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An Electrically Driven and Readable Molecular Monolayer Switch

Based on a Solid Electrolyte

Elena Marchante, Nuria Crivillers, Moritz Buhl, Jaume Veciana, and Marta Mas-Torrent*

Abstract: The potential application of molecular switches as
active elements in information storage has been demonstrated
through numerous works. Importantly, such switching capa-
bilities have also been reported for self-assembled monolayers
(SAMs). SAMs of electroactive molecules have recently been
exploited as electrochemical switches. Typically, the state of
these switches could be read out through their optical and/or
magnetic response. These output reading processes are difficult
to integrate into devices, and furthermore, there is a need to use
liquid environments for switching the redox-active molecular
systems. In this work, both of these challenges were overcome
by using an ionic gel as the electrolyte medium, which led to an
unprecedented solid-state device based on a single molecular
layer. Moreover, electrochemical impedance has been success-
fully exploited as the output of the system.

Bistable molecules that can be externally switched between
two or more states with different properties have been known
for a long time, and their potential as active elements in
information storage devices has been recognized.!'! To move
towards device miniaturization, single molecules or mono-
layers of molecules have been employed as active compo-
nents in switches. In such systems, the input and output signals
can be of different nature, such as chemical, optical, magnetic,
or electrical. However, electrical signals are particularly
appealing as they can be more easily integrated with current
technologies. Single electroactive molecules have been incor-
porated in three terminal junctions, where an electrical field
generated by applying a voltage to a gate terminal was
employed to modulate the molecular charge, and the current
that passed through the molecule connecting two contacts was
used as the readout mechanism.”! Although scientifically
extremely motivating, these devices are technologically very
demanding and currently show poor fabrication yields and
device reproducibility. The preparation of hybrid surfaces
that consist of inorganic conducting supports functionalized
with a chemically bonded self-assembled monolayer (SAM)
offers a clear alternative platform for the preparation of
molecular devices."

The preparation of SAMs from solution by spontaneous
surface self-organization of the molecules is an inexpensive as
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well as powerful and versatile method for the modification of
surfaces at the molecular level. SAMs of electroactive
molecules have been exploited as electrochemical switches
in the last few years."! Typically, the state of these switches
could be read out through their optical and/or magnetic
response.”! Despite the extremely encouraging results ach-
ieved thus far, two main bottlenecks have been clearly
identified, which seriously hamper the progress in the field
towards real applications: 1) The reading processes that are
required to determine the output signals are difficult to
integrate into devices, and 2) to switch between the different
accessible redox states of the molecular systems, solutions
containing an electrolyte are required to stabilize the charged
states (i.e., ion pairing) and to ensure ionic conductivity in the
electrochemical cell. Herein, we overcome both of these
challenges by employing SAMs with an electroactive ferro-
cene (Fc) unit in a dual approach. First, electrochemical
impedance spectroscopy (EIS) was used to measure the
capacitance of the SAM to be employed as the output signal
of the switch. Second, a solid-state device based on such
a single molecular layer as the active component was
prepared using a solid electrolyte medium. These results
represent a step forward in the field, improving the perspec-
tives of employing hybrid surfaces as molecular switches for
their future integration in electronic applications.

SAMs of ferrocenyl alkylthiol derivatives on gold have
been established as reference systems in electrochemical
studies of surface-confined molecules.” For this reason,
SAMs of 11-(ferrocenyl)undecanethiol (FcC;;SH) were
employed as switchable redox units as ferrocene exhibits
two accessible redox states (i.e., the neutral and oxidized
redox states; Figure 1a). The electrochemical cell shown in
Figure 1b was thus fabricated. Three coplanar gold electrodes
(counter (CE), working (WE), and reference electrode (RE))
were thermally evaporated through a mask on a glass
substrate, and a silicon mold or a Teflon ring were used to
delimit a fixed area of the electrolyte in contact with the
electrodes. The Au WE was modified with the ferrocene SAM
by immersion in a 1 mm solution of FcC;;SH in ethanol for
18 hours (Figure S1).

The electrochemical properties of the SAMs were first
investigated using an ionic liquid (IL) as the electrolyte.
Figure 1¢ shows the cyclic voltammogram (CV) of the Fc-
SAM obtained when using 1-ethyl-3-methylimidazoliumbis-
(trifluoromethylsulfonyl) imide (EMIM-TFSI) as the electro-
lyte and employing the electrochemical cell described above.
A redox peak was observed at E'">=0.23 V (vs. Au at a scan
rate of 200 mV's™"), which corresponds to the Fc/Fc™ pair. The
almost insignificant voltage difference observed between the
cathodic and anodic peak (AE=22mV at 200mVs') is
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Figure 1. a) Molecular switch based on a ferrocene SAM on gold.

b) Home-made electrochemical cell with three coplanar gold electro-
des. c) Cyclic voltammograms of the Fc-SAM at different scan rates
(100, 200, 300, 400, and 500 mVs™') using a modified gold working
electrode and gold reference and counter electrodes and the ionic
liquid EMIM-TFSI.

characteristic of surface-confined molecules, which was
further confirmed by the linear dependence of the current
density of the redox peak (J,) on the scan rate in the range of
50-500 mVs~! (Figure S2)."7 A surface coverage of 3.7 x
107" molem ™ was estimated, which is slightly lower than
the reported theoretical value (4.5x107'%).8] The observed
smaller number of electroactive sites within the SAM could
be explained by the large size of the TFSI™ anion, which
controls the ion pairing. As reported, if the anion cannot fully
compensate the positive charges of all Fc* ions, some of the Fc
units will appear to be non-electroactive.”

Electrochemical impedance spectroscopy (EIS) is a pow-
erful method to characterize the electrical properties of
interfaces.""'? Here, EIS was exploited to measure the
capacitance of the different redox states of the switchable
SAM. In an ideal situation, the gold metal surface would act
as one of the capacitor plates, and the physisorbed ions at the
SAM/electrolyte interface would act as the other capacitor
plate.!’!

EIS measurements were performed at two different
applied DC biases, before (Vy=+10mV) and after (V,=
+450 mV) the redox peak, which define the states 0 and
1 of the switch (see the Supporting
Information for experimental details). % 8
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90° at low frequency, which would be expected for an ideal
ionic insulator (Supporting Information, Figure S3a).l"*"
Remarkably, a significant decrease in | Z| of one order of
magnitude was observed between state O and state 1 at low
frequencies, indicating that the impedance can be used as
a readout of the molecular switch. For comparison, the same
experiments were performed with undecanethiol SAMs, but
no impedance differences were observed when different DC
biases were applied to the functionalized WE in this
frequency region (Figure S4). This result indicates that the
changes observed in | Z| for the Fc-SAMs do not arise from
the simple polarization of the electrode/electrolyte interface
by the applied voltage; instead, the redox state of the
electroactive species plays a crucial role.

At higher frequencies (f> 10 kHz), the frequency-inde-
pendent impedance (Figure 2a) and a phase angle close to
zero (Figure S3a,c) indicate that the system behaves as
a resistor, that is, the total impedance is dominated by the
solution resistance.l'”! This is due to the fact that at high
frequencies, the capacitor behaves as a short-circuit element
as the charging time is too short, allowing the AC current to
pass.

The EIS results can also be presented in the form of the
real or imaginary part of the interfacial complex capacitance
as a function of frequency. The real part of the capacitance per
unit area (C,) was calculated by the following equation:!

1 Z 1
Ce(f) :Hmz (1)
where A is the area of the working electrode, Z,. and Z,, are
the real and imaginary parts of the complex impedance,
respectively, and f is the frequency.

The dependence of the C,, value on the frequency for the
Fc-SAMs at both applied DC bias voltages is shown in
Figure 2b. At high frequencies, the measured capacitance
corresponds to the bulk capacitance, whereas at low frequen-
cies, a plateau was reached, reflecting the interfacial capaci-
tance.! The C, value measured at 1 Hz is significantly
different for state 0 (V=10mV) and state 1 (V=450 mV).
Such large on/off ratios in the capacitance measured for the
two states (AC,. =44 uFcm %) make it possible to use this
parameter to follow the switching. We attribute this differ-
ence in capacitance mainly to the charges accumulated at the

The Bode magnitude plot (impedance
modulus (| Z|) vs. frequency) is shown in
Figure 2a. At low frequencies, the graphs
for the two states are two parallel straight
lines with slopes of approximately —0.9.
This behavior is characteristic of capaci-
tor-like systems, and the deviation from 100
a slope of —1 can be explained by

100K 4

capacitance dispersion owing to the
adsorption of ions on the electrodes and
the roughness of the electrode surface."
Accordingly, in the Bode phase plot (¢ vs.
f), the phase angle slightly deviates from
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Figure 2. a) Bode magnitude plot ((| Z|) vs. f). b) The real part of the complex capacitance as
a function of frequency (C,. vs. f) for Fc-SAM on Au using EMIM-TFSI as the electrolyte. Black
line: state 0 at 410 mV, gray line: state 1 at +450 mV.
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electrode interface, which are influenced by the redox state of
the Fc molecules, although a certain contribution from
structural changes in the SAM cannot be ruled out com-
pletely."! Overall, it was demonstrated that the investigated
surface-confined electrochemical switch can be electrically
driven as well as read.

