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Chirality-induced spin selectivity is evidenced by exciting the spin resonance of radicals in an electrochemical
cell where the working electrode is covered with a chiral self-assembled monolayer. Because the electron
transfer to and from the paramagnetic radical is spin dependent, the electrochemical current changes at
resonance. This electrically-detected magnetic resonance (EDMR) is monitored by a lock-in detection based
on electrode voltage modulation, at a frequency that optimizes the sensitivity of the differential conductance
to the electrode charge transfer process. The method is validated using p-doped GaAs electrodes in which
the conduction band electrons are hyperpolarized by a well-known method of optical spin pumping with
circularly polarized light. Gold electrodes covered with peptides consisting of 5 alanine groups (Al5) present a
relative current change of up to 5 x 107> when the resonance condition is met, corresponding to a spin
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1 Introduction

Spin effects in electrochemistry had been rarely examined until
developments in spintronics prompted a growing interest in
spin-dependent processes taking place at electrode surfaces." ™
Spin-dependent charge recombination was identified in radical
pairs (RPs) much sooner.” This mechanism was also evidenced
in organic light emitting diodes (OLEDs) and solar cells.®”

In pioneering experiments, Chazalviel first,> and Modestov
and Kazarinov later,” found spin effects at the surface of
optically polarized bare p-doped GaAs. Chazalviel relied on
the spin polarization of the p-GaAs conduction band electrons
that can be achieved by optical excitation with circularly
polarized light.'®'" About a 100 pA change in electrochemical
photocurrents was observed when the light polarization was
modulated.® Light helicity modulation was used to remove
spurious magnetohydrodynamic effects known to change the
electrochemical current.’*** This method however requires
great care to avoid light intensity modulation.

In 1995, Tacken and Janssen reviewed the effects of magnetic
fields on cathodic crystallization, anodic dissolution and
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filtering efficiency between 6 and 19%.

magnetohydrodynamic mass transport. They concluded that the
effect of magnetic field on electron transfer was controversial.'® In
1998, Timmel et al. observed the effect of weak magnetic fields on
reaction kinetics in the liquid phase and accounted for it by a
radical pair recombination mechanism which included hyperfine
interactions.’®” Schwartz investigated spin-dependent reaction
efficiencies in the gas phase.'®

In the case of electrochemical processes, a breakthrough
was achieved by functionalizing electrode surfaces with chiral
molecules, giving rise to a chirality-induced spin selectivity
(C1SS)."°*' Using chiral self-assembled monolayers (SAMs)
and a magnetic electrode, the spin effects thus obtained were
so large that they could be readily detected by standard electro-
chemical techniques.'®*** The spin effects could be distinguished
from magnetohydrodynamic effects by observing electrodes of
opposite chiralities. CISS was also characterized using electro-
chemical near-field probe techniques, thus avoiding magneto-
hydrodynamics altogether because in this case, the detection
happens on a nanometer scale.>

In this paper, we show that we can reveal spin-dependent
charge transfer at bulk electrodes and avoid magnetohydro-
dynamic effects by using electrically-detected magnetic resonance
(EDMR). This technique has been used to study spin-dependent
transport in inorganic semiconductors,**?” fullerene thin films,’
organic conductors,®® solar cells*® and light-emitting diodes.*®
Recently, EDMR has been extended into a time-resolved technique
that allowed distinction between spin-dependent charge transport
and spin-dependent carrier recombination in organic light emitting
diodes.’ As EDMR in solid state systems is sensitive enough to
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Fig. 1 Principle of the experiment: methyl viologen radicals (MV**) in
solution are spin-polarized by a magnetic induction field By. Electrons are
transferred from a p-GaAs electrode spin pumped with circularly polarized
light (left illustration), or from an Au electrode functionalized with chiral
molecules (right illustration).

detect a single spin,®® it ought to be able to detect surface

processes at an electrode/electrolyte interface, even if the
requirements of electrochemistry render the samples far from
optimal for signal detection.

Here, we report EDMR evidence for spin-dependent charge
transfer rates at two types of electrodes: optically pumped
p-GaAs and Au electrodes functionalized with chiral molecules
(Fig. 1). For this purpose we excited the spin resonance of
methyl viologen free radicals (MV'*) dissolved in an organic
solvent. The detection scheme is based on the Pauli exclusion
principle: a radical cannot be reduced by an electron which has
the same spin as the radical. At resonance, the radical spins are
flipped and the reduction current is changed. The radical spin
polarization in our experiment is of about 8 x 10~ *. Therefore,
exciting the resonance cannot produce a relative current
change any greater than this. We validate our methodology
using optically pumped p-GaAs and then proceed by showing
EDMR signals when using chiral electrodes.

