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A redox-active persistent perchlorotriphenylmethyl (PTM) radical
chemically linked to gold exhibits stable electrochemical activity in
ionic liquids. Electrochemical tunnelling spectroscopy in this medium
demonstrates that the PTM radical shows a highly effective redox-
mediated current enhancement, demonstrating its applicability as
an active nanometer-scale electronic component.

Redox-active molecules have been shown to be promising active
components for developing nanometer-scale electronic devices' ™
capable of acting as current rectifiers* and switches,”” mechanical
switches®? or active components in charge-storage devices.'® In
order to progress in this field, the control of the molecular redox
state as well as the understanding of its influence on the charge
transport properties is crucial. Experiments on electrochemically-
gated charge transport across redox-active molecular junctions
have demonstrated an effective current modulation." In these
systems, the Marcus-type reorganization energy strongly influences
the efficiency of the current enhancement due to redox mediated
electron tunnelling.

Organic radical perchlorotriphenylmethyl (PTM) is persistent
and stable, both chemically and thermally, due to the steric
hindrance at the central carbon atom caused by the ortho-
chlorine atoms of the phenyl rings (Fig. 1a)."> Importantly,
PTM radicals display a low reduction potential to the corresponding
PTM anions,"* which makes them very interesting molecular
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Fig. 1 (a) Schematics of PTM-C8-SH adsorbed on Au(11l) and (b) EPR

spectrum of PTM-C8-SH SAM on Au(111) recorded at 300 K under ambient
conditions.

redox switches.*>™”

18,19

The charge transport through self-assembled
monolayers and single-molecule junctions®® incorporating
PTM radicals have been studied before, but the different redox
states (radical and anion) were not addressed. Since the structure
of both components of the redox pair is almost identical,* the
inner reorganization energy associated with the structural change
upon reduction/oxidation is expected to be low. In addition,
bulky redox systems are expected to show low outer-sphere
reorganization energy associated with the surrounding solvent,
and indeed their current enhancement efficiency in redox-active
molecular junctions is typically high.*>* In view of this, the
bulky organic radical perchlorotriphenylmethyl (PTM) is expected
to be a very good redox mediator.

Here, the electrochemical gating of the charge transport
through a surface-bound PTM radical has been explored using
an electrochemical scanning tunnelling spectroscopy (EC-STS)
technique. We demonstrated current enhancement due to the
redox-mediated electron tunnelling (RMET) mechanism®*™*"
involving the PTM radical as the active redox-centre. Our results
show that, in comparison with other redox-active moieties, the
PTM radical is among the most efficient redox mediators in
RMET, demonstrating its applicability as an active electronic
component in electronic devices of nanoscale size.

A PTM radical bearing an alkenyl chain spacer with a thiol
anchoring group (PTM-C8-SH) was synthesised as described
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previously'® and used to prepare self-assembled monolayers
(SAMs) on Au(111) (Fig. 1a). Fig. 1a shows the schematics of
PTM-C8-SH assembled on Au(111) (see the ESIt for the char-
acterization and assembly details). The Electron Paramagnetic
Resonance spectrum of the SAM on Au(111) recorded at 300 K
exhibited a signal with a g value of 2.0032 and a line width of
2.6 Gauss (Fig. 1b), which shows that the PTM radical character
is preserved once the molecule is immobilized on the gold
surface. For the purpose of comparison, the electrochemically
inactive aH-PTM-C8-SH (ESI,t Scheme S1) was isolated during
the synthesis of the radical derivative and used to perform
reference voltammetric and STS measurements.

Cyclic voltammograms (CVs) of PTM-C8-SH SAM on Au(111)
in acetonitrile solution (ESI,T Fig. S1) showed the reduction and
oxidation peaks assigned to the reversible reduction of the PTM
radical moieties (PTM®* = PTM ). The redox response was
stable during a repetitive potential cycling and the linear
dependence of the peak heights on the potential scan rate
indicates the oxidation/reduction of a surface-confined species
(ESL Fig. S1). However, organic solvents are not suitable for
electrochemical STM/STS experiments due to their high volatility
and/or insufficient stability of coatings employed to electro-
chemically insulate the STM tip. The PTM anion can be readily
protonated in an acidic aqueous medium. Hence ionic liquids
(ILs) appear to be the best media for EC-STM/STS measure-
ments in our case.'"?*