A second important challenge in the field is the lack of
solid-state devices with such electrochemically switchable
SAMs. To overcome this issue, an ionic gel (IG) was
employed as the electrolyte medium. Generally, IGs are
prepared by entrapping an IL in a polymer matrix.'” 1Gs
have already been exploited in several electronic devices,
such as in inorganic electrochemical transistors,I'"¥! as photo-
actuated microvalves,'”’ and as high-capacitance gate dielec-
trics.””) However, to the best of our knowledge, this is the first
time that a solid electrolyte has been employed to electro-
chemically control a molecular redox switch grafted onto
a surface.

The IG based on poly(vinylidene fluoride-co-hexafluoro-
propylene) (PVDF-HFP) and EMIM-TFSI (1:4) was pre-
pared as described in the literature (Figure S5 and S7).20"!
The IG acetone solution was drop-casted onto the modified
gold electrodes, with the active area limited by the silicon
mold, in a chamber with an inert and low-humidity atmos-
phere. After solvent evaporation and solidification of the gel
mixture, the sample was removed from the glove box and
analyzed in air. Figure 3a shows a photograph of the solid-
state device based on the IG film.

As shown in Figure 3b, the CV electrochemical character-
istics of the Fc-SAM could be successfully determined by
using co-planar electrodes coated with the transparent,
flexible, and solid IG. Remarkably, the CV could also be
measured by employing a thin film of an IG that was prepared
first on a glass slide and then transferred with tweezers and
laminated on top of the three gold coplanar electrodes, with
the WE modified with the ferrocene SAM. The cyclic
voltammogram thus obtained showed very similar features
as the ones shown in Figure 3b (see also Figure S7).

When the CV obtained with the solid electrolyte is
compared to the one obtained with the IL, there are few
differences in the electrochemical characteristics commonly
used for evaluating the response of surface-grafted molecules.
In the case of the IG, a larger peak-to-
peak voltage difference (AE) was
observed, which also depended more
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Figure 3. a) The three coplanar gold working (WE), counter (CE), and
reference (RE) electrodes with the |G electrolyte (top). Scheme of the
area between the WE modified with Fc-SAM and the solid electrolyte
(bottom). b) Cyclic voltammograms of the Au/Fc-SAM/solid IG device
at different scan rates (100, 200, 300, 400, and 500 mVs™').

nous and intimate contact between the IG and the SAM as
well as the less effective charge compensation of the
ferrocinium molecules with the TFSI™ ion, which is again
probably due to the more limited ion diffusion at the solid-
state interface. This observation can be quantified by the
integration of the CV redox peaks; it was found that the
number of molecules that participate in the electrochemical
process is reduced to 30-50 % on going from the IL to the IG
device.

Interestingly, EIS measurements were also used to follow
the switching process in this solid-state device. In this case,
state 0 and state 1 were written using a DC voltage of 10 mV
and 600 mV vs. Au, respectively (see the corresponding cyclic
voltammogram in Figure S8). The dependence of the impe-
dance modulus, |Z|, on the frequency of the solid-state
device is depicted in Figure 4a. As before, there is a clear
diminution of the impedance value on going from state 0 to
state 1, although this time, the variation is smaller. Further-
more, a noticeable difference is that in the case of the IL-
based device, the on/off ratio of the | Z| values between the
two states is maintained constant in the range 1-100 Hz,
whereas in the IG device, the plots corresponding to the two
states start to converge in the region of 10-100 Hz. This could
again be caused by the lower mobility of the ions in the gel

strongly on the scan rate. This is indica- ™
tive of a slower electron-transfer process,
which is expected to occur because of the
lower ion mobility in the solid IG film.
Furthermore, a lower current density was 2z

100k 4

10k <

observed for the IG despite the fact that k4
the density of the ferrocene molecules
grafted onto the gold electrode should be 100+

very similar to that of the SAMs studied o

with the IL. In other words, the number 1 10 100

of redox-active ferrocene species electro-
chemically visualized is considerably
lower when the IG is used. This can be
explained in terms of the less homoge-
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Figure 4. a) Bode magnitude plot ((| Z]) vs. f). b) Real part of the capacitance as a function of
frequency for the electrochemical device, with the solid IG as the electrolyte. State 0 (black) and
state 1 (gray) correspond to DC applied biases of 10 mV and 600 mV, respectively.
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preventing the formation of a compensated double layer at
lower frequencies.

The C,. value was calculated as explained above for the
IL-based switch (Figure 4b). The C,, values at 1 Hz in state 0
for the IL and IG devices are very similar, namely 5.3 pFcm >
and 9.25 uFcm 2, respectively. Although the on/off ratio is
lower for the IG-based device than for the IL device, the
AC,, value is still outstanding, 25 uFem 2 at 1 Hz.

To explore the stability of the switch, it was subjected to
100 switching cycles, and the C, values measured at 1 Hz
were plotted as a function of the cycle number for both
electrolyte media, namely IL (Figure 5a) and IG (Figure 5b).

a) 10

0 10 20 30 40 50 60 70 8 90 100

i

b)

0.954

0.904

0.85 4

0.804

0.75 4

AN

0 10 20 30 40 50 60 70 80 90 100
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0.654

Figure 5. C./C.o (at 1 Hz) switching over 100 cycles by alternating the
applied bias with a) the IL and b) the IG as the electrolyte for state 0
(black) and state 1 (gray).

There was a small decrease in the on/off ratio under the IL
conditions, which we attribute to ion permeation, which can
additionally cause some molecular desorption. Remarkably,
despite the lower on/off ratio, the stability of the switchable
system, that is, the switching fatigue, was improved by the use
of the solid electrolyte. This finding demonstrates the
feasibility of using the C, value as the output of the switch
even when using a solid-state electrochemical device.

In summary, we have demonstrated that it is possible to
write and read an electrochemical switch that is based on
a self-assembled monolayer of an electroactive molecule by
using an electrical input to control the switch as well as an
electrical output to monitor it. This has been achieved not

Angew. Chem. Int. Ed. 2016, 55, 368 372
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only in liquid environments but also in a solid-state device
based on an ion gel electrolyte. The method employed here is
inexpensive and simple and could also be extended to other
redox-active molecules. These results represent a proof-of-
concept study of a feasible approach for the integration of
molecular-monolayer-based electrochemical switches.
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Experimental methodologies

Materials and reagents. HPLC solvents, dichloromethane, acetone, absolute ethanol and
acetonitrile were supplied by Teknokroma from lonic liquids, 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  (EMIM-TFSI,  IL1), 1-Ethyl-3-methylimidazolium
tetrafluoroborate (EMIM-BF,4, 1L2), 1-Ethyl-3-methylimidazolium ethyl sulphate (EMIM-
EtSO,, (1L3) were supplied by Aldrich and dried under vacuum at 70 °C for 24h prior to their
use. Tetrabutylammonium hexafluorophosphate (BusNPFg), 11-(ferrocenyl)undecanethiol

(Fc(CHa)11SH) were supplied by Aldrich and used as received.

EMIM-TFSI, I1L1 EMIM-BF,, IL2  EMIM-EtSO,, IL3

N/(EH3 ? 9 N+/CH3 BF.- NLCH3 0 —CH
[N» F3C_§_N_E_CFS [N) ) [N» *0—%—0/_ ’

kCH3 LCH3 I\CH3

Poly(vinylidene fluoride-co-hexafluoropropylene) average Mw ~400,000, average Mn
~130,000, pellets (PVDF-HFP) was purchased from Sigma-Aldrich.

PVDF-HFP
FF

FF | FGR

Gold electrode preparation. Gold electrodes were prepared through a home-made mask by
evaporating 15 nm of chromium layer, as adhesion layer, and 75 nm gold on a glass slide of 1
mm of thickness. A System Auto 306 from Boc Edwards evaporator was used for the thermal

evaporation of Au and Cr.
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Experimental Prodecures

Self-assembled monolayers preparation: First, the gold electrodes were rinsed with
different solvents, increasing polarity, dichloromethane, acetone and ethanol, and dried under
a nitrogen stream. Then, substrates were exposed to ozone in a UV ozone chamber for 20
minutes and the cleaned for at least 30 minutes in ethanol. Finally the substrates were rinsed
with isopropanol and dried under a N, stream before immersing them in the ferrocene
solution. The ferrocene SAMs on the working electrode (WE) were prepared under light
exclusion and under inert atmosphere. The substrates were immersed in a 1 mM solution of
11-(ferrocenyl)undecanethiol (Fc(CH2)11SH) in ethanol at ambient conditions (25 + 3°C) for
18 h. To avoid the surface functionalization of the counter and reference gold electrodes, the
substrate was placed vertically using a teflon holder, and only the WE was immersed into the
Fc(CH2)11SH solution. The samples were then removed from the solution and rinsed with
large amounts of ethanol to remove physisorbed material and finally dried with N,. All
solvents used in monolayer preparation were of HPLC grade. SAMs of undecanethiol were

prepared following the same methodology.