2 Experimental
2.1 Electrochemistry

Self-assembled monolayers of chiral molecules were deposited
on Au-covered GaN substrates. The chiral molecules were
o-helical oligopeptides of composition NH,-{alanine-Aib};-CONH,-
CH,CH,SH, where Aib stands for a-aminoisobutyric acid. Contacts
were established with the Au layer on top of the undoped GaN.
Therefore, in the experiments presented here, the conductive
properties of the GaN substrate are irrelevant. A thin silicon rubber
covered these contacts so as to isolate them from the electrolyte.
Polypeptides were terminated on the electrolyte side by Ag nano-
particles, about 3 nm in diameter. These particles have a negligible
effect on the spin polarization obtained by driving electrons
through the chiral molecules since their diameter is far less than
the spin diffusion length of Ag. The spin diffusion length is known
from giant magnetoresistance (GMR) measurements to be quite
large in silver.*® Using lateral non-local magnetoresistive structures,
it was found to be greater than 100 nm at room temperature.**
Epitaxially grown p-type GaAs (UniversityWafer Inc., Item
2178), Zn-doped to 2.9 x 10" cm™, were used as a working
electrode with the polished (111) surface exposed to the sample
solution. As-received p-GaA wafers were oxygen-plasma-etched
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on both sides to obtain a clean surface. A 200 nm thick
polycrystalline layer of Au was electron-beam evaporated on
the backside of the wafer to establish an electrical contact. This
contact preparation has been found to be adequate in previous
work for electrochemical and impedance measurements on
p-GaAs.>>*7 A connection with Cu wire was established using
silver paste. This contact was then insulated from the sample
solution with a silicon sealant.

An electrolyte of 2 mM methyl viologen radicals MV'® in an
acetonitrile (ACN) solution was prepared with 200 mM tetra-
butylammonium perchlorate (TBAP) as the supporting electro-
Iyte (see the ESIT). The experiments were performed in a 4 mm
inner diameter NMR tube using either chiral electrodes or
p-GaAs as the working electrodes. The reference electrode was
a Pt pseudo reference, while Pt wire, 0.5 mm in diameter,
served as the counter electrode. The electrochemical cell was
assembled and filled with the sample solution and sealed with
a two-part epoxy adhesive inside a glove box, and then taken out
of it to perform EDMR experiments. An Autolab potentiostat
(PGSTAT302N) was used for electrochemical measurements.

2.2 EPR and EDMR

We carried out conventional continuous wave electron para-
magnetic resonance (CW EPR) spectroscopy by monitoring the
microwave reflection of an X-band (9.4 GHz) cavity while
sweeping the field (see Fig. 2). EPR detects the signal of radicals
in the bulk of the electrolyte. The cavity was a Varian V-4531,
which has TE 102 mode that allowed us to introduce conductors
along the cavity axis. The quality factor (Q) was between 1000
and 2000 in the presence of an electrolytic cell; 4000 when the
cell was removed.

In order to detect the spin effect in the charge transfer at
the working electrode, we used electrically-detected magnetic
resonance (EDMR). Its principle, when applied to electro-
chemistry, is described in Section 3.

WE R lock-in
(EDMR)

potentiostat
(CV)
(EIS)

magnet

cavity M

laser diode —G@—
polarizer |:H:|
a2

EPR
MW 9.3 GHz

Fig. 2 Schematics of the microwave cavity and standard EPR detection
(lower right), and the sample tube with working (WE), counter (CE) and
reference (RE) electrodes. Optical excitation (left) was applied through a
hole in one of the magnet poles. The potentiostat allows for in situ cyclic
voltamograms and electrochemical impedance spectroscopy (EIS). Lock-
in detects the potential-modulated electrochemical current using a series
resistance R as the current to voltage converter.
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We carried out EDMR with a lock-in detection based on
voltage modulation. The modulation frequency (of the order of
100 to 2000 Hz) was chosen near the dip in the Nyquist plot
of the electrochemical impedance, which is the point most
sensitive to the charge transfer process at the electrode (see the
ESIT). In order to decouple the lock-in detection from the
potentiostat, we measured the current with a series resistance
of two thirds of the cell resistance.