According to previous works, drying ILs by using molecular
sieves (3 A) may significantly decrease the water content.***?
For this, hot molecular sieves activated at 200 °C were used to
dry ILs before each experiment and they were also put into the
electrochemical cell. The CVs of PTM-C8-SH on Au(111) were
acquired using different ILs as electrolytes (ESILt Table S1).
A decrease of the redox signal with time (Fig. 2a) was observed
and after 20 cycles (20 min) the CV response indicated that the
radical SAM became redox-inactive (dashed curve). However,
the capacitance current did not change and remained much
smaller than for the bare Au(111) (ESI,} Fig. S2a), demonstrat-
ing that the desorption of the monolayer does not take place.
Fig. S2b (ESIf) shows a representative EC-STM image of
PTM-C8-SH on Au(111) in [Emim][EtSO,] recorded after the
disappearance of the redox peaks. As illustrated by a cross-section

“1(a) 4] (b)
& 21 o
5 5 52
< 0 <o T
=2 —2min =1
— 4 min -2 1 min
“ ——11min 60 min
5] ; 19 min -4
08 04 00 04 10 05 0.0 05
Evs. Fe/Fc' IV Evs. Fe/Fc' IV
Fig. 2 (a and b) CVs of PTM-C8-SH on Au(111): (a) in [Bmim][BF,4] and

(b) in [Bmim][BF4] + EtsN (15:1 v/v) with molecular sieves at the 2nd and
60th minutes from the beginning of potential cycling. Dashed curves
are the CVs of the redox-inactive aH-PTM-C8-SH on Au(111). The scan
rate was 50 mV s~1. The time from the beginning of continuous potential
cycling is indicated.
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(Fig. S2c, ESIT), the STM image shows a rather uniform corrugation
height of ~0.8 nm, which confirms unambiguously the presence
of the adlayer. The above-mentioned results are in accordance with
the well-known acidic character of the imidazolium cation®* (see
ESIt for a more detailed explanation), which could promote the
protonation of the electrochemically generated anion forming the
non-electroactive «H-PTM-C8-SH SAM on Au(111) (ESL Scheme S1).
In order to corroborate it, a solution of the non-functionalized
PTM anion (PTM~ K'[18-Crown-6))** in [Emim][EtSO,] was
monitored using UV-Vis spectroscopy. The characteristic band
of the PTM ™ at 500 nm was observed to decrease gradually with
time (ESI, Fig. S3a), and completely disappeared after 24 h,
confirming the protonation of the PTM anion in the IL, even
after exhaustive drying. The same CV experiment was performed
with the PTM SAM using [SEt;][Tf,N] in which, although a
higher stability of the layer was observed, the redox peaks also
diminished with time. We believe that small traces of water in
the ionic medium could also induce the protonation of the
PTM anion.

In order to overcome this problem, a soft base like triethyl-
amine (Et;N) was added to the IL (1:15 v/v). According to the
voltammetric and UV-Vis measurements, its presence greatly
improved the stability of the PTM anion in the IL media. The
CVs of PTM-C8-SH on Au(111) did not change significantly after
1 h of potential cycling (Fig. 2b) and the absorption band of
PTM™ remained unaltered after 24 hours (ESLt Fig. S3b). We
notice that the redox peaks of PTM-C8-SH on Au(111) in the ILs
have a larger peak-to-peak separation as compared to those in
acetonitrile (Fig. S1, ESIt). We attribute such a behaviour to the
slow ion pairing of the PTM anion with the cations of the ILs.*®
Moreover, peak-to-peak separation differs for different ionic
liquids, also suggesting that the shape of the voltammograms is
affected by the IL-cation and PTM anion interactions (Fig. 2
and Fig. S4, S5, ESIT).