Preparation of the ion-gel: For the preparation of the ion-gel, initially, the polymer (PVDF-
HFP) is dissolved in acetone in a weight ratio 1:10 of polymer to solvent. The polymer
solution is stirred continuously until a homogeneous mixture is achieved. Then the ionic
liquid (EMIM-TFSI) is added to the solution in a ratio 1:4 of polymer to IL. The solution was
prepared at room temperature and argon atmosphere. The drop-casting method is used for the
preparation of the ion-gels onto the planar home-made electrochemical cell delimiting the
area with a silicon mask. The films were prepared inside an argon atmosphere glovebox ([O-]

<1 ppm; [H20] < 1.5 ppm), where the solvent was allowed to evaporate slowly.

Electrochemical Impedance Spectroscopy (EIS) measurements: The EIS experiments

were recorded by using a Bio-Logic VMP3 potentiostat and employing the homemade
S3



electrochemical cell. The impedance measurements were obtained at two different dc
potentials that does not overlap with the Faradaic process (before and after the redox process
in each case), and were superimposed on a sinusoidal potential modulation of £5 mV (Vrms).
The resulting current was recorded over a frequency domain of 100 KHz to 1 Hz. Thirty
points, equally spaced on a logarithmic scale, were acquired per decade increment in
frequency. All experiments were performed at room temperature and under environmental
conditions.

Switching Measurements. The AC impedance switching process was recorded at 1Hz using
a Novocontrol Alpha-AN impedance analyzer equipped with a potentiostat POT/GAL
30V/2A electrochemical interface. A low AC voltage of 5 mV was superimposed at two
different applied DC bias, before and after the redox peak (state 0 and state 1, respectively).
These cycling experiments were performed by pre-biasing the sample at the corresponding
DC voltage for each state, during 5 seconds in the case of the ionic liquid and 15 seconds for

the solid ion-gel.

Apparatus

Cyclic Voltammetry (CV): CV measurements were performed with a potentiostat-
galvanostat VersaSTAT3 from Princeton Applied Research, in a homemade electrochemical

cell.

Electrochemical Impedance Spectroscopy (EIS). The EIS frequency spectra were recorded
by using a Bio-Logic VMP3 potentiostat and employing the homemade electrochemical cell.
The AC impedance switching process was recorded at 1Hz of frequency using a Novocontrol
Alpha-AN impedance analyzer equipped with a POT/GAL 30 V/2 A electrochemical

interface.
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FT-IR: Spectrum One FT-IR Spectrometer from Perkin Elmer with the universal ATR

Polarization accessory.
Atomic Force Microscopy (AFM): 5100 SPM system from Agilent Technologies

Scanning electron microscope (SEM): SEM images were acquired in a QUANTA FEI 200

FEG-ESEM.
Surface coverage calculation:
From the conventional equation™: " =Q/nFA

where T is the surface concentrations in mol cm ™2, Q is the integrated area of the anodic or
cathodic charge, n is the number of electrons transferred (=1), F is Faraday’s constant, and A

is the electrode surface area.

SUPPORTING INFORMATION FIGURES

The evaporated gold showed a roughness of 2.45 £ 0.37 nm (root mean square (RMS))

extracted from intermittent atomic force microscopy images.

nm

225

20
17.5
15
12.5
10

7.5

25

Mm 0

Figure S1. Intermittent Atomic Force Microscopy (AFM) image of the freshly evaporated
gold used as electrodes (75 nm Au on 15nm Cr as adhesion layer).
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Figure S2. Dependence of current density (Jp) with the scan rate (v).
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Figures S3. a) Phase angle versus frequency plot, b) —Z;, versus frequency below 100 Hz
(where the capacitive contribution is prevailing) and ¢) Z. versus frequency above 100 Hz
(where the resistive contribution is dominant), acquired for the FcC1:SH SAM on gold using
EMIM-TFSI as electrolyte. All graphs are shown for state 0 and state 1.
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Figure S4. Module Bode plot for the alkanethiol SAM with the ionic liquid (EMIM-TFSI) as
electrolyte.

Different ion-gel film thicknesses were tested by changing the volume of the drop cast ion-gel
solutions. The films thicknesses were measured by Scanning Electron Microscopy (SEM).
The most optimum CV response, considering the lower AE (difference between oxidation and
reduction peaks), was achieved in films in the range of 250-300 um thick (Figure S6).
Further, the structure of the ion-gel film was characterized by IR without showing variation of
the characteristic bands with time under environmental conditions (Figure S7).

Figure S5. Scanning electron microscopy image of the profile of an ion-gel film employed for
the electrochemical (CV and EIS) experiments.
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Figure S6. FT-IR spectrum of the IL1 (EMIM-TFSI), the polymer PVDF-HFP and the ion-
gel. Different FT-IR spectra were taken during several days and, compared to the freshly
prepared ion-gel any modification was observed.

scan rate 100 mV-s™|

Figure S7. CV of the Fc-SAM with the IG prepared ex-situ and place it on top of the
modified gold electrode. The ion-gel was prepared and transferred on top of the 3-gold flat
electrodes under room conditions (25°C and approximately a humidity level of 55%). Scan

rate = 100 mV/s.
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Figures S8. a) Cyclic voltammetry, at a scan rate of 50 mV/s, of the FcC1;S-Au SAM with
the ion-gel prepared on top of the 3-gold flat electrodes, b) phase angle versus frequency plot
for state 0 and state 1, ¢) —Zin versus frequency below 100 Hz (where the capacitive
contribution is dominant) and d) Z. versus frequency above 100 Hz (where the resistive
contribution is prominent) for state 0 and state 1.
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Mixed molecular self-assembled monolayers (SAMs) on gold,
based on two types of electroactive molecules, that is, elec-
tron-donor (ferrocene) and electron-acceptor (anthraquinone)
molecules, are prepared as an approach to realise surfaces ex-
hibiting multiple accessible redox states. The SAMs are investi-
gated in different electrolyte media. The nature of these media
has a strong impact on the types of redox processes that take
place and on the redox potentials. Under optimised conditions,
surfaces with three redox states are achieved. Such states are
accessible in a relatively narrow potential window in which the
SAMs on gold are stable. This communication elucidates the
key challenges in fabricating bicomponent SAMs as electro-
chemical switches.

Through the last few decades, the preparation and exploitation
of functional self-assembled monolayers (SAMs) have been
a topic of intense research, since they have shown appealing
properties for a wide range of applications, such as interface
engineering in electronic devices," sensing interfaces” and
molecular switches and motors.”™’ A particular approach in the
field of molecular electronics is the use of electroactive SAMs
to fabricate charge-storage molecular memories in which the
different accessible redox states act as memory bits."** Typical-
ly, these systems are composed of a single electroactive unit
that can switch between two redox states.”” The processing of
higher memory densities in such devices could be achieved by
increasing the number of memory states in each cell.”’ This
can be realised by preparing SAMs with molecules that contain
two or more electroactive moieties, although their synthesis
can be quite complex.®”! An alternative route is to employ mol-
ecules that exhibit multiple redox states.”™ However, to read
all these states it is commonly necessary to apply relatively
high voltage potentials, which are in detrimental to SAM stabil-
ity. Indeed, the application of high voltages to molecularly
functionalised gold surfaces through S—Au bonds leads to

[a] Dr. J. Casado-Montenegro, E. Marchante, Dr. N. Crivillers, Prof. C. Rovira,
Dr. M. Mas-Torrent
Department of Molecular Nanoscience and Organic Materials
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electrochemical molecular desorption.'? Hence, the design of
hybrid systems (organic molecule/metal electrode) that can
operate in a narrow bias window is crucial. Inspired by some
recent works on mixed SAMs composed of electron-donor (D)
and electron-acceptor (A) units designed to act as artificial sys-
tems for light harvesting and energy transfer,"*"'”’ we have pre-
pared bicomponent mixed SAMs on gold composed of two
redox-active species that can be electrochemically switched to
achieve a ternary memory that operates in a quite narrow volt-
age window. In particular, we employ ferrocene (Fc) as D unit
and an anthraquinone (AQ) as A unit.

Specifically, the molecules used in this study are 1) the com-
mercially available 11-(ferrocenyl)undecanethiol (1), which has
a terminal thiol group for grafting to gold and can undergo
one reversible oxidation process (Fc=Fc*), and 2) the anthra-
quinone derivative 2, which has a thioctic ester group bearing
a disulfide that can react with gold. Generally, AQs exhibit two
one-electron redox processes (AQ=AQ =AQ’") in aprotic
media and a single two-proton, two-electron reduction process
(AQ+2H" +2e =AQH,) in protic environments (Figure 1a)."®
As depicted in Scheme 1, compound 2 is obtained by an
esterification reaction between 2-hydroxyanthraquinone (3)
and a-lipoic acid (4); for details of the synthesis and characteri-
sation, see the Supporting Information.

o \S
OY\N[S/
O
0 47%
2

(0]

o ow

OH 4 S—¢
O‘O CH,Clp
o

3

Scheme 1. Synthetic route to 2.

Cyclic voltammetry (CV) has been used as a tool to charac-
terise the electrochemical properties of electroactive SAMs and
the redox-accessible states shown in Figure 1. The type of sol-
vent and the nature and size of the electrolyte ions have
a strong influence on the CV response and hence on the per-
formance of the electrochemical switch. Therefore, the opti-
mum CV conditions can vary significantly depending on the
electroactive system under examination. A clearly identified
challenge here was to find electrolyte media suitable for
switching and stabilising the different redox states of the pre-
pared bicomponent SAMs. For this purpose, three different
electrolyte solutions were explored in this study: 1) an inorgan-
ic salt dissolved in an organic solvent, 2) an aqueous phos-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Molecular structures of Fc donor 1 and AQ acceptor 2 employed in this study. The colour code for the different redox states is shown. Scheme of
the redox processes that could take place on a mixed Fc/AQ SAM on Au employing b) an aprotic or c) a protic medium as electrolyte.

phate buffer solution and 3) an ionic liquid (IL). Electrolytes (1)
and (2) have been extensively employed for characterising
electroactive SAMs. On the contrary, although ILs offer clear
advantages for performing electrochemical studies (i.e. low
vapour pressure, high thermal stability, high electrical conduc-
tivity and large electrochemical window), their use with SAMs
has been less explored.

Prior to formation of the Fc/AQ mixed SAMs, the monocom-
ponent monolayers were prepared and characterised. A com-
mercial substrate consisting of a 50 nm polycrystalline gold
film evaporated on glass was used for all the experiments de-
scribed here. First, the SAM based on 2 was prepared by im-
mersing a freshly cleaned Au substrate in a 0.5 mm solution of
2 in THF for 40 h under inert atmosphere at room temperature
with exclusion of light. The resulting modified substrate was
characterised by polarisation modulation IR reflection absorp-
tion spectroscopy (PM-IRRAS), water contact angle (CA) and
CV. The PM-IRRAS spectrum shows three stretching bands, two
at 1676 and 1591 cm™' corresponding to the carbonyl groups
of the anthraquinone core and one at 1760 cm™' correspond-

ChemPhysChem 2016, 17, 1810- 1814 www.chemphyschem.org
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ing to the ester group (see Supporting Information, Figure S4).
The water CA of 83.1+1.3° measured on the functionalised
gold is close to those of other reported monolayers exhibiting
an exposed phenyl group."” Both results indicate good forma-
tion of the AQ SAM.

For electrochemical characterisation, we employed a conven-
tional three-electrode setup with the modified gold substrate
as the working electrode (with an area of 0.5 cm?), a platinum
wire as counter electrode and a silver wire as quasi-reference
electrode. The first approach was to use the most common
conventional conditions, that is, a salt dissolved in an organic
solvent as the electrolyte solution. For the AQ SAM we com-
bined different solvents (CH,Cl,/MeCN (9/1, v/v), MeCN, ace-
tone and THF) with different salts (NBu,PF,, NBu,ClO, and
LiClO,). Under all tested conditions, the peak corresponding to
the first reduction process (RP1; AQ—AQ ") was observed be-
tween —0.8 and —1V versus Ag(s), but the second reduction
process (RP2; AQ~—AQ*") could not be measured due to the
instability of the SAM when the voltage window was extended
to more negative potentials. CV in the solution of NBu,PFs in

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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acetonitrile gave the lowest absolute F*(RP1) value [-0.8 V vs
Ag(s)], and the lowest peak-to-peak potential splitting (AE,,=
Eathodic—Eanoaic=0.13 V at a scan rate (SR) of 0.3 Vs™'), which in-
dicate that the reduced state is more accessible and the redox
process is more reversible under these conditions.

In electrolyte solutions based on protic solvents, anthraqui-
nones undergo a two-electron reduction process involving two
protons that leads to the hydroanthraquinone form: AQ+2H*
+2e =AQH,. This process typically takes place at voltages
closer to 0V than RP1 of AQ in an aprotic medium. Further-
more, it has been shown that the redox behaviour depends on
the pH. Nagata et al. studied the electron transfer of a quinone
SAM on gold and showed that, on increasing the pH of the so-
lution, the peak potential shifts towards a more negative po-
tential and the peak separation becomes smaller.*” Taking this
into account and in order to optimise the CV response of the
herein-described monolayer, we characterised the AQ SAM in
phosphate buffer solution at different pH values (5.0, 6.9 and
8.9). The measured E"? values versus Ag(s) for increasing pH
values were —0.31, —0.39 and —0.62V, respectively, following
the trend previously described in the literature. In addition, the
AE,, value clearly depends on the pH. The AE,, value of 0.25V
at pH5.0 and SR of 0.3Vs™' considerably diminishes to 0.07
and 0.06 V at pH 6.9 and 8.9, respectively. Hence, the buffer so-
lution at neutral pH 6.9 was taken as optimal for the rest of
the experiments, since under these conditions the redox pro-
cess occurs at lower |E'2| and shows greater reversibility.

The electrochemistry of AQ derivatives has also been previ-
ously investigated in ILs.?"?? In this work, the AQ SAM was
characterised by using 1-butyl-3-methylimidazolium trifluoro-
methanesulfonate ([BMIM]T[OTf]") as electrolyte. The IL was
exhaustively dried prior to use, and the CVs were acquired
under nitrogen in a glove box to avoid moisture, which could
lead to formation of AQH,. Interestingly, in the CV of the AQ
SAM in [BMIM]*[OTf]~ (Figure 2) the two reduction processes
of AQ-SAM can be observed at E;*=-0.31V (AE,,=0.27V,
SR=0.1Vs™") and E;*=—0.61V (AE,,=0.19V, SR=0.1 Vs ™).

The Fc SAM was prepared by immersing the gold substrate
in a 1 mm solution of compound 1 in ethanol for 20 h under
argon atmosphere at room temperature with exclusion of
light. The measured water CA of 78.0+3.4° is in accordance
with previously reported values for similar Fc SAMs.”® For the
Fc SAM, exhaustive electrochemical characterisation was car-
ried out in the optimised electrolytes found for the above-de-
scribed AQ SAM, that is, MeCN/NBu,PFs, [BMIM]*[OTf]~ and
buffer solution (pH 6.9). The results showed stable and repro-
ducible CVs with one oxidation wave in the three electrolytic
media. The Fc SAM is not stable below —0.8 V versus Ag(s) in
ACN/NBuU,PF,, and therefore this electrolyte was not used for
studying the bicomponent monolayer.

Table 1 summarises the £"? values measured for the AQ SAM
and Fc SAM on gold in the three electrolytes. They evidence
that the chemical environment has a huge impact on the volt-
age at which the redox process is observed, and elucidate the
importance of correctly choosing the conditions under which
a redox-active monolayer is studied, since they can determine
the number of states that can be accessed.

ChemPhysChem 2016, 17, 1810- 1814 www.chemphyschem.org
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Figure 2. CVs of the monocomponent Fc and AQ SAMs on gold in phos-

phate buffer solution at pH 6.9 (black) and in [BMIM] “[OTf]~ (grey). Scan
rate: 100 mVs~'. The current intensity is scaled for clearer comparison.

Table 1. Values of E"? [V] versus Ag(s) obtained for the two monocompo-
nent SAMs in different electrolytes.

MeCN/NBu,PF®  Phosphate buffer®  [BMIM]*[OTf]
Fc SAM +0.41 +0.35 +0.41
AQSAM  —0.78 —0.39 —0.31, —0.61

[a] 0.1 m. [b] pH 6.9

Figure 2 shows CVs of the two monocomponent SAMs ac-
quired in the electrolytes selected for studying the bicompo-
nent SAMs (i.e. buffer solution at pH 6.9 and [BMIM][OTf]";
see Figures S5 and S6 for CVs in ACN/NBu,PF;). All the redox
processes are observed below |0.8|V vs Ag(s), a voltage
window in which the SAMs on gold should be stable. Notably,
the AQ reduction peaks clearly shift to lower voltages in the IL.