3 Resonant detection of
spin-dependent charge transfer

Here we describe how magnetic resonance modifies the electro-
chemical current when the charge transfer is spin-dependent. The
total electron current density j. resulting from a reduction process
of the oxidized species Ox at the surface concentration [Ox] and
charge transfer rate £*°* combined with an oxidation process of
the reduced species Red at the charge transfer rate X°* is given by,

Je = nF(k°[Red] — k*I[Ox]), (1)

with n being the number of exchanged electrons and F being
the Faraday constant. Looking only at one electron transfer
direction, say the reduction process, the reactant rate flux is
Je = kK%°9[0x] where Ox is a radical which is reduced upon
accepting a single electron, ie., n = 1. The population N°* is
defined as N°* = F-[Ox]. When an external magnetic field is
applied, we have to differentiate the charge transfer rates kR4

and kR and the species concentrations N°* and N9*, depending

1
on their spin orientation parallel (ms = f§> or antiparallel

1 . .
(mS = +§) to the external field. Here, kR®d describes the
transport, from the electrode to the radical, of an electron with

1 . . -
ms = —7. Due to the Pauli exclusion principle, the transferred

electron spin must be antiparallel to the radical spin (Fig. 1),
ie., kRN and kR« NO* are vanishingly small.

Therefore, for a pure reduction process and taking spins
into account, eqn (1) reads as,

Jo = —kRANOY — RANOY, (2)

This model applies to both electrode types (GaAs and chiral
electrodes) since nothing is specified so far about the origin of
the spin-dependence of the rates k% and kR°d. Either the
electrode spin polarization (GaAs) or spin filtering (CISS) can
cause the rates kR to be different.

In order to examine how the electrode processes are affected by
the spin polarization of the radicals at the surface, we write (2) as:

/(ECd 4 kRod o kECd _ chd
- X - A Ox
N . N @3)

jc:

where N9 = N9 + N is the total number of MV™ radicals at

the interface and AN = N9 — N9 is their spin population

AN
difference. The spin polarization at 330 mT is about ~ & 8 x 1074,
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When microwave power is applied at resonance, electron
spins are excited and counterbalance the spin-lattice relaxation.
As a consequence, AN°* changes, and in view of eqn (3), je
changes from its value far from resonance to its value j&° at
resonance. When the microwave power is near saturation, the
relative change in the current regarding on and off resonance is

given by (see the ESIT),

A.e .e _gres ANOx kRed _ k]}ed
Ve e —Ji° 3
G g vo e )

4)

where f characterizes the degree to which the spin resonance is
saturated (at saturation, f ~ 1).

The relative change in the current given by eqn (4) is the
principle of our electrochemical EDMR experiment. It is pro-
portional to the radical spin polarization

A NOx
NOX

~8x 1074 (5)

Therefore, the relative current change cannot be greater than
~8 x 10~* (for sensitivity, see eqn (S7) and (S8) discussion,
ESIt).

According to eqn (4), the relative current change is directly
proportional to the relative spin dependence of the charge
transfer rates.

During an oxidation process of the MV'* radical, electrons
are transferred to the electrode from both possible radical spin
polarizations, N°* and N*. Therefore, the spin-dependence of
the oxidation process is either due to the CISS effect (chiral
electrodes) or the valence band and surface state spin dependent
electron hole recombination (p-GaAs).

4 Results

4.1 Cyclic voltammetry

The cyclic voltammogram (CV) for the Al5 working electrode
presents four regions clearly distinguishable by their peaks
(Fig. 3).

The potential ranges of interest are the ones where the
MV radicals are consumed, i.e., where an electron either goes
from a spin polarized electrode to a spin polarized radical or
vice versa. In the reduction range (a negative current), this is the

Current [uA]

-60 | I I
-0.7 -0.6 -0.5

I I 1
-0.4 -0.3 -0.2
Potential [V]

0.1 0 0.1 0.2
Fig. 3 Cyclic voltammogram for GaN/Au/Al(5)/Ag WE vs. Pt using a
2 mM MV** solution in acetonitrile with 200 mM TBAP. Recorded at
50 mV s~! with a Pt rod CE. Reactions indicated in the sense of the
scanning direction.
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Fig. 4 Cyclic voltammogram in the dark and under light at 830 nm of a
p-GaAs electrode vs. Pt using a 2 mM MV** solution in acetonitrile with
200 mM TBAP. Recorded at 50 mV s~! with a Pt rod CE.

