV recorded using a bare Au surface WE as a refer-
ence. A peak-to-peak potential separation of about 70 mV is ob-
tained, and the relevant fitting yields a charge transfer rate con-
stant of 0.1 cm s7!. The black curve in Figure 6a shows the CV
recorded using a Au|BT,T, WE, please note a decrease (about
50%) in the redox current peaks, with respect to the bare gold.
Moreover, a larger peak-to-peak potential difference, between the
forward and backward redox peaks (about 0.350 V) is found, typ-
ical of a slower electron transfer kinetics. The relevant curve fit-

ting yields a k° charge transfer constant of about 5 X 10~* cm s71.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAITR1D 8|qeot|dde a3 Aq pausenoh ae sspie YO ‘88N JO S8|ni 10} ArIq1T 8UIIUO AB|IAN UO (SUORIPUOD-PUR-SWLBH WD A8 | 1M Ae1q 1 Ul [UO//:SANY) SUORIPUOD pue SWis | 38U 88S *[7202/20/ST] Uo Ariqi]auluo 4|1 uswinoog 3 Hediq WIS Baly Aq 87680£202 WPe/Z00T OT/I0p/Woo" A3 1M AReiq 1 puluoy/sdiy woj pepeojumod ‘2 ‘%202 ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

a)
—— S-BT2T4/Au
1.50x10%___ S-BT2T4 Edesorbed
__7.50x10°
<
§ 0.0
5
O
-7.50x10°
-1.50x10"*
01 00 01 02 03 04 05
Potential (V)

b)
1.50x10*+{ —— Scan 1
—— Scan 2
7.50x10%] — ocan3
<
§ o000
5
)
-7.50x10° g
-1.50x10" TE,,,,S ocp
1.5 -1.0 -0.5 0.0 0.5
Potential (V)

Figure 6. Cyclic voltammetry (CV) curves 5 x 1073 m Fe(Il1)|Fe(I1) redox couple in 0.1 m KCl aqueous solution, recorded at 0.1V s~ potential scan rate.
Pt and Ag/AgCl/KCl,,, are the counter electrode (CE) and reference electrode (RE), respectively. A) Solid black line Au|BT,T, working electrode (WE).
Solid red line CV recorded after the BT, T, electrodesorption. B) CV curves for the electrodesorption procedure, 0.5 V s™! potential scan rate. Solid black
line: first CV cycle, starting from OCP to 0.5 V, then the potential is scanned from 0.5 to —1.5 V. Solid red curve is the second scan —1.5 to 0.5 V potential
range. Solid blue lines: subsequent cycles, carried out in the —1.5 to 0.5 V potential range.

Indeed, also the CV measured after the BT, T, electrodesorption
procedure, Figure 6b CVs, is reported in Figure 6a, but it over-
laps exactly with the CV obtained for the bare Au surface. A fur-
ther clear-cut indication of the effective BT, T, chemisorption on
gold.

Such considerations are also supported by a quantitative as-
sessment of electrodesorption CVs. Compare the CV curves re-
ported in Figure 6b: in the anodic part of the first CV scan, from
OCP (i.e., +0.24 V) to 0.5 V (black line), much lower currents are
observed with respect to the bare Au surface (subsequent scans,
as well as comparison with Figure 6a bare Au CV). The cathodic
part of the first scan features a broad shoulder at about —0.39 V
with a — 5 X 107> A current (this current value compares well
with the backward current recorded on the modified electrode,
i.e., the Figure 6a, black curve). Scanning more negative a neat
current peak is present in the first scan at — 1.05 V (which can be
related to BT, T, electrodesorption), indicated by an arrow (Eg)
in Figure 6b. The latter peak is absent in the successive CV cy-
cles (red and blue curves). The redox reaction underlying the Ej
current peak can be assumed as follows (3):

Au|BT,T,+e” — Au+ BT, T, . .. (2)

Focusing the attention in the potential range between —0.1 and
0.5V, after the first potential scan up to —1.5 V which means
after the electrodesorption, the CV becomes coincident to that
measured on the bare Au. Thus, the BT,T, electrodesorption
peak potential, E;,, marks the boundary between the function-
alized Au|BT,T, (Figure 6a, black line) and the bare Au behav-
ior (Figure 6a, red line). Taken together, all these results provide
a consistent indication that the incubation of gold in the BT, T,
solution yields a functionalized surface by a BT, T, SAM. More-
over, integration of the peak current at the E, ., potential value
(Figure 6D, black curve) allows to estimate the area of BT, T, ad-
sorbed on the Au surface, which is found to be about 50 A2. The
latter value is consistent with a surface coverage in the one to two
monolayers range, with a BT, T, disposition allowing for the clos-
est contact between sulfur atoms of the BT, T, thiophene back-
bone and the gold surface (please compare the theoretical results
Section 6.1, Supporting Information).