Fig. 3 shows the CV of PTM-C8-SH SAM on Au(111) in
[SEt;][TE,N] + Et3N (15:1 v/v) recorded in the STM cell (Fig. 3a)
and a representative EC-STM image (Fig. 3b). The redox response
was stable and nearly identical to that obtained in the standard
glass electrochemical cell. As expected, a highly ordered mono-
layer was not observed due to the bulkiness of the PTM moiety,
which hinders the formation of a well-arranged molecular layer
induced by the lateral interactions between the alkyl chains.
However, the STM image demonstrates the formation of a
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EvsFc/Fc'/V
Fig. 3 (a) CV of PTM-C8-SH on Au(111) in [Ses][Tf,N] + EtsN (15:1 v/v)
with molecular sieves as recorded in an STM cell and (b) EC-STM image
recorded at Es = —0.33V, Er = —0.03 V, and /setpoint = 40 pA.
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compact adlayer (see also Fig. S6 in the ESIt). The coverage
estimated from the integration of the CV peaks (with back-
ground current correction) was 1.2 x 10~ '® mol em ™2, which is
~70% of the theoretical maximum coverage calculated from
the area of a single PTM-C8-S-Au (see the ESIT for details).

After the radical monolayer was assembled on Au(111) and
confirmed to be stable, electrochemical STS measurements in
the constant bias mode were performed.?® In this mode, the
potentials of both working electrodes, ie. substrate Es and
tip Et, were swept simultaneously while keeping the bias voltage
Epias = Er — Eg constant. The STS curves (I, vs. Eg) were recorded
at a fixed geometry of the tunnelling junction with the feedback
being temporarily switched off during the acquisition of each
STS curve. The results obtained for PTM-C8-SH on Au(111) are
shown in Fig. 4a, in which a significant enhancement of the
tunnelling current flowing between the substrate and the tip
is observed. As expected, the control STS experiment with the
redox-inactive oH-PTM-C8-SH monolayer showed a constant
current without tunnelling enhancement (Fig. 4b).

Fig. 4c shows the master curve obtained from the histogram
where each data point corresponds to the value of tunnelling
current measured with the highest probability at a given
potential value. The curve has a bell shape with a maximum
located close to the equilibrium potential of the PTM*/PTM ™
redox pair (¢f the CV in Fig. 3a). Such behaviour resembles a
transistor like functionality. With the initial value Isetpoint Of
0.05 nA at Es = —0.80 V, the tunnelling current increases to
~0.65 nA at the peak position, which corresponds to an on/off
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Fig. 4 2D occurrence histograms constructed from (a) 200 and (b) 100
constant bias current—voltage traces for SAM on Au(111): (a) PTM-C8-SH
radical and (b) aH-PTM-C8-SH. Set-point current lsetpoint = 50 PA, Epjas = 0.1V
(constant), starting Es = —0.81 V and E1 = —0.71 V. No data selection was
applied. (c) Master current-voltage curves obtained from the data in
panels (a) and (b): for the radical (squares) and aH-PTM (dashed line) forms.
The solid green line represents fitting using the KU model (equations and
fitting parameters are given in the ESIt). (d) Schematic energy level diagram
of a two-step ET process mediated by a redox-active radical molecule.
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ratio of ~13. The bell-shaped STS curves are typical for redox-
mediated electron tunnelling (RMET) processes, which have
been reported for a variety of redox-active molecules placed
between the conductive substrate and the STM tip,?> 2426732 a5
well as for single molecule junctions.""*” However, it is the first
time that a stable neutral free-radical is shown to mediate the
tunnelling current enhancement under electrochemical conditions.

Similar to previous studies, the RMET phenomenon is
rationalized by using the Kuznetsov-Ulstrup (KU) model,”® ie., a
two-step electron transfer with a partial vibrational relaxation.
When the sample and the tip potentials are located before or
after the redox peak, the Fermi levels of the two electrodes are
lower and higher than the single-unoccupied molecular orbital
(SUMO) of the PTM radical (Fig. 4d). In the first electron transfer
step, the electron transfers from the electrode with a higher
Fermi level to the SUMO. Afterwards, the energy of the now
occupied SUMO* decreases due to vibrational relaxation. However,
the second electron transfer occurs before a complete vibrational
relaxation and before the energy of the molecular level passes the
Fermi level of the second electrode. These electron-transfer steps
are repeated causing a multitude of electrons to be transferred
between the tip and the sample through this pathway, which is
additional to the direct (off-resonant) tip-substrate current. Thus,
the tunnelling current through the junction can be modulated by
tuning the potential of both electrodes around the equilibrium
potential of the PTM*/PTM ™ redox pair.