MV™ — MV® process, and in the oxidation range, this is the
MV — MV>" process. For the other two processes, MV*" — MV
reduction and MV® — MV oxidation, the reactant is diamagnetic.
Therefore, when using spin-polarized p-GaAs or chiral electrodes
in combination with the spin polarized MV'® radical, we expect the
charge transfer rates to depend on the spin, whereas we expect no
influence on the charge transfer rate for non-radical reactants.
In other words, the electrochemical current spin dependency is
strongly potential dependent.

For p-GaAs, the CV is in part light-dependent (Fig. 4). The
MV** — MV° reduction and MV® — MV"* oxidation appear only
upon laser excitation, indicating that at least the reduction
process is brought about by photogenerated electrons in the
conduction band and/or surface states within the band gap.
The MV** — MV"* reduction and MV*™* — MV** oxidation were
essentially independent of the illumination conditions, which
is contrary to what is expected for a photo-cathode. This dark
process is likely to originate from the valence band, with a hole
transfer mediated by surface states.®® A laser light power of
80 pW was chosen to maximize the current while staying away
from the diffusion-limited regime.

4.2 EDMR spectra

We could not obtain EDMR spectra by sweeping the field
through resonance at a fixed voltage. The reason for this is
the following. When the current is measured as a function of
time at a fixed voltage (chronoamperometry), a current decay is
observed which is due to the depletion of the redox mediator at
the interface, and at longer times the current is diffusion-
limited. It is very difficult to measure EDMR under these
conditions, though the feasibility of this measurement has
been demonstrated.*”

Here, we resolved to measure the current while scanning the
potential at a constant magnetic field, increasing the field
stepwise after every linear potential sweep. After a full set of
data was acquired, we extracted the spectra as line cuts at a fixed
potential through the two-dimensional data sets (see the ESIt).
Thus, it was necessary to carry out cyclic voltammetry and electron
spin resonance simultaneously. The combination of EPR and
electrochemistry has been reported by others. An elegant design
has been proposed for an electrochemical cell compatible with
microwave electron spin resonance spectroscopy.’’ It has been

1000 | Phys. Chem. Chem. Phys., 2020, 22, 997-1002

View Article Online

PCCP

— 05 5 % 1 =
3 oprn N et ) A :
o i . 4 ERmatngns’ ‘-,",ym»wno -y

0.0 T e g
o p p-GaAs ¥ Au/AI5/Ag 2 | T
) 50 [p) N f) ~ )
%') -/' \6\/‘ L e T Y ’f' ‘\"W L’n
o O-\\"”\w ‘”’AMV" r 0 &
= 5 |MVF s Mv© 0.05V MV* = MvO 03V {2 =
7 e 9) 2 @
To 0 P s ™ st N AP NI g inrned )
< 50 MVZ* = MV* 0.22V MVZ* - MV* 003v {2 &
— 50fg h =
272 A ’ 2 g
> 0 £ N A e [ I
£ o Mvromv®  03eV MV My 009V {2 &

324 326 328 330 320 325 330
B [mT] B[mT]

Fig. 5 EPR and EDMR results for the Au/Al5/Ag chiral electrode (right) and
p-GaAs (left). (@ and €) CW EPR spectra of the radicals in the bulk of the cell,
obtained from cross sections at a constant potential from the resulting matrices
when continuously sweeping the potential and stepwise increasing the field
through resonance. (b and f) EDMR at potentials at which the radical is reduced.
(d and h) EDMR at potentials at which the radical is oxidized. (c and g) Absence
of the EDMR signal at potentials at which radical production takes place.

pointed out that EPR can bring much information about electron
transfer processes, such as during the electropolymerization of
aniline.*"*> However, the combination, which consists in detecting
resonance using the electrochemical current itself, is new.

In Fig. 5, we summarize our results for the p-GaAs electrode
(left) and for the chiral Al5 electrode (right). All spectra were
obtained from cross sections at a constant potential of the
matrices obtained by continuously sweeping the potential and
increasing the field stepwise (see the ESIT).

Our EPR signals, such as those shown in Fig. 5(a and e), are
found at any value of the electrode potential, since they correspond
to radicals located everywhere in the solution. These EPR spectra are
consistent with the results obtained in the literature.** Grampp et al.
attributed the broad featureless resonance of MV** to the fast rate of
electron exchange due to the comproportionation reaction.** In our
case, the broadening is due to the field inhomogeneity with respect
to the size of the sample and modulation broadening.*> We recall
that these EPR spectra are not acquired in the normal way. They
result from line cuts at a fixed voltage in data arrays that were
acquired in about 4 to 12 hours, depending on the matrix size.
Thus, they attest to the great stability of our electrodes.