Adv. Funct. Mater. 2024, 34, 2308948 2308948 (7 of 11)

Electrodesorption:  Ni|BT,T, Interface: Figure 7 displays
CV measurements concerning the BT,T, electrodesorption:
Ni|BT,T,, interface. CVs were recorded before (Figure 7a, black
curve) and after the electrodesorption experiment (Figure 7b, red
curve), 5 x 1073 M Fe(I1I)|Fe(II) in 0.1 m KCI aqueous solution.
Figure 7b shows the BT, T, electrodesorption experiment CVs.
The BT,T, electrodesorption underlies the current peak, Eg,
in the solid red curve Figure 7b. On the whole the electrodes-
orption experiment yields results in tight comparison with the
electrodesorption experiment carried out in the case of the Au
substrate. The peak-to-peak potential difference decreases after
BT,T, electrodesorption: compare black and red CV curves in
Figure 7b.

3. Conclusions

This work relies upon the idea to exploit the charge transmission
process (which is made quantitative recording I-V curves) to gain
quantitative insight on the conductive/blocking properties of chi-
ral interfaces. The results can be summarized in three different
achievements.

1) Current peak maxima of the I-V curves in Exp I are found
to depend on the symmetric and dissymmetric nature of the chi-
ral interface, in a classical chiral-recognition electrochemical ex-
perimental arrangement. Where the handedness of the electrode
surface is probed exploiting a chiral redox couple.l’] In our case
handedness is imparted by exploiting enantiomers of the same
chiral compound, thus differences in the I-V curves are only due
to chiral-recognition as the chemical nature of the molecules is
the same. Remarkably, I-V curves in Exp II and III are found
to be spin-injection dependent. As a consequence, the differ-
ence in current of [~V curves controlled by chiral-recognition
can be explained on the basis of the CISS effect: handedness
S is conducting the UP spin, which yields “high” conduction
if the subsequent facing layer handedness is S (symmetric in-
terface), but yields “low” if conduction of the subsequent fac-
ing layer handedness is R (dissymmetric interface), swapping S
and R handedness yields exactly the mirror-opposite situation.
This explanation is inferred by the ability of spin-injection to
yield I-V curves (SDE and mc-AFM experiments) whose charge
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Figure 7. Cyclic voltammetry (CV) curves 5 x 1073 m Fe(l11)/Fe(ll) redox couple in 0.1 m KCl aqueous solution. Pt and Ag/AgCl/KCl,, are the counter
electrode (CE) and reference electrode (RE), respectively. A) Solid black line Ni|BT,T, WE. Solid red line CV recorded after the BT, T, electrodesorption,
0.1V s is the potential scan rate. B) CV curves for the electrodesorption procedure, 0.5V s~! potential scan rate. Solid black line: first CV forward
cycle, starting from OCP to 0.5 V, then the potential is scanned from 0.5 and reversed at —0.2 V. Solid red lines: subsequent cycles, carried out in the
—1.5t0 0.5 V potential range. Upward and downward arrows indicate the CV oxidation and reduction peaks before the electrodesorption.

transmission efficiency depends on the interface handedness.
We can conclude that spin is a hidden driving force in chiral
recognition. Indeed, the paradigm of chiral-recognition as a spin-
driven process falls in line with experimental results observed in
the case of ultrahigh vacuum experiments of polarized-electrons
scattering with chiral molecules(?®275¢] and the so-called chiral-
induced spin selectivity (CISS) effect.?>! Furthermore, the spin-
based chiral recognition model here proposed fits theoretical re-
sults showing the crucial role of SOC in the charge transmission
of chiral molecular architectures, as proposed by Cuniberti, Her-
rmann, and Mujica.[3%3941>7]

2) Furthermore, chemisorption of the thiophene based BT, T,
on Au, Ni, and Ag allows to prepare (tunable) robust and repro-
ducible chiralized interfaces, via facile wet chemistry preparation.
Thus chiral thiophene based oligomers appear a promising class
of compounds to be exploited in organic electronics and spintron-
ics (a SP% of about 30% is found in mc-AFM measurements)
applications.