The mixed SAM was prepared by two approaches: 1) from
a mixed-component solution (one step) and 2) sequential im-
mersion in solutions of each component (two steps). To deter-
mine the best methodology and to evaluate the reproducibili-
ty, the ratio I'yo/I, where I is the surface coverage (see Sup-
porting Information) was used as indicator. The I" value was
extracted from the anodic peak of the Fc oxidation wave and
from the cathodic peak of the AQ==AQ~ process in [BMIM]"
[OTf]~ (Table 2). For the one-step procedure a freshly cleaned
gold substrate was immersed in a mixed solution of the two
compounds (in different molar ratios). This route always led to
a very low percentage of AQ linked to the surface. This can be
attributed to the strongly preferred adsorption of thiols over
disulfides, as previously reported.?” This is probably due to
smaller steric hindrance of thiols on approaching the surface,
a lower activation entropy of adsorption or possibly differences
in the rates of conversion of the initially physisorbed species
to the chemisorbed thiolate.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Surface coverages I' [mol cm 2] calculated for the three mixed
SAMs prepared with different immersion times of the AQ SAM in the Fc
solution.

Immersion time I'ng T Do/ Tk
1h 26x10°"° 26x107" 10.0
2h 24x107"° 49x107" 5.0

4h 27%x107"° 52x10" 5.2

For the two-step procedure, first the freshly cleaned sub-
strate was immersed in a 0.5 mm solution of the AQ 2 in THF
for 40 h, and then, the modified substrate was rinsed and im-
mersed in a T mm solution of the Fc 1 in THF at room temper-
ature for 1, 2 and 4 h under argon. In all cases good formation
of the mixed SAM was observed (see Figure S7). The I'o/I%.
ratio decreased from 10.0 to 5.0 on increasing the immersion
time from 1 to 2 h, but no significant further decrease oc-
curred when the immersion time was increased to 4 h. Hence,
2 h was established as the most suitable incubation time for
the functionalisation with Fc in the preparation of the bicom-
ponent SAM. For comparison, the surface coverages of the
monocomponent SAMs were calculated to be I,,=2.8x
107" mol cm™ and I:.=4.0x10""°mol cm ™2

The D/A bicomponent SAM was also characterised by X-ray
photoelectron spectroscopy, which confirmed the presence of
S 2p, Fe 2p and O 1s (for spectra and assignments, see Fig-
ure S8).

Cyclic voltammetry allowed the different accessible redox
states in the D/A mixed SAM to be identified. States 1, 2 and 3’
(see Figure 1b and c) were electrochemically accessed by
using the phosphate buffer (pH 6.9, Figure 3a), and states 1, 2
and 3 by employing [BMIM]*[OTf]~ (Figure 3b). In both cases,
we succeeded in realising a SAM-based molecular ternary
switch in a voltage window within £0.8 V versus Ag(s), which
is a voltage window in which SAMs are stable. Several consec-
utive voltage-sweeping cycles were acquired in both electro-
lytes without showing a significant decrease of the current in-
tensity in the CVs, which revealed that the SAMs are stable
(see Figure S9). As shown in Figure 3, the AQ reduction poten-
tials show shifts towards more negative values in both electro-
lytes compared to the AQ monocomponent monolayer, which
could be attributed to the different chemical environments.
For this reason, state 4 in Figure 1b corresponding to coexis-
tence of the dianionic form of AQ with the neutral ferrocene
species (AQ*"/Fc) was not possible to achieve due to desorp-
tion of the grafted Fc molecules at the voltage required for the
reduction of AQ" to AQ*" (see Figure S10).

In summary, a mixed D/A SAM was successfully prepared to
achieve a three-state redox molecular switch in a relatively
narrow voltage window in which SAMs are stable. It was dem-
onstrated in detail that the choice of electrolyte medium can
determine the potential at which the redox processes occur
and hence the operational voltage range of the switch. There-
fore, this work clearly elucidates the challenges for achieving
long-term stable molecular multistate switches by employing
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Figure 3. CV of the mixed AQ/Fc SAM on gold in a) phosphate buffer
(pH 6.9) and b) [BMIM] "[OTf]". Scan rate: 100 mVs~'. The shaded areas indi-
cate the different accessed states (see Figure 1).

multiple redox-active centres covalently linked to a gold sur-
face.
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Synthesis of compound 2:

O
o) Clw o)
OH 4 S—g O\H/\/\/(S/\S
O‘O CH,CL, i O‘O O
o] O 47%
3 2

Compound 3 (0.205g 0.915 mmol) is dissolved in dry CH,CI, (60 ml) and NEt; (0.2 ml,
1.49 mmol) is added dropwise. The mixture is stirred at 0°C for 15 min. under Ar
atmosphere. After addition of a-lipoic acid chloride (4) [1] (0.272g, 1.20 mmol),
dissolved in dry CH,Cl; (4 ml) the mixture is stirred overnight at room temperature and
the residue purified by a chromatography column (silicagel, CH,Cl,) giving 2 (0.158 g,
47%) as a yellow powder. M.P. = 96 - 100°C; *H-NMR (600 MHz, CD,Cl) & (ppm):
8.29-8.22 (m, 3H, Ar-H), 7.94 (d, 1H, Ar-H, J=6 Hz), 7.79-7.77 (m, 2H, Ar-H), 7.51-
7.49 (m, 1H, Ar-H), 3.62-3.59 (m, 1H), 3.18-3.10 (m, 2H), 2.64 (t, 2H, J = 6 Hz), 2.40-
2.34 (m, 1H), 1.94-1.90 (m, 1 H), 1.81-1.70 (m, 4H), 1.59-1.43 (m, 2H); **C-NMR (150
MHz, CD,Cly) & (ppm): 182.7 (C=0 AQ), 182.4,(C=0 AQ), 172.8 (C=0 ester), 155.9,
135.6-120.4 (C-Ar), 56.9, 40.1, 39.1, 35.1, 34.6, 29.2, 25.0; FT-IR (Vmax, cM™): 2929,
2850, 1749, 1669, 1588, 1570, 1485, 1459, 1426, 1410, 1380, 1327, 1290, 1213, 1202,
1149, 1122, 932; MALDI-TOF (neg) MS: Calcd. 412.080, Found: 412.215; UV (THF)
(Mnm (loge)): 255 (3,97), 323 (3,00); CV (0.1 M NBu4PFg in CH,Cl2:ACN (9:1) vs.
Fc): one reversible wave corresponding to the AQ to AQ™ process at E;*?= -1.33 V.
Elemental Analysis: Calcd. C, 64.05; H, 4.89; S, 15.55, Found: C, 64.67; H, 5.22; S,
15.16.
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Figure S1. Cyclic voltammetry of the anthraquinone 2 using the Pt wire as the working
electrode vs Ag(s) and a Pt wire as the counter electrode in 0.1 M NBu4PFg in a mixture

dichloromethane:acetonitrile at scan rate 300 mV/s.
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Figure S2. *H-NMR spectrum in CD,Cl, of the anthraquinone 2.
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Figure S3. *C-NMR spectrum in CD,Cl, of the anthraquinone 2.
General procedure

The ionic liquid used in the study is the 11-Butyl-3-methylimidazolium
trifluoromethanesulfonate ([BMIM]*[OTf]") purchased from Aldrich

To remove water contamination, it was dried by sparging nitrogen through the RTIL
while heating at 100°C for 2 hours, [2] and then it was immediately placed over a dry

molecular sieves and kept in the glove box under nitrogen.

Au substrates consisting of 50 nm of Au on glass were purchased from Phasis.

The phosphate buffer solution was prepared by adjusting the pH to 6.9 adding NaOH to

a 250 mM solution of NaH,PO, in ultrapure water.
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Cyclic voltammetry experiments were performed using a Novocontrol modular

measurement system which consists on an Alpha-AN impedance analyzer equipped
with a POT/GAL 30V/2A electrochemical interface. All electrochemical experiments
were performed inside the glove box (N2, H,O concentration: <1 ppm (20°C, 1 atm);
Oxygen concentration: <1 ppm (20°C, 1 atm). A conventional three electrode set-up
was employed using the modified gold substrate as the working electrode, a platinum
wire as counter electrode and a silver wire as quasi-reference electrode.

We have used a homemade electrochemical cell with a control active area of the

functionalized substrate (i.e. working electrode) of 0.5 cm?.

Contact angle measurements were carried out by using System DSA 100 from KRUSS.
The DSA100 is equipped with software for measuring the contact angle and surface
tension of a liquid. Moreover, the contact angle experiments were carried out with 3
microliters of ultrapure water keeping high reproducibility between the replicas due to

the automatic dispenser.

PM-IRRAS experiments were performed by using the IR-Spectrometer Vertex 70 from
Bruker. The experiments were performed in a sample compartment purged with
nitrogen to reduce atmospheric interferents (angle of incidence 80°, spectra collection

for 5 min).
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Figure S4. PM-IRRAS spectrum of the mono-component AQ-SAM on gold.
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Figure S5. Cyclic voltammetry of the AQ SAM on gold as working electrode vs. Ag(s)
and a Pt wire as the counter electrode in 0.1 M NBu4PFg in acetonitrile at 300 mV/s.
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Figure S6. Cyclic voltammetry of the Fc SAM on gold as working electrode vs. Ag(s)

and a Pt wire as the counter electrode in 0.1 M NBu4PFg in acetonitrile at 300mV/s.
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Figure S7. Cyclic voltammograms of three different Fc/AQ mixed-SAMs prepared following
the two steps methodology. 1% preparation of the AQ-SAM on Au (40h immersion) and 2"
immersion of the AQ-SAM on Au in the Fc solution for: 1h (a), 2h (b) and 4h (c). Electrolyte:
[BMIM]'[OTT], Pt wire as counter and Ag wire as pseudo-reference electrodes. CVs were
acquired at the different scan rates indicated in the legend. d) Overlap of the different CVs at the
same scan rate (300 mV/s).

The surface coverage was obtained from the conventional equation: 7”=Q/nFA

where /7 is the surface concentrations in mol cm™, Q is the integrated area of the anodic or
cathodic charge, n is the number of electrons transferred (n=1), F is Faraday’s constant, and A is
the electrode surface area.
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Figure S8. High-resolution XPS of Ols, Fe2p and S2p spectra from the optimized mixed SAM
AQ/Fc.

The S2p peaks were fitted using doublet peaks with 2p.,,/ 2ps, ratio of 0.5 and separation of 1.2
eV, as previously reported. The doublet at 162 eV is attributed to the Au-thiolated species. A
doublet located at 707.9 eV and 720.eV corresponding to the Fe 2pz, and Fe 2p;, demonstrates
the presence of the Fc molecules in agreement with previous works [3]. The O 1s spectrum
shows a peak with contribution of two peaks at 532.0 eV and 532.8 eV that could be attributed
to the C-O of the ester and the C=0 of the carbonyl groups present in the AQ core. These results

support the presence of both species AQ and Fc on the gold surface as electrochemically
observed.
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Figure S9. CVs of the bi-component SAMs in a) the ionic liquid [BMIM]*[OTf]" (SR=300
mV/s), and b) the phosphate buffer solution (pH=6.9) (SR=100 mV/s). In both cases 10
consecutives voltage sweeping cycles were acquired to corroborate the stability of the SAM. In
b) there is a slight variation of the intensity of the AQ redox peak which is stabilized after
several cycles. Pt wire and Ag wire are used as counter- and pseudo-reference electrodes,
respectively.
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Figure S10. Cyclic voltammetry of the Fc/AQ mixed-SAM/Au, prepared by immersion of the
AQ-SAM on Au in the Fc solution for 2h. In the inset figure is shown that the current intensity
corresponding to the Fc redox peak decreases when the negative voltage limit is brought below -
0.6V (blue and cyan curves). That means that the Fc molecules are being desorbed from the
surface. Electrolyte: [BMIM]'[OTf], Pt wire as counter and Ag wire as pseudo-reference
electrodes.
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The development of molecules possessing different reversible
redox stable states has attracted great interest for their potential
as active units in charge-storage electronic devices.'® Hybrid
organic-inorganic materials that consist of the immobilisation
of the active molecules on solid supports provide a promising
alternative route to existing silicon technology. One example of
these hybrid materials consists of the chemical grafting of the
functional molecules on conducting surfaces by forming a self-
assembled monolayer (SAM).* Commonly, redox-active SAMs
are composed of a single electroactive unit that can switch
between typically two redox states.® Such bi-stable systems can
hence mimic current memory devices which are based on
binary systems where every bit is coded by a 0 or 1, corre-
sponding to a low or high signal.*® However, one approach to
deal with the ever-increasing information density, is to increase
the number of memory states in each cell. For this purpose, the
realization of electroactive surfaces with multiple accessible
redox states is highly desirable.'® Only a few examples of ternary
and quaternary redox SAMs can be found in the literature,
which have been achieved by employing molecules that exhibit
several redox states''® or molecules that contain two electro-
active moieties,"”*® or by preparing bi-component SAMs with
two functional molecules.” The former strategy is synthetically
less demanding, although it is challenging to find electroactive
molecules with more than three accessible redox states in
a voltage window where the SAMs linked to a substrate are
stable. In all these cases each molecular redox state has been
attributed to one memory bit. However, it has been previously
shown in self-assembled multilayers of an Os** complex that the
definition of the number of states is not limited by the redox bi-
stability of this system, but it can be enhanced if at specific
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found for the two redox processes. Remarkably, the TTF SAM was successfully exploited as a 4-state
electrochemical switch using the capacitance of the SAM as output signal.

input values distinct levels of the output signal can be deter-
mined." As a readout signal in these types of electroactive SAMs
the optical response (i.e., absorption) has been extensively
employed.>*>**** Nonetheless, the use of electrical signals is
particularly appealing since they can be more easily integrated
with modern technologies. Recently, we demonstrated in
a ferrocene SAM that the capacitance of the SAM before and
after the redox peak determined by electrochemical impedance
spectroscopy (EIS) can be successfully exploited as output of the
electrochemical switch.** Here, we carried out a step forward by
applying this methodology in a system with more accessible
redox states, in particular in a SAM of a tetrathiafulvalene (TTF)
derivative on gold. TTFs exhibit two redox processes and are
ideal candidates to be applied in molecular switches.”>** The
TTF SAMs were prepared and fully characterised by EIS in order
to determine the two electron transfer constants and the
capacitance of the system at different applied voltages. Four
different states were defined and the electrochemical switching
response was successfully monitored employing the SAM
capacitance as a readout mechanism.

The TTF derivative 1 (Fig. 1A) was synthesised following the
methodologies reported in the literature (see ESI for synthetic
details).?*® This molecule bears a disulfide group that can react
with gold surfaces in order to form a covalent bonded SAM. The
SAMs were prepared by immersion of the freshly cleaned
substrates in a 1 mM solution of 1 in dry THF under an inert
atmosphere and room temperature for 72 h. Subsequently, the
functionalized samples were rinsed carefully with THF and
dried under a stream of nitrogen giving the target TTF-SAM
(Fig. 1A). The SAMs were successfully characterised by X-ray
Photoelectron  Spectroscopy (XPS) and Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) (Table S1 and
Fig. S1 ESIY).

The confinement of the TTF core on the electrode surface
provides an electrochemical interface with three stable redox
states, i.e., the neutral, the radical cation and the dication forms

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) TTF molecule 1 and scheme of its corresponding SAM on
gold. (B) CV of TTF-SAM in LiClO4 0.1 M in acetonitrile at scan rates 0.1,
0.2,03,04,05,06, 07and1V st

of TTF. The TTF-Au modified electrodes were characterized then
using electrochemical techniques. Fig. 1B shows the voltam-
metric response of the TTF-modified Au surface at different
potential scan rates (v) measured using a solution of LiClO,
0.1 M in acetonitrile as electrolyte, the functionalized surface as
working electrode and platinum and silver wires as counter and
pseudo-reference electrodes, respectively. Expectedly, two
reversible one-electron processes corresponding to the TTF/
TTF ' and TTF */TTF*" redox couples were observed at the
formal potentials £’y = 0.26 Vand E', = 0.63 V vs. Ag(s) (at a scan
rate of 100 mV s '), respectively. The linear relationship
between Iy, (i.e., the anodic peak current intensity) and » is in
agreement with the presence of surface-confined redox-active
molecules (see ESI, Fig. S21), along with the small peak-to-
peak separations (AE, = Eanodic — Ecathodic) Observed at low
scan rates for the two redox processes, AE,; = 27 mV and AE,,
= 19 mV.* The full width at half maximum (fwhm) in a theo-
retical case, where an ideal Nernstian reaction under the
Langmuir isotherm conditions (i.e., all adsorption sites are
equivalents and there are no interactions between immobilized
electroactive centers) occurs at 25 °C, is ca. 90 mV.** The devi-
ations from the theoretical fwhm value gives hence information
about the redox centers, especially related to the intermolecular
interactions.**** In this case, the fwhm value of the first redox
peak of the TTF-SAMs was larger than 90 mV (i.e., 143 mV),
whereas for the second redox peak was slightly lower than the
theoretical value (i.e., 79 mV). This type of CV shape has been
commonly observed in other TTF-SAMs.*?**** From the area
under the cyclic voltammetry peak, the TTF surface coverage
was estimated to be 2.2 x 107'° mol em 2 (at 100 mV s~ ' of
scan rate). Repeated electrochemical cycling demonstrated that

This journal is © The Royal Society of Chemistry 2017
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the SAM was stable and only a significant reduction in the CV
was detected when the potential was scanned beyond the first
redox process (Fig. S37).

Electrochemical impedance spectroscopy (EIS) is a powerful
tool to characterize electrical interfacial properties.* In SAMs it
has mainly been previously employed to determine electron
transfer rates in electroactive systems®® or to investigate the
ionic permeability through SAMs based of non-electroactive
molecules.’” To characterise the TTF-SAM, impedance spectra
were collected, in the same conditions as the ones used in the
CV experiments, between 200 kHz and 500 mHz with an AC
amplitude of 5 mV (peak to peak) at three different voltages:
before the redox process (10 mV), at the first redox peak
potential (250 mV), and at the second redox peak potential (620
mvV). Nyquist and Bode plots, shown in Fig. 2A and B, respec-
tively, are the standard diagrams to represent EIS measure-
ments.***° In cases where a DC-current can be established, such
as when an ion pair is present in the electrolyte solution,
Nyquist plots typically display one or more semicircles.*®
Nevertheless, in the case of surface confined molecules under
an inert electrolyte, a DC-current cannot be established, and the
system shows capacitor behaviour. Accordingly, the Nyquist
plots of the TTF-SAM look like straight vertical lines parallel to
the y axis (Fig. 2A).""* The Bode magnitude plots (impedance
modulus (|Z|) vs. frequency) at the low frequency region consist
of straight lines with slopes close to —1, while the phase angles
(¢) approach —90°. This behaviour is in agreement with
a capacitor-like system,*® where the gold metal surface acts as
one of the capacitor plate and the physisorbed ions at the SAM/
electrolyte interface act as the other capacitor plate.”” At higher
frequencies (f> 10 kHz), the frequency-independent impedance
and phase angle close to zero indicate that the system behaves
as a resistor, that is, the total impedance is dominated by the
solution resistance.”” This is due to the fact that at high
frequencies, the capacitor behaves as a short-circuit element
since there is no time to be charged, allowing the AC current to
pass. Noticeable, a significant modulation in |Z| is observed at
the low frequency region depending on the DC voltage applied
(i.e., on the SAM redox state), indicating that the performed
impedance measurements could be successfully used as
a readout of the molecular switch. Alternatively, the data can be
analyzed by means of capacitance Bode plots by using the
expressions:**#% C.. = —z[(2fZ)"] and Cim = —Z[(-
j2mtfz)" '], where Z,. and Z, are the real and imaginary part of
the complex impedance, respectively, and f the frequency.

In fact, capacitance Cole-Cole plots, where the imaginary
(Cim) versus the real (C..) part of the capacitance are repre-
sented, provide very useful information for surface confined
redox species.”™*>*% Fig. 2C clearly illustrates that different
processes with different time constants are occurring depend-
ing on the applied DC potential. The small semicircle recorded
at a voltage outside the redox process (i.e., 10 mV) comes from
the non faradaic terms dominated by the resistance of the
electrolyte (R.) and the double layer capacitance (Cyqj). In the
redox window potentials faradaic contributions are also present
(i.e., a pseudo-capacitance for charging the monolayer and
a resistance for the electron transfer). Noteworthy, the influence

RSC Adv., 2017, 7, 5636-5641 | 5637
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Fig. 2 EIS characterization of TTF-SAM at 3 different bias voltages:
10 mV (H), 250 mV (@), and 620 mV (A) vs. Ags). (A) Nyquist plot, (B)
Bode plot, and (C) Cole—-Cole Plot.

of applied potential on the capacitance spectra of bare Au was
much smaller than when the gold is functionalised with the TTF
electroactive monolayer, indicating that the observed effect is
not simply due to the polarisation of the metal but to the redox
processes involved (Fig. S47).

The imaginary part of the capacitance for the prepared TTF-
SAMs is plotted against frequency at DC bias 10, 250 and
620 mV, as shown in Fig. 3A. From this data, it is possible to
extract information about the kinetic parameters of the redox
transfer.**>*%-%° However, first it is necessary to treat the data.
First the solution resistance (R.), which is easily extracted from
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Fig.3 Capacitance Bode plots of TTF-SAM at 3 different bias voltages:
10 mV (M), 250 mV (@), and 620 mV (A) vs. Ag(): (A) experimental data
of the imaginary part of the capacitance vs. frequency, and (B) after
subtraction of the non-faradaic response. In (C) is represented the
experimental data for the real part of the capacitance vs. frequency.

the beginning of Z,. at high frequency in the Nyquist plot,
should be subtracted from the spectrum by means of Z.(f) —
R..”® Then, the blank response from the experimental data
registered at 10 mV is also subtracted. In this way, we can gain
information exclusively on the redox processes, free of parasitic
signals. Fig. 3B shows the final responses of the two Cj, spectra
that correspond to the first and second redox processes,
respectively, after the subtraction of the response of the SAM
outside the redox window. From these graphs, the rate constant
for the electron transfer process (kgr) can be estimated from the
frequency (f;) at the highest ordinate point using the

This journal is © The Royal Society of Chemistry 2017
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expression: kpy = 7f,.*"*>*5° The kyy values for the TTF/TTF *
and TTF */TTF** redox processes were estimated to be 882 and
767 s~ ', respectively. Noticeably, previously reported transfer
rates for TTF SAMs extracted from applying Laviron's formalism
on the CV data gave a higher value for the second oxidation
process than for the first one.*** This trend was attributed to
environmental effects such as the formation of ion pairs
between the oxidized TTF molecules and the electrolyte anions
that accelerated the second redox process.**** However, in our
study the transfer rates found for the two TTF redox processes
by EIS are of the same order.

Further, the C,. versus frequency plot is illustrated in
Fig. 3C. We found that at medium/high frequency range, the
measured capacitance corresponds to the bulk capacitance,
whereas at low frequency values a plateau is reached reflect-
ing the interfacial double-layer capacitance.’® Consequently,
at this low frequency the capacitance is clearly dependant on
the redox state of the molecule and, thus, on the applied DC
voltage. Therefore, this result prompted us to investigate the
capacitance response in the electrochemical switchable TTF-
SAM at low frequency. Taking into account the CV data, four
different voltage inputs were selected: 10, 250, 450 and
620 mV vs. Ag(,), respectively (Fig. 1B). Such voltages corre-
spond, respectively, to a state where the TTF molecule is in
neutral state (state 1), where the first oxidation process occurs
(state 2), where all the TTF surface-confined molecules should
exist as TTF ' radical-cation (state 3) and the last one where
the second oxidation process takes place (state 4). A sche-
matic representation of the different TTF-SAM redox states
can be found in Fig. S5.f Hence EIS measurements were
performed at 1 Hz at the selected DC potentials. In Fig. 4
evolution of C,. in the four states is shown when 20 cycles
were applied to the TTF functionalised gold substrate.

Cre / Cre,o

Bias Voltage (V)

0 2 4 6 8
number of cycles

T I
10 12 14 16 18 20

Fig. 4 Four-state switching behavior of TTF-SAM on gold: at the
bottom, applied bias voltage profile; at the top, C,e/Cieo (@t 1 Hz)
output at the corresponding states: state 1 (10 mV), state 2 (250 mV),
state 3 (450 mV) and state 4 (620 mV).
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Capacitance values discernible and specific for each state with
significant on/off ratios were found, validating the feasibility
of using the SAM capacitance as output of the electrochemical
switch. A perceptible decrease of the initial capacitance value
of 3, 15, 2 and 30% for states 1-4, respectively, after 20 cycles,
was found. As the values indicate, such variation is more
pronounced at the states corresponding to the potential of the
redox process. This is attributed to some molecular desorp-
tion caused by the bias stress. This is also in accordance to the
changes observed in the CV of the SAM before and after the
impedance switching experiments (Fig. S61). The switching
response was studied in different samples after the applica-
tion of 50 cycles achieving similar results (Fig. S77). There-
fore, it has been successfully achieved a surface confined
molecular switch operating with both and electric input and
output signals by making use of the SAM capacitance. It
should be highlighted though that the robustness of the
system is limited to the electrochemical stability of the
sulphur-gold covalent bond which could probably be
improved by avoiding extremely traces of humidity and
oxygen. We also anticipate that other SAMs such as silane
derivatives on ITO would be more durable."***

Conclusions

In summary, a functionalised gold surface with a TTF deriva-
tive was prepared in order to realise a surface with multiple
accessible redox states. Such hybrid material was investigated
as a four-state surface-immobilized switch by taking advan-
tage of the different capacitance response under the applica-
tion of external electric fields. Importantly, the number of
states of the switch was not limited to the number of redox
states of the molecule but instead it was determined by the
output of the system at defined DC applied potentials. It
should be also noticed that quaternary logic storage platforms
can easily match the present binary system as they can be
decoded directly into two binary-digit equivalents.>*>¢
Complementary, high and comparable values of kgt were ob-
tained by EIS for the two redox process of the TTF. Thus, the
results here reported might encourage the development of this
type of electrochemical molecular switches for the future
implementation in devices.
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Synthesis of TTF molecule (1)

TTF 1 was synthesized according to the following scheme:

[z>:<z]/\o)1\/\/\f/s
1

Synthesis of [2,2'-bi(1,3-dithiolylidene)]-4-ylmethanol® (2)
: ‘ Me OH S S
2

To a solution of 2-formyltetrathiafulvalene (500 mg, 2.15 mmol) in MeOH (20 mL), it was
added NaBH, (89 mg, 2.36 mmol). The solution was stirred during 30 minutes. CH,Cl, was then
added and the mixture was washed with brine and water. The organic phase was isolated,
dried over MgSO, and concentrated under reduced pressure. The yellow solid thus obtained
was purified by column chromatography (silica gel) using CH,Cl,. Compound 2 was obtained in
a 96% yield.

IR: (v/cm'l): 3290; 3057; 2925; 2857; 1542; 1456; 1114, 109; 1016; 793; 767; 648; 628.
'H NMR (250 MHz CD,Cl,): 6= 6.35 (s 2H); 6.24 (s, 1H); 4.37 (s, 2H) 1.96 (s, 1H).

3C NMR (400 MHz CD,Cl,): §=137.43; 119.54; 119.47; 115.50; 111.50; 109.86; 60.96.
LDI-TOF (m/z): calculated: 234.3; experimental: 233.9 ([M"]).

Synthesis of [2,2'-bi(1,3-dithiolylidene)]-4-yImethyl 5-(1,2-dithiolan-3-yl)pentanoate” (1)
O
OH S._ DCC/IDMAP s, Sj/\O)J\/\/\@S
[ j/\ )WL CHzclz [s S |
1

). Gran, J. Orduna, S.Uriel A.J.Moore, M.R. Bryce, S.Wegener, D.S.Yufit, J.A.K..Howard Synthesis, 1994,
489-493

’G.Cooke, F. Duclairoir, V. Rotello, M, J.Stoddart Tetrahedron Letters 2000, 41, 8163-8166. M. A.
Herranz, L. Yu, N. Martin, L. Echegoyen J. Org. Chem. 2003, 68, 8379-8385
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To 40 mL of CH,Cl, previously filtered through basic alumina, compound 2 (290 mg, 1.23
mmol) and thioctic acid (305 mg, 1.48 mmol) were added. The mixture was stirred under N, at
02C during 15 minutes. A solution of DCC (379 mg, 1.84 mmol) and DMAP (45 mg, 0.37 mmol)
in 10 mL of CH,Cl, was added and the mixture was kept stirring for 15 minutes at 02 C. The
solution was then allowed to reach room temperature and was left under stirring for another
24 h. The reaction mixture was then washed with water, the organic layer was dried under
MgS0O, and the solvent was evaporated under reduced pressure. The crude of the reaction was
purified by silica column chromatography using CH,Cl, as eluent and compound 1 was
obtained with a 90% vyield.

IR: (v/cm™): 3062; 2925; 2824; 1728; 1578; 1518; 1456; 1389; 1151; 1125; 661; 570.

'H NMR (400 MHz, CD,Cl,):5= 6.36(s, 1H)-6.35 (s, 2H); 4.81 (s, 2H) 3.60-3.54 (m, 1H); 3.20-3.07
(m, 2H); 2.49-2.41 (m, 1H); 2.36 (t, J=7.3 Hz, 2H); 1.94-1.86 (m, 1H) 1.74-1.61 (m, 4H); 1.51-
1.41 (m 2H).

BC NMR (500 MHz CD,Cl,): 6=172.81; 131.41; 119.19; 119.16; 119.08, 111.55; 109.05; 60.58;
56.38; 40.23; 38.55; 34.56; 33.73; 28.65; 24.60.

LDI-TOF (m/z): calculated: 422.6; experimental: 421.9 ([M™]).

Experimental methodologies

Materials and reagents. HPLC solvents, dichloromethane, acetone, absolute ethanol,
isopropanol, tetrahydrofuran and acetonitrile were supplied by Teknokroma. Lithium
perchlorate (LiCIO,) was purchased from Aldrich and used as received. Gold (111) substrates
consisting of 300 nm Au on mica were purchased from Georg Albert PVD-Beschichtungen.

2-formyltetrathiafulvalene was purchased from TCl Chemicals, while NaBH, and thioctic acid
were bought from Sigma-Aldrich. All the reagents were used without further purification.

Experimental procedures and apparatus

Self-assembled monolayers preparation. The substrates were first rinsed with
dichloromethane, acetone and ethanol and dried under nitrogen stream. Then, these
substrates were cleaned in a UV ozone chamber for 20 minutes and afterwards immediately
immersed in ethanol for at least 20 minutes, rinsed with ethanol and isopropanol and dried
under N, stream. Subsequently, the substrates were immediately immersed in 1mM solution
of 1 in tetrahydrofuran for 72h. SAM formation was carried out under light exclusion and
under nitrogen atmosphere.

XPS Measurements. X-ray photoelectron spectroscopy measurements were performed with a
Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions (base
pressure 5x10™° mbar) with a monochromatic aluminium Kalpha X-ray source (1486.74eV).
The energy resolution measured by the FWHM of the Ag 3d5/2 peak for a sputtered silver foil
was 0.6 eV. The spot size was 3.5 mm by 0.5 mm.
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ToF-SIMS Measurements. Time of flight secondary ions mass spectrometry measurements
were performed with a TOF-SIMS5 using the following specific conditions of analysis: primary
gun energy of 25 KV; extractor energy of 10 KV; an emission current 1.00 pA; employing Bi3+
with an intensity of the primary ions of 0.26 pA. The experiments were performed under
vacuum at 2.3 E-9 mbar. The spot size was 250 x 250 um with a resolution of 128 x 128 pixels,
collecting above of 1 E12 of ionic intensity per spectrum.

Cyclic Voltammetry measurements. Cyclic voltammetry experiments were performed using a
Novocontrol modular equipment system which consists on an Alpha-AN impedance analyzer
with a POT/GAL 30V/2A electrochemical interface. A conventional three electrode set-up was
employed using the modified gold substrate as the working electrode, a platinum wire as
counter electrode and a silver wire as quasi-reference electrode. We have used a homemade
electrochemical cell with a control active area of the functionalized substrate (i.e. working
electrode) of 0.5 cm® A degasificated solution of LiClO, 0.1 M in acetonitrile was used as
electrolyte (after bubbling N, for 20 min).

Electrochemical Impedance Spectroscopy (EIS) measurements: The impedance
measurements were obtained at four different DC potentials, and were superimposed on a
sinusoidal potential modulation of +5 mV (V,.). The resulting current was recorded over a
frequency domain of 200 KHz to 500 mHz. Ninety points, equally spaced on a logarithmic scale,
were acquired per decade increment in frequency. All experiments were performed at room
temperature and under environmental conditions.

Switching Measurements. The AC impedance switching process was recorded at 1Hz. A low AC
voltage of 5 mV was superimposed at four different applied DC bias (10, 250, 450 and 620 mV).
These cycling experiments were performed by pre-biasing the sample at the corresponding DC
voltage for each state during 3 seconds.

Supporting information figures:

Table S1. Summary of the binding energies observed in the high-resolution XPS
characterization of the TTF SAM

Binding Atom Type of

energy (eV) bond
532.2 O1s C-0
3333 O1s C=0
284.8 Cls C-C
285.7 Cls Cc=C
288.9 Cls 0-C=0
161.9 S2ps;, S-Au
163.1 S2pi, S-Au
163.6 S2ps), C-S-C
164.7 S2pi, C-S-C

S4



S>:)/S 1500 M+
G000 [s —_ |
-
E; 1000
_ / + é‘
[1#]
3 5 [
S 40000 — L,
< [s>_<51( £
=
/ .
T 20000 420 | 421 422 423 424 425
m/fz
b gl L
T T T T T T T T T T T T T T 1
150 200 250 300 350 400 450 500
m/'z

Figure S1. ToF-SIMS spectrum for TTF SAM.
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Figure S2. Linear relationship of the current peak (l,.) vs the scan rate (v) for the two redox
processes observed in the TTF SAM on gold.
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Figure S3. CV of the TTF SAM in LiClO, 0.1M in acetonitrile, at 1V/s, during 10 cycles.

-30p " T ®  bias = 10 mV
® bias =350 mV
bare Au A bias = 600 mV
-20p ]
LL
~~
E 'y
o NS
-10p 1 at i
H e
0- T T T T )
0 10p 20u 30p
C I/F

re

Figure S4. Capacitance Cole-Cole plot of the unmodified Au substrate in LiCIO; 0.1 M in
acetonitrile at three DC voltages (10 mV, 350 mV and 600 mV).
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Figure S5. Scheme of the TTF-SAM states at the four different DC bias applied: 10 mV (state 1),
250 mV (state 2), 450 mV (state 3), and 620 mV (state 4).
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Figure S6. CV of the TTF SAM in LiClO4 0.1M in acetonitrile before and after the 20 switching
cycles performed by EIS.
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Figure S7. Relative capacitance values of a TTF-SAM during 50 switching cycles.
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