By fitting the experimental data (Fig. 4c) using the KU model
the following model parameter values were obtained: total
(inner- + outer-sphere) reorganization energy Ar = 0.39 eV,
fractions of overpotential and bias voltage at the redox site
£ =0.57 and y = 0.57, respectively (see the ESIT). These values
allow us to evaluate the efficiency of the PTM radical as a
mediator compared to those reported in the literature. It
should be kept in mind that the direct comparison of the fitted
KU parameters between different redox systems is not straight-
forward since not all mediators are measured at the same fixed
junction geometry in the STS experiments. Practically, this is
hardly possible in an STM configuration and it would require,
for example, systematic measurements of a series of nano-
devices (with different mediators) with fixed electrode separation
and molecular assembly (see discussion in ref. 25). Instead, the
STS experiments are typically carried out at fixed starting Ep;as
and Isewpoine (O tunnelling conductance Isepoint/Ebias) Which,
via the STM feedback mechanism, is expected to result in a
reproducible junction geometry for the same “gap composition”.
Indeed, the established electrode separation will depend on the
tunnelling efficiency through the gap in the absence of RMET
(when the potentials of both electrodes are far from the equilibrium
potential). Thus, diverse results attributed to a different gap
geometry were obtained even for the same mediator in different
starting redox states.>?

Judging solely on the basis of the on/off ratio, the most
effective mediators studied appear to be the Os bisterpyridine
complex (Imax/Isetpoint & 50).”> This result was obtained in an
ionic liquid using Epjas = 0.7 V and Isepoine = 0.05 nA, which is also
the lowest tunnelling conductance used in EC-STS experiments.
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We cannot safely name this system as the most efficient mediator,
as the on/off ratio tends to increase at lower tunnelling
conductances.*® Formally, I ax/Isepoine & 50 was also obtained
for viologens in one starting configuration (Epjas = 0.05 V,
Isetoine = 0.1 NA),?® but the off-resonance current was asymmetric
indicating the contribution of non-RMET enhancement. Among
the results obtained at spontaneously established standard
settings for STS experiments, Episs = 0.1 V and Isepoint = 0.1 DA,
the highest on/off ratios were obtained for perylene bisimide®*
(Imax/Tsetpoint = 35) and Fc(CO)(CH,);SH>® (Imax/Isetpoint < 12). TO
the best of our knowledge, a ratio Ina/Isetpoine > 10 was not
obtained for other mediators in either symmetric (covalently
bonded to both contacts)"*” or asymmetric (with a tunnelling
gap)*>*?2%%% metal-molecule-metal junctions.

From the point of view of the KU model, an effective RMET
mediator is characterized by a low total reorganization energy (1),
which depends on tunnelling resistance and therefore on
electrode separation.’® For example, in systems where / was
estimated from the fitting of the STS results, the lowest values
obtained were approximately 0.2 eV for mediators such as
perylene bisimide'® and 4 ~ 0.35-0.4 eV for mediators such
as the herein reported PTM and Fc(CO)(CH,),SH.>® Interestingly,
perylene bisimide and Os bisterpyridine complexes are bulky
structures, which is expected to decrease the outer-sphere
reorganization energy associated with the surrounding solvent,
leading to a higher I,ay/Isetpoint

To get further information about the system presented in
this work, the PTM inner-sphere reorganization energy (/;) has
been calculated using Density Functional Theory by finite
energy differences®® giving a /; of 0.08 eV (see the ESI{ for
further details). This value is comparable to /; calculated for
perylene bisimide (0.10 eV, see the ESIf), but significantly
higher than 4; for ferrocene (~0.005 eV, as estimated from
the spectroscopic data®®). Nevertheless, with the on/off ratio 13
and estimated 4 = 0.39 eV, the PTM radical is one of the best
reported redox mediators in the RMET mechanism. As expected,
the outer-sphere reorganization energy (estimated from the
difference between the calculated /; and the experimental Ar)
has a higher influence on the results.

In summary, in this work, we have prepared an organic
radical based SAM on Au(111) exhibiting a reversible and stable
redox signal in ionic liquids. Electrochemical scanning tunneling
spectroscopy experiments demonstrated current enhancement
due to the redox-mediated electron tunnelling mechanism. In
comparison with other redox mediators studied to date, the PTM
radical is among the most efficient ones, which indicates its
potential applicability as an active electronic component in
nanoelectronic devices.
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