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Tetrathiafulvalene derivatives were chemisorbed on platinum
electrodes. The electrochemical behavior and the stability of
the resulting redox active self-assembled monolayers in the
presence of various anions was studied by cyclic voltammetry.

The particularly stable modified electrodes showed a high
sensitivity for the detection of halides and nitrate in aprotic and
aqueous solvents.

Introduction

The detection of anions, via low cost and sensitive techniques,
is a major challenge that is still relevant in both environmental
and medical contexts.[1] During the past years the potential of
electrochemistry as a powerful tool to monitor and control
anion recognition via selective halogen bonding (XB)[2] was
shown in solution and at the electrode interface.[3,4] Cyclic
voltammetry (CV) is an economical and precisely controllable
technique, well adapted for the investigation of weak non-
covalent interactions in solution. Electrochemical activation of
either redox-active XB acceptors[5] or XB donors[6] showed
significant and reversible XB binding enhancement upon
electrochemical oxidation/reduction.

Recently, a quantitative study of electrochemically driven
interfacial halogen bonding on self-assembled monolayers was
described for the first time and applied to halide detection in
solution.[7] Non-covalent XB was proven to be the predominant
interaction in the selective anion recognition process. The
halogen bond donor properties were switched on by electro-
chemically controlling the oxidation state of the adsorbates.
The particularly high and selective binding enhancement of
halide anions to the oxidized self-assembled monolayers (SAMs)
could be explained by a strong surface chelate effect of the
assembled 2D material on gold electrodes. In literature two
other examples of XB donor containing SAMs have been
reported, involving impedance spectroscopy[8] and square wave
voltammetry.[9]

In general most organosulfur based redox-active SAMs have
been studied on gold,[10] commonly considered being one of
the most adapted substrates for this purpose. However, the
often low stability of the monolayers is a serious limitation for
their use as reproducible and re-usable sensors devices. Only
few publications have reported on Pt-SAMs despite the
observation of a stronger Pt� S bond compared to gold.[11] In
the present study thioctic tetrathiafulvalene (TTF) derivatives
were self-assembled on Pt electrodes and their electrochemical
and supramolecular properties in the presence of anions were
studied and compared with analogous Au-SAMs. The work
focuses also on the sensitivity of the detection of halides and
weakly Lewis basic anions such as nitrate.

Results and Discussion

Electrochemical behavior of the SAM

Bare Pt disc electrodes (diameter 1.6 mm) were exposed for
24 hours to a 1 mM solution of compound 1 or 2 in acetonitrile
(ACN), and carefully rinsed before electrochemical character-
ization (Scheme 1). CVs of the resulting modified electrodes Pt-
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Scheme 1. Formation of TTF SAMs on gold and platinum electrodes.
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SAM-1 and Pt-SAM-2 (Figure S1) in an electrolyte solution 0.1 M
NBu4PF6 in acetonitrile, show a similar behavior (Figure 1A)
compared to the previously described Au electrodes.[7] For Pt-
SAM-1, two reversible and one-electron waves centered at
E°’1= +0.73 and E°’2= +0.99 V (vs SCE) were attributed
respectively to the formation of the corresponding radical
cation and dication species (Table 1).

Analysis of the anodic and cathodic peak currents as a
function of the scan rate displayed a linear dependence
(Figure S2), characteristic of an electrode-surface confined
electroactive species.

The electrode coverage was determined by integrating the
area of the cathodic peak of the first oxidation wave and given
by the equation Γ=Q/nFA, with n being the number of
electrons transferred during the redox process, F the Faraday’s
constant and A the area of the electrode.

The coverage of Pt-SAM-1 and Pt-SAM-2 were found to be
1.6 ·10� 10 mol . cm� 2 and 1.5 ·10� 10 mol . cm� 2, respectively. These
surface concentrations are very close to those obtained
previously for Au-SAMs with the adsorbates 1 and 2 (Table 1).[7]

The experimentally determined high surface density of the
SAMs strongly suggests a classic alignment of the molecules
with the terminal TTF moieties being situated at the periphery
as shown in Scheme 1. However, the orientation of the
molecules is inferred based on previous reports in the
literature[1] and without further characterization of the present
system.

The observed deviations of the full width at half-maximum
(FWHM) of the CV signals from the theoretical value (90 mV)
confirmed the strong intermolecular interactions between the
electroactive entities of the densely packed SAM (Table 1).[12]

Interestingly, Pt-SAM-1 exhibits a significantly higher stability
over Au-SAM-1 reflected by its higher resistance to desorption
upon CV cycling at relatively slow scan rates. For instance, at
0.5 V/s, an important current intensity decrease of the peaks
corresponding to first wave (TTF/TTF+*) of Au-SAM-1 has been
noticed, suggesting a significant desorption of the immobilized
compound (Figure 1B).

In contrast, Pt-SAM-1 was almost not affected, even when
probing a larger potential window involving both oxidation
waves. The current intensity loss of only 8% is negligible
compared to 60% for Au-SAM-1. Such a remarkable stability of
sulfur-based SAMs on Pt has already been reported in
literature[13] and was attributed to the stronger binding energy
of the Pt� S bond of 56 to 60 kcal/mol[14] in comparison to 40 to
50 kcal/mol[15] for the Au� S bond. This significant gain in
stability was one determining argument for choosing Pt as
electrode material in the present study.

A second reason was the higher overpotential of halide
oxidation on Pt compared to Au. The peak potential for the
irreversible chloride oxidation on a bare Au electrode was
measured at +0.40 V (vs SCE), probably due to adsorption, in
contrast to+0.87 V on Pt (Figure S3). At concentrations higher
than 0.2 mM a significant increase of the faradaic current
intensity was observed at 0.6 V on Au-SAM-1 electrodes,
partially masking the wave attributed to the TTF/TTF+* redox
couple. SAM defects are likely to account for direct chloride
oxidation. This phenomenon was not observed in the case of
Pt-SAM-1 electrodes certainly due to the higher overpotential
on Pt (470 mV difference).

Chloride detection on SAM modified Pt electrodes

First we focused on the detection of chloride in ACN,
recognized as a particularly strong XB acceptor. When using the
Pt-SAM-1 electrode a new CV wave at lower potential emerged
upon addition of tetrabutylammoniun chloride (Figure 2B). This

Figure 1. A) CVs of the modified electrodes (solid lines) recorded in 0.1 M
NBu4PF6/ACN, ν=10 V/s. Pt-SAM-1 (black trace) and Au-SAM-1 (red trace).
The corresponding CVs of the bare electrodes (Pt and Au) in the same
conditions are represented with the dotted lines. B) Pt-SAM-1 and Au-SAM-
1: signal decrease after CV cycling at ν=0.5 V/s. (Grey: scanning only on the
first oxidation wave and red: scanning on both waves).

Table 1. Electrochemical data for self-assembled compounds 1 and 2 on
Au and Pt working electrodes in 0.1 M NBu4PF6/ACN.

1st wave
TTF/TTF+*

2nd wave
TTF+*/TTF2+

Γ[a] E°’[b] FWMH[c] E°’[b] FWMH[c]

Au-SAM-1 1.2�0.1 0.72 165�12 0.98 127�2
Au-SAM-2 1.9�0.1 0.58 155�3 0.89 115�1
Pt-SAM-1 1.6�0.1 0.73 171�1 0.99 130�4
Pt-SAM-2 1.5�0.1 0.60 157�9 0.90 119�3

[a] in 10� 10 mol.cm� 2. [b] in V vs SCE. [c] in mV.

Figure 2. CVs obtained in 0.1 M NBu4PF6 containing solution in the presence
of increasing amounts of NBu4Cl (concentration: 0.01, 0.05, 0.1, 0.15 and
0.2 mM. CVs of A) Au-SAM-1 in ACN; B) Pt-SAM-1 in ACN and C) Pt-SAM-1 in
CH2Cl2. ν=10 V/s.
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behaviour is similar to the reported properties of Au-SAM-1
(Figure 2A). Pt-SAM-2 served a reference system. It does not
contain neither XB donor nor any potential HB donor sites
because of the absence of halogen atoms and the presence of
the thiomethyl groups. As expected, no significant perturba-
tions were recorded with the Pt-SAM-2 upon chloride addition
(Figure S4).

The CVs of Pt-SAM-1 at different chloride concentrations
displayed a so-called “two wave behaviour”: the intensity of the
initial peak, corresponding to the first redox couple TTF/TTF+*,
decreased progressively with increasing chloride concentration.
Concomitantly, a new wave emerged at lower potential (Fig-
ure 2B). This behaviour is attributed to the presence of two
distinct states of the electro-active SAM: the free TTF+* moieties
and the halogen bonded complex [TTF+*, Cl� ], the ratio
depending on the chloride concentration (Figure 3). Conse-
quently, the interconversion of both states via chloride
exchange must be considerably slower than the time scale of
the CV experiment (ν=10 V/s), otherwise a progressive shift of
the oxidation wave would have been observed. For both
systems, on Au and on Pt, an isopotential point was observed
at ca.+0.6 V in ACN. Negative shifting of the standard potential
is consistent with the effect of injecting electron density in the
vicinity of the oxidized redox centre, suggesting a strong
stabilization of the TTF+* species thanks to XB interactions with
chloride anions.[6a] The observed “two wave behaviour” points
also to a strong binding enhancement (Binding Enhancement
Factor=BEF=Kox/Kred according to the square scheme of Fig-
ure 4) being considerably higher in magnitude compared to the
analogous TTF XB donors in homogeneous solution.[6] A
plausible explanation consists in the behaviour of the SAM as a

chelating polytopic XB donor in contrast to the monomeric
donors in solution. When increasing the chloride concentration
to 0.2 mM both SAM-1 modified metal electrodes, Au and Pt,
showed a consistent potential shift of ΔE°’1= � 134 mV for Au-
SAM-1 and � 160 mV for Pt-SAM-1 and indicating similar
binding enhancements (BEF) of 565 and 675, respectively. The
BEF was calculated according to a previously reported approach
based on a Langmuir isotherm through electrochemical simu-
lations with the KISSA-1D© software.[7] When using the relation-
ship ΔE°= (RT/nF) ln (Kox/Kred) derived from the Nernst equation,
values with the same tendency were obtained, indicating a
significantly higher BEF for Pt-SAM-1 (565) than for Au-SAM-1
(202) at 293 K, with R being the universal gas constant, F the
Faraday constant and n=1 the number of transferred electrons
during the oxidation reaction. It has to be noted that neither Kox
nor Kred for a surface confined redox active receptor can be
accurately determined. Up to date, no appropriate model has
been reported in literature for the simulation of such materials
properties at the interface with a liquid electrolyte.

The limit of detection (LOD) was determined by fitting the
experimental data with a classic Langmuir adsorption model in
which lateral interactions were not considered (equation 1).

q ¼
1

1
K A½ � þ 1

(1)

With θ being the fractional coverage of the respective
surfaces sites, [A] the anion concentration and K the Langmuir
adsorption constant. From the plot of the variation of the peak
current density (Δj=θ) depending on the chloride concentra-
tion, we could estimate the LOD for Pt-SAM-1 versus chloride
being 4.0 μM (Table 2 and Figure S5) which is close to the value
recently reported for Au-SAM-1 (LOD=6 μM).[7]

The impact of the solvent polarity has been widely studied
in the field of supramolecular chemistry and in particular for
anion detection. Nowadays theoretical models of XB consider a
strong electrostatic contribution.

This contribution is certainly even more pronounced for
charge assisted XB as in the present case between anions and
cationic XB donors such as I-TTF+ moieties.

For this reason, dichloromethane (polarity index 3.1, dielec-
tric constant 9.1) was chosen as a less polar electrolyte solvent
compared to acetonitrile (polarity index 5.8, dielectric constant
37.5), in order to favour XB. The shape of CVs (Figure 2C) and
surface coverage in CH2Cl2 (Figure S6) were similar to those
recorded in ACN, standard oxidation potentials being slightly
shifted towards less positive values (e.g. for Pt-SAM-1, E°’1=

Figure 3. Scheme illustrating the surface chelate effect due to selective
multiple Halogen Bonding between positively charged XB donor moieties of
the oxidized Pt-SAM-1.

Figure 4. Electrochemical Square Scheme of Pt-SAM-1 involving the first
redox couple of the TTF adsorbate in the presence of chloride anions. For
clarity, the supporting electrolyte ions are omitted.

Table 2. Shift values of the standard potential (ΔE°’) for the first oxidation
waves of Au-SAM-1 and Pt-SAM-1 upon addition of 0.2 mM of NBu4

+ salts
of Cl� in 0.1 M NBu4PF6/ACN and the determined values for the binding
enhancement factor (BEF=KOx/KRed) and the limit of detection (LOD) of
chloride.

ΔE°’/mV BEF LOD/μM

Au-SAM-1 � 134 565 5.9�2.8
Pt-SAM-1 � 160 675 4�0.9
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0.66 V in CH2Cl2 vs 0.73 V in ACN, see also Table S1). At a
chloride concentration of 0.2 mM in CH2Cl2 the perturbation of
the first oxidation wave was smaller (ΔE°’1= � 112 mV) than in
ACN (ΔE°’1= � 160 mV) (Figures 2B and 2 C). For the second
wave, potential shifts of � 137 mV (CH2Cl2) and � 67 mV (ACN)
were observed, suggesting different contributions of the
competing non-covalent interactions XB, π-anion and purely
electrostatic interactions (Figure S7, Table S2). The nature of the
solvent affected not only the intensity of the shift, but also the
shape of the CVs during the titration. In both solvents an
isopotential point, characteristic of a two-wave behavior, was
measured only for the first wave. The LOD of chloride could be
decrease by a factor of 30 from 18 μM to 0.6 μM by reducing
the CV scan rate from 10 V/s to 100 mV/s, respectively (Fig-
ure S8).

As indicated above, the higher stability of Pt-SAMs
compared to Au-SAMs allowed for an analysis of the second
oxidation wave in the presence of chloride, thanks to reprodu-
cible experiments. After electrochemical chloride titration
recording both oxidation waves within a larger potential
window of 0 to 1.2 V (vs SCE), on a Pt-SAM-1 a signal variation
of less than 10% was observed in a chloride solution (Fig-
ure S9). The Pt-SAMs provided reproducible data on both redox
couples TTF/TTF+* and TTF+*/TTF2+. However, in contrast to the
“two wave behavior” of the first oxidation process a progressive
shift was observed for the second wave upon chloride addition
(Figure S7B) suggesting a faster anion exchange.

Selectivity and sensitivity of anion detection

Pt-SAM-1 electrodes were used for the detection of various
anions in CH2Cl2 and in ACN (Table 3, Figure 5). For the first
oxidation wave bromide showed a similar behavior as chloride
with a ΔE°’1 of - 91 in CH2Cl2 and - 135 mV in acetonitrile
(Figures S10A and S11A).

The smaller potential shift compared to chloride could be
explained by the weaker Lewis basicity of bromide in aprotic
solvents. In acetonitrile no significant perturbation of the first
oxidation wave was observed in the case of triflate and
perrhenate ReO4

� (Figures S11C) which is consistent with the
considerably weaker XB acceptor strength. However, small shifts
of 9 mV were recorded in CH2Cl2 (Figure S10).

Interestingly a consistent potential shift of ~25 mV was
observed for nitrate also considered as a weak Lewis base
whatever the solvent. Furthermore, a progressive shift of the
oxidation wave was recorded depending on the respective
nitrate concentration in contrast to the “two-wave” behavior in
the presence of halides.

In order to estimate the sensitivity of the anion detection
obtained with Pt-SAM-1 electrodes the respective LOD was
calculated for all studied anions showing a significant potential
shift in CH2Cl2 or acetonitrile (Table 3). All values were found to
be in the micromolar range. The only exception was observed
in the case of chloride CH2Cl2 in with a LOD of 17 μM. However,
slowing down the CV scan rate decreased the LOD by a factor
of up to 30, rendering the chloride detection very sensitive.

Surprisingly extremely low LODs of around 1 μM were
calculated for nitrate. Detection of these oxoanion is an
overriding issue. Nitrate is one prominent constituent of acid
rain and of contaminants in groundwater. To the best of our
knowledge, these results represent a unique example of XB
based electrochemical detection of this weak Lewis base.

Table 3. Shift values of the standard potential (ΔE°’ in mV) and LOD (in
μM) for the first wave of Pt-SAM-1 upon addition of 0.2 mM of NBu4

+ salts
of Cl� , Br� , NO3

� , OTf� , ReO4
� in 0.1 M NBu4PF6/CH2Cl2 or ACN. ν=10 V/s

Cl� Br� NO3
� OTf� ReO4

�

CH2Cl2 ΔE°’1 � 112 � 91 � 26 � 9 � 9
LOD 17.7 �3.0

1.26[a]

0.56[b]

6.80 0.46 �0.13 nd nd

ACN ΔE°’1 � 160 � 135 � 25 0 nd
LOD 4.0 �0.9 6.2 �0.5 1.37 �0.27 nd nd

[a] ν=1 V/s; [b] ν=0.1 V/s.

Figure 5. CVs of Pt-SAM-1 obtained in 0.1 M NBu4PF6/CH2Cl2, in the presence of increasing amounts of A) Br� , B) NO3
� and C) ReO4

� (concentration: 0.001,
0.05, 0.1 and 0.2 mM). ν=10 V/s.
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Anion sensing in water containing electrolytes

A decisive advantage of interfacial anion sensing is the
possibility of overcoming solubility issues of the receptor and
mediator molecules allowing for the analysis in aqueous
electrolytes. Figure 6 shows the potential shifts recorded on Pt-
SAM-1 in the presence of Cl� , NO3

� and OTf� at a concentration
of 200 μM.

A consistent decrease of the potential shift was observed
when adding water to the acetonitrile electrolyte. Protic
solvents such as water, involve relatively strong intermolecular
interactions competing with the XB donor TTF moieties as well
as the employed Lewis basic anions (XB acceptors). However,
HB between water and the anions is probably the most
important contribution, consequently affording smaller oxida-
tion potential shifts of the I2TTF/ I2TTF

+*, redox couple.
In the case of chloride, a shift of 79 mV was recorded in the

presence of 1% water and only 38 mV at 10% water. However,
the shift values were still significant. Only two comparable
examples have been published yet in literature. In a similar
electrolyte (10% water/acetonitrile) no significant CV perturba-
tion could be detected with a Ferrocene/Ferricinium based XB
donor SAM on Au electrode.[9a] However, in a 1% water/
acetonitrile mixture the addition of 1 mM chloride afforded a
10 mV potential shift.[9b] The LOD was not determined.

On Pt-SAM-1 even 200 μM nitrate could be detected with
potential shifts of 11 mV (1% water/acetonitrile) and 7 mV
(10% water/acetonitrile) after addition of NO3

� . The shifts were
small but higher values could be observed for the second wave

corresponding to the TTF+*/TTF2+ redox couple with 45 mV in
1% water/acetonitrile (Table 4).

These results are very interesting and open the way to the
development of sensor devices based on electrochemical XB
activation as transduction mode.

Conclusion

In conclusion, the electro-active SAMs showed a significantly
higher stability on Pt than on Au. This unexpected observation
and the higher overpotential for the oxidation of halide anions
on Pt are important aspects for the choice of the electrode
material. The modified Pt electrodes were used for anion
detection and particularly low LODs were determined for halide
anions. Interestingly, a high sensitivity was observed also for
the weakly Lewis basic nitrate anion (submicromolar LOD).
Aprotic and even aqueous solvents could be successfully
employed as electrolytes. Chloride was detected in the
presence of weakly Lewis basic anions such as triflate and
perrhenate. A similar selectivity was observed for nitrate which
is a weak Lewis base itself. It was also shown that the decrease
of the potential shifts with rising water content of the electro-
lyte did not follow the same slope for chloride and nitrate. Such
different behavior could be used to determine the relative
concentration of both anions simultaneously present in the
solution. These interesting results confirm the high potential of
immobilized electro-active XB donors for electrochemical signal
transduction in molecular recognition events.

Experimental Section
Experimental details (materials, preparation of SAMs, titration
experiments) are reported in the supporting information.
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Figure 6. Shifts of the first oxidative potential E°’1 (in absolute value, in mV)
of Pt-SAM-1 in presence of 200 μM of various anions (Cl� , NO3

� and OTf� )
for various amount of H2O (0, 1 and 10%).

Table 4. Variation of redox potential (ΔE°’1 and ΔE°’2 in mV) after addition
of 0.2 mM of various anions (Cl� , Br� , NO3

� , OTf� , ReO4
� ) in 0.1 M NBu4PF6/

ACN in absence or in presence of H2O. ν=10 V/s

ΔE°’1 ΔE°’2
ACN 1% H2O 10% H2O ACN 1% H2O 10% H2O

Cl� � 160 � 79 � 38 � 67 � 61 � 44
NO3

� � 25 � 11 � 7 � 61 � 45 � 10
OTf � � 1 � 1 0 � 1 � 3 0
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