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The ability to trigger the delivery or capture of a nanoscale
amount of active molecules or ions within a fast (namely,
millisecond) controlled time scale and with a micrometric or
sub-micrometric spatial resolution is a current challenge.
Several cellular functions are indeed controlled by such
nanoquantities of molecular and ionic effectors, and their
investigation requires the possibility of monitoring their
fluxes externally."? Similarly, the increasing awareness in
nanosciences of the necessity of delivering chemicals at the
nanoscale level will also demand that new ways are found to
perform such operations. Such ability will concern many
research areas as well as advanced industrial microfabrication
processes.

In this respect, electrochemically commanded delivery
ought to offer an interesting solution as a result of the
lightness of electrochemical equipment and its easy imple-
mentation. Recent studies by Mirkin and co-workers estab-
lished that electrical control of electrocapillary forces at a
polarized liquid/liquid interface allows attoliters of any
desired solution to be released following an electrochemical
command.?* Despite its seminal value, this method requires
the simultaneous flow of a solvent which contains and carries
the species to be delivered. Another option consists of finding
methods for delivering only the species of concern.

Following the discovery of crown ethers, a great body of
research has been, and is currently, focused on the design of
ligands for the selective complexation of ions,”! with the
purpose of either sequestrating them from a solution or
allowing their dissolution into apolar solvents, in which they
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could not otherwise be dissolved. The availability of such
specific ligands has led to the design of analytical sensors in
which a redox center is connected to the ligand. Whenever the
standard potential of the coupled redox moiety is modified
upon capture of the ion of choice by the ligand, the change in
electrochemical behavior demonstrates the presence of the
target ion and may even provide information about its
concentration./*!

It occurred to us that this strategy could be reversed and
used for the fast and precise delivery of picomole amounts of
an ion with a spatial scale defined by the dimensions of an
electrode bearing a specific ligand attached to it and coupled
with an appropriate redox center. Indeed, the electrostatic
interaction, which is generally monitored through its action
on the potential of the redox reporter upon chelation of the
ionic target, could be directed so that a change in the charge
of the redox center provoked by its oxidation or reduction
may affect sufficiently the complexation ability of the ligand,
thus promoting release of a chelated ion.

The validity of the concept has already been demon-
strated by using photochemical activation.!”! In that case, the
excited state populated on absorption of light involves an
intramolecular charge transfer that enforces a drastic change
in binding ability. However, deactivation of the excited state
of the molecule results in recomplexation occurring at a near-
diffusion-limited rate. Since the life time of excited states is
generally a few nanoseconds, the ion released initially may
only move a few nanometers and be captured again when the
molecule returns to its ground state. In contrast, electro-
chemical activation may induce a permanent change (at least
while the electrochemical driving force is applied from the
electrode) provided that the redox center is chemically stable.
Hence, one may consider that the electrochemical commuta-
tion of the complexation ability of a ligand has a similar
efficiency as that of photochemical processes, but also has the
important advantage of maintaining the commutated status as
demanded by the experiment to be carried out. Furthermore,
the use of microelectrodes allows the space in which release
occurs to be perfectly defined through tailoring the diffusion
layer by careful choice of the dimensions of the electrode."!

Herein we validate this concept for the direct release of
picomole amounts of ions through an electrochemical com-
mand. In doing so, we used a system in which the ligand/redox
center assembly is anchored as a self-assembled monolayer
(SAM) to the electrode surface, since ultimately this is
certainly the option which offers the largest synthetic
versatility, the most precise control of released quantities,
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and the fastest commutation times (since no significant time
constant is involved). Our aim in this study was only to
validate this concept, so we selected conditions which allowed
the best physicochemical characterization of the system
properties. For this reason, we used a microelectrode with
sufficiently large dimensions, rather than an ultra-micro-
electrode, to enable its surface status to be controlled with
adequate precision and reproducibility. Similarly, since most
crown ethers and similar ligands have been designed to
perform in non-aqueous solvents, we carried out this vali-
dation study in acetonitrile with Ca*" used as a model ion to
be released. We do not view these choices as potential
limitations for future applications, such as those envisioned
above. Indeed, ultra-microelectrodes with nanometric dimen-
sions may be readily manufactured" and their surfaces can
be modified by a considerable variety of SAMs or other
specific chemicals.')

We thus focused the present study on molecules 1 and 2
(Scheme 1). These compounds were synthesized from 3
according to the procedures described in the Supporting
Information and initially published by Pearson et al.'*!®!
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Scheme 1. Phenylenediamine—aza-crown ether derivatives.