3) Chiral-capped AgNPs have been used as reversible redox
probe, proving to be of facile preparation and robust electrochem-
ical behavior. The properties of chiral-capped AgNPs can be easily
tuned by selection of suitable chiral oligothiophenes. Moreover,
the standard reversible potential is much more negative (about
0 V with respect to Ag/AgCl/KCl reference electrode) compared
to both the Fe(III)/Fe(II) and ferrocene based chiral organics re-
dox couples (about 0.24 V). This makes chiral-capped AgNPs well
suited to be exploited in the case of electrodes which can be easily
oxidized.

4. Experimental Section

Chemicals:  Merck ethanol solvent >99.5%, Sigma—Aldrich Sodium
Nitrate NaNO; > 99.0%, Sigma-Aldrich potassium sulfate K,SO,4
>99.0%, Sigma—Aldrich potassium chloride KCI, Sigma—-Aldrich ferro-
cyanide K4[Fe(CN)g], and Sigma-Aldrich ferricyanide K;[Fe(CN)g] were
used without further manipulation. A ferrocyanide 5 x 1073 m, ferricyanide
5x 1073 m in a KCl 0.1 m aqueous solution was referred as Fe(l1l)|Fe(ll)
redox gouple in the text. BT, T, was synthesized as described in Sannicold
et al.[%8]

Gold Functionalization: Quasi-Au(111) surfaces were obtained by e-
beam evaporation of 100 nm of gold, on a silicon substrate (Siltronix), with
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thermally grown 300 nm SiO, (100), >400 Q cm™2, on an 8-nm-thick Ti
adhesion layer, followed by gentle flame annealing just prior to use (in the
following Au stays for quasi-Au(111)). Gold functionalization was obtained
by 24 h incubation of the Au surface in a 5 x 1073 m BT, T, solution in
ethanol.[%%]

Silver Nanoparticles Preparation: ~ Silver nanoparticles (AgNPs) were
obtained exploiting the electrochemically based method of Starowicz et
al.,[%] which was successfully used in the production of hybrid thiophene
based architectures, obtaining AgNPs ranging between 20 and 50 nm.[61]

Hybrid Chiral Interface Two-Steps Preparation (Au|BT,T,/AgNPs): The
Au|BT, T, interface, obtained following the suitable gold functionalization
(compare Section S4.2, Supporting Information), was furtherly incubated
for 24 h in the AgNPs suspension. In this way, multilayered interfaces were
produced with the thiophene derivative acting as a “molecular-thread” be-
tween gold and silver (Au|BT,T,|AgNPs interface).

BT, T, Capped AgNPs Preparation BT,T,@AgNPs: The electrochemi-
cally fabricated AgNPs (vide supra, Section 4.3, Supporting Information)
were added to a 5 x 1073 m BT, T, ethanolic solution in order to obtain
thiophene capped-AgNPs (BT,T,@AgNPs). The resulting solution was
left at rest under dark for 24 h at room temperature.

Hybrid Chiral Interface One-Step Preparation (Au[BT,T,@AgNPs): Au
surfaces were incubated within the capped AgNPs (BT,T,@AgNPs) sus-
pension (compare previous Section S4.5, Supporting Information) for 24
h in the dark at room temperature. This procedure allows for a one-step
preparation of the Au|BT,T,@AgNPs hybrid interface.

Nickel Functionalization: Ni surfaces were obtained by e-beam evap-
oration of 100 nm of nickel, on a silicon substrate (Siltronix) with ther-
mally grown 300 nm SiO, (100), >400 Q cm~2, on an 8-nm-thick Ti
adhesion layer. A one-step Ni functionalized preparation strategy was
followed.[52] Ni functionalized surfaces were obtained by immersion in
a BT,T, solution in ethanol (yielding a hybrid Ni|BT,T, chiral interface)
or a suspension of BT,T, capped Ag nanoparticles (yielding a hybrid
Ni|BT,T,@AgNPs chiral interface). During the functionalization process
the Ni surface was kept at a negative (reducing) potential of —0.3V, to
avoid nickel oxidation.[®2]

Electrochemical Setup:  CVs, as well as screening electrochemical mea-
surements not reported, were performed by using an Autolab PGSTAT
128N or CH-Instruments CHI660A potentiostats. A typical three-electrode
electrochemical cell was employed. A Pt sheet and a silver chloride refer-
ence electrode (Ag/AgCl/KCl,,,) electrodes were the counter (CE) and ref-
erence electrodes (RE), respectively. An amount of 0.1 m KCl and K,SO,
aqueous solutions were used as base electrolytes. As WE different chiral
interfaces were used (vide supra the section relevant to the Au and Ni
functionalization and AgNPs synthesis). All the potentials reported in this
work were referred to the Ag/AgCl/KCl,, reference electrode.

SDE Electrochemical Setup:  All the CVs, and spin-dependent electro-
chemical measurements in particular, were carried out using a “flat cell”:
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Scheme 1. Raman spectro-electrochemistry “in situ” setup.

Substrate

the cell was obtained via lathe-turning of a Teflon rod: for a total cell volume
of 3 mL, with a bottom hole of 0.6 cm. The WE was placed at the bottom
(typically a shred of about 2 cm length, 1.5 cm width, and 0.5 mm thick.
The WE was 200 nm thick metal, Au or Ni, supported on 0.5 mm thick Si
wafer), a silicon o-ring of 0.7 cm diameter was placed between the bottom
cell hole and WE, avoiding any solution leakage. The permanent magnet
was a NdFeB B88 x 0 Grade N42 K&] Magnet, Inc., with a nickel coating:
magnetic field at the surface was larger than 0.6 T (6353 Gauss).[%3] All
mechanical parts, WE plate support, nuts, bolts, and rods were made in
brass. An exploded view of the cell can be found as the last section in the
Supporting Information (Figure S19, Supporting Information).

UHV Surtface Characterization: XPS measurements were performed
using a conventional MgKa source and a hemispherical Omicron EA125
electron analyzer (LFMS lab, Department of Engineering Enzo Ferrari, Uni-
versity of Modena, Italy). Photoemission measurements were performed
at normal emission. XPS experimental core-levels spectra have been fitted
using Voigt functions (convolution of Gaussian and Lorentzian functions).
All measurements were performed at room temperature.

Raman and Raman In Situ Spectro Electro Chemistry Setup: Raman
spectra were recorded with a Renishaw RM 1000 spectrometer coupled to
a Leica DLML microscope equipped with 50%, 20x, and 5% objectives. The
spectrometer with 250 mm focal length was equipped with a Peltier ther-
moelectric cooled CCD 1024 x 256 pixels and a diffraction grating 1800
grooves per mm. The Rayleigh scattering was removed with edge filter cen-
tered at 514.5 nm allowing for a minimum Raman shift of approximately
100 cm™~". The setup allowed for a spatial resolution of about 1 um with the
50% objective and a nominal field depth ranging from about 25 to 450 um
and a spectral resolution down to 0.5 cm™~'. The excitation was from an
Argon ion gas laser tuned at 514.5 nm with a nominal power of 25 mW.
In all the experiments, the power was reduced by neutral density filters
to avoid sample damage. In situ measurements were carried out with an
in-house Teflon electrochemical cell using the long distance 20x objective
which guarantee a working distance of 21 mm (Scheme 1).

Magnetic-Conductive Atomic Force Microscopy (mc-AFM): mc-AFM
measurements were performed by using Bruker Scan-analyst AFM. The
electrical and magnetic module allows conductive samples to be studied
both in contact and peak force TUNA mode. The mc-AFM was used to
map the conductivity of films using both a low noise DC technique and a
phase locked AC system. By applying electrical bias in the —2 to 2 V range
a variation of intensity in the peak force tune mode of AFM, would allow
to map conductivity of the sample as a function of the magnetic field di-
rection. In conductive mc-AFM, the sample was electrically biased, and
the circuit was completed by providing a connection to ground via the
mc-AFM probe chip. Magnetic field (0.1 T) was applied, using Nd-Fe-B
permanent magnets, on Ni magnetic tip (Bruker-MESP with spring con-
stant 2.6 N/m) during the measurements. This technique provides insight
into the grain structure and allows lateral mapping of the conductivity at
the nanoscale. All our scans (=100) on each point have been obtained at
room temperature.

Calculation Details:  The theoretical data here reported were calculated
in the framework of both semiempirical and DFT quantum mechanical
based methods, as implemented in the MOPAC suite of programs.[®4]
For the BT, T, single molecule (neutral and cation species) ab-initio DFT
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20x LD 21 mmI

B3LYP/cc-pVTZ level of theory was used for i) full geometry optimization
ii) the calculation of the relevant electronic and vibrational (IR and Ra-
man) spectra. Chemisorption of BT, T, on both Au and Ni was modelled
within the so-called embedded cluster approach. BT, T, was allowed to re-
lax on top of a (111) surface of a gold or nickel slab, of fixed geometry
(corresponding to the experimental crystalline disposition). Both Au(57)|
BT,T, and Ni57| BT,T, clusters optimization and electronic properties
have been calculated by using the PM6 Hamiltonian, as implemented
within the MOPAC program.[64]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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