Fig. 5(b-d) and (f, g) present EDMR spectra obtained as line
cuts at a constant potential in our 2 dimensional data arrays. We
report our EDMR spectra in conductivity units (Siemens), since
they directly reflect the outcome of the potential modulation
lock-in detection. The following potentials were selected:

- (b and f): potentials at which the MV*"* — MV° reduction
takes place.

- (c and g): potentials at which MV"* radicals are produced,
i.e., the MV** — MV™ reduction. As expected, no EDMR signal
was observed, since the reactant is not spin-polarized.

- (d and h): potentials at which the MV*"* — MV>" oxidation
takes place, ie., the unpaired electron spin of the radical is
transferred to the electrode.

This journal is © the Owner Societies 2020
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In summary, we have detected a conductivity change at
resonance only in the potential regions in which the radical
MV'* is consumed by a reduction process (f and b) or an
oxidation process (d and h). This is expected because MV** is
the only oxidation state of methyl viologen which is spin
polarized. As expected, we do not obtain EDMR signals at
potentials corresponding to MV>* — MV™ reduction (Fig. 5)
and MV° — MV™ oxidation, since the reactant does not have a
spin in these cases.

4.3 Charge-transfer-rate spin-dependence
We now proceed to estimate the order of magnitude of the spin
dependence we have observed by EDMR. The relative change in

A
current density % can be deduced from the lock-in data (see

the ESIt). Using eqn (4), we can estimate the relative spin-
dependent charge transfer rate difference as,
Aje
kied _ kEed - _/e
KRed fRed = TANOY
NOx

(6)

In the case of Al5, we find the relative spin-dependent charge
transfer rate difference and therefore the chiral molecule spin
filtering efficiency to be 6 to 19%. This range of values is
determined mostly by the uncertainty of the value of f. Electro-
chemical measurements carried out with Al5 on top of gold
covered nickel electrodes yielded a spin filtering efficiency of
8%.>* EDMR measurements, which are quite different since
they consist of acting on the radical spins directly, give there-
fore a value which is consistent with previous observations.

For p-GaAs, we express the charge transfer rate using a chemical
rate constant k. and an effective spin-dependent electrode
charge carrier density D, k = k.D. The relative spin dependent
charge transfer rate difference is then written as,

k&ed _ kRed Died _ DRed
kjlted 4 k[jed = Dﬁed 4 Dljed'

(7)

This corresponds to the spin polarization at the p-GaAs surface.
Here also, we consider that saturation may not be fully reached
at the interface, and that the saturation coefficient f may be in
the range between 1 and 1 (see the ESIY).

Thus, we find for optically spin pumped p-GaAs, a spin
polarization value of 2 to 5%, while the literature reports 10%,
as found in a solid state device at room temperature.*® Our
value is less than half of the literature value, which can be
expected, since our experiment is of a totally different nature.
The literature value is obtained for the bulk of a solid, whereas
our value corresponds to the spin polarization after crossing
the solid/liquid interface where spin relaxation may occur. At
the p-GaAs surface, surface states are to be expected, which can
accept additional electrons.®® These surface states can act as
additional intermediate transfer states, ultimately leading to a
slower transfer or even spin trapping. Chiral molecules, in
contrast, suppress dangling bond terminations. Therefore, chiral
electrodes are less prone to this problem.
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5 Conclusion

We have used a direct action on the spin of radicals in an
electrolyte to demonstrate a spin-dependent charge transfer process
taking place at two types of electrodes: (1) semiconducting M-V
electrodes which are optically pumped with circularly polarized light
and (2) gold electrodes functionalized with a polypeptide (5 units of
alanine) terminated with Ag nanoparticles. In both cases, the spin-
dependence is visible at potentials at which the radical is
reduced or oxidized. The effect is weak in both cases simply
because the spin polarization of radicals in solution is only
about 8 x 10™* at room temperature in a field of 330 mT. As far
as we know, this is the first time that EDMR has been used to
demonstrate spin-dependent charge transfers at an electrode/
electrolyte interface, i.e., using electrical detection of electron
spin resonance of a radical in solution.

In the case of optically pumped p-GaAs, we find a relative
spin-dependent charge transfer rate difference (eqn (6)) of only
2 to 5%, with a possible complication due to the presence of
surface states.’®

When using Al5 chiral molecules, we have found a strong
spin dependence, indicating a spin-polarization after passing
the chiral molecules of 6 to 19%, which is consistent with the
idea that chiral molecules act as spin filters.
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