In compounds 1-3, the nitrogen atom of the aza-crown
ether ligand also belongs to the paraphenylenediamine redox-
active center. Upon oxidation, the coordinating ability of this
electron-donating nitrogen atom is expected to be strongly
reduced because of the partial positive charge delocalized on
it. This charge should induce strong coulombic repulsive
forces on any complexed cation, since it is created only a few
angstroms away. Our goal was then to optimize the expected
square-scheme mechanism (Figure 1), which ultimately con-
trols the efficiency of the release of the calcium ions.

We used cyclic voltammetry to fully characterize the
dynamics of the system.!"” The electrochemical behavior of a
solution of 1 in acetonitrile containing 0.1M tetrabutylammo-
nium tetrafluoroborate is very similar to that of the well-
characterized tetramethylparaphenylenediamine.’”  Two
reversible systems Ox;/Red; and Ox,/Red, are observed,
which define the two standard potentials EY and EJ of the
cation-free molecule (Figure 2).

Upon addition of one equivalent of Ca*" ions, both peaks
disappear, and an irreversible two-electron peak Ox; is
observed at much higher potential. The shift from the first
oxidation peak is 875 mV, which illustrates that 1 has a very
high affinity constant for the complexation of Ca*" ions. On
the reverse scan, provided that the Ox; wave was scanned
over, two reduction waves Red, and Reds are observed. The
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Figure 1. Square scheme illustrating the mechanistic path (gray lines)
followed by ligands 1 and 2 in the presence of Ca’" ions during the
oxidation (forward scan) and the reduction (reverse scan; see
Figures 2 and 3).
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Figure 2. Cyclic voltammograms of 1 (2 mm) in acetonitrile/0.1m
tetrabutylammonium tetrafluoroborate solution in the absence
(dashed line) and presence (solid line) of 1.1 equivalents of Ca*" ions.
Scan rate: 1Vs™'; glassy carbon electrode (diameter: T mm). The
potential scale refers to the saturated calomel electrode.

wave Red, occurs nearly at the same potential as Red,, which
indicates that the dication remains almost uncoordinated.
Wave Red;s is more anodic than wave Red,, thus showing that
its electrochemical process is facilitated. This finding shows
that only when the cation radical is reduced to the neutral
ligand form, namely, at Reds, can a fast back-complexation of
Ca”" ions take place, which drives the reduction process (EC
system,”) Figure 1). This proposal was confirmed since
inverting the reverse scan potential after scanning over
wave Red, (data not shown) resulted in a wave very close
to that of the Ox, wave, which shows that the monocation was
formed and not significantly coordinated on the voltammetric
timescale. Since wave Ox; evolves after Ox,, two electrons are
transferred at the same potential (ECE mechanism).!>!!
This study of the parent compound 1 kinetics and
mechanism in solution clearly demonstrates that efficient
release of a Ca’" ion occurs upon oxidation of the [Ca(1)]*"
complex. However, the use of a system in solution is certainly
not adequate for applications such as those envisioned above.
Anchoring the [Ca(1)]*" complex onto the electrode surface
would meet such requirements, and the dimensions of the
electrode would define those of the space in which release
occurs through precise definition of its diffusion layer.""*!
A common strategy for such purpose consists of exploiting
the high affinity of sulfur for gold to produce self-assembled
monolayers (SAMs). We chose to adapt a recent technique
based on the formation of dithiocarbamate SAMs to anchor
our system (2),*I since this should allow synthetic flexibility
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in the future. Dithiocarbamates have been used only recently
for the preparation of SAMs. Their affinity to gold is equal or
even higher than for structurally comparable thiols. Reported
procedures imply that prior to adsorption onto the gold
suface, a dithiocarbamate is formed in the presence of carbon
disulfide and a strong base, such as sodium hydroxide, in
water or ethanol, which is accompanied by a partial precip-
itation of the corresponding dithiocarbamate salt.

This experimental protocol was slightly modified and a
solution of 3 and carbon disulfide in chloroform was prepared
without additional base. We did not observe the formation of
any precipitate. In our case, since the aliphatic amine is a
weak base and the dithiocarbamic acid is thermodynamically
unstable,”! it is likely that the chemisorption on the gold
electrode is sufficient to promote the conversion of the acid
into the dithiocarbamate, with the formation of the sulfur—
gold bond being the driving force of the reaction. Avoiding
the generation of a precipitate allows easier control of the
system during the formation of the SAMs and in particular for
diluting the active ligand on the gold surface with inert thiols
(see below).%)

Monolayers of 2 formed spontaneously on gold electro-
des. After rinsing the electrodes with chloroform and
acetonitrile, the electrochemical properties were evaluated
in acetonitrile (Figure 3). They were very similar to those
reported above for 1 in solution, but the shape of both
voltammetric waves was characteristic of surface-confined
redox molecules. Hence, they strongly depend on the
procedure used to construct the monolayer. This behavior is
typical for SAMs because of lateral interactions between
electroactive molecules."**"! By competitive adsorption of n-
hexanethiol, which dilutes the amount of active molecule in
the SAM, such lateral interactions may be minimized, and the
coverage may be adjusted at will between zero and maximum
Coverage‘[zs.zml]

The gradual addition of Ca*" ions to the solution results in
the two reversible oxidation waves of the free ligand (Ox,*/
Red;* and Ox,*/Red,* in Figure 3) progressively disappear-
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Figure 3. a) Schematic representation of the mixed self-assembled
monolayer formed by 2 upon dipping a gold electrode (area: 4.8 mm?)
in chloroform containing CS, (0.124 mm), 3 (0.24 mm), and hexane-
thiol (0.71 mm) as a dilutant. b) Cyclic voltammograms of the mixed
monolayer in (a) in acetonitrile/0.1 m tetraethylammonium tetrafluor-
oborate in the absence (dashed line) and in the presence (solid line)
of Ca’ ions (0.92 mm). Scan rate: 50 Vs™'. The surface coverage of 2
is 6.5x 107" molcm™. Note, that in the presence of Ca’" ions the
anodic scan was reversed before the electrolysis at wave Ox;* was
complete.
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ing, and a broader and larger irreversible band (Ox;*)
developing at a much higher potential.

Two reduction waves (Red,* and Reds*) were observed
on the reverse voltammogram upon scanning over wave Ox;*.
Reduction Red,* was close to the former wave Red,*
observed for the free SAM, while Reds* developed before
Red,*. This observation is similar to that described and
rationalized above for 1 in solution, and shows that confine-
ment of the system within a SAM assembly does not alter the
overall process depicted in Scheme 1. This was again evident
while scanning over wave Ox;*, that is, in less than 1 ms. The
quantity of released calcium ions is given by the half of the
charge corresponding to the oxidation at Ox;* (two-electron
process versus one calcium ion per center), namely, 2.3 x
107 mol for the system in Figure 3. Since the electrode
surface area is 4.8 mm?, this value corresponds to the release
of 4.7x107" molem 2 ions per unit of surface area. Such a
value is compatible with the expected SAM coverage of the
electrode surface and with the coverage of 6.5x
10~" molcm ™ deduced by integration of the voltammetric
signal in the absence of calcium ions (waves Ox,* or Ox,* in
Figure 3). The difference of 27 % stems from the fact that the
anodic potential scan in the presence of calcium ions was
interrupted before the end of the wave Ox;* to avoid
damaging the SAM. This value shows also that the amount
of calcium ions to be released may be adjusted broadly by
using ultra-microelectrodes (which have much smaller surface
areas than the microelectrode used in the present study) and
finely by the potential excursion range and the dilution of the
active SAM component with inert ones.”!

Furthermore, although this is not the property that we
aimed for in this study, this result establishes that our system
also behaves as an extremely good electroanalytical sensor by
drastically modifying its electrochemical properties upon
complexation.!*”!

In conclusion, the validity of the principle of electro-
chemically driven release of picomole amounts of a specific
ion stored in a complexing self-assembled monolayer has
been established. The results demonstrate that release
occurred on a sub-millisecond time scale, and was irreversible
provided that the two-electron-oxidized redox center was not
returned electrochemically to its neutral initial state. Further
work will involve a full kinetic characterization of the process
through the use of ultrafast cyclic voltammetry.*” The system
may be incorporated on ultra-microelectrodes of various
sizes, and this will allow the nanometric shape and dimensions
of the space into which ions are delivered to be selected.!"”
Finally, the present syntheses have been developed for a
system in non-aqueous media. Our future goal concerns the
ability of provoking concentration jumps of cation effectors
near a living cell,’? to extend our current studies on vesicular
release of neurotransmitters and of oxidative stress by
triggering the response of single cells with precise temporal
and spatial resolution.>*34 This is the fundamental reason
for our choice of evaluating the performance of the system
with calcium ions. Experiments not reported here established
that using aqueous electrolytes is not a problem for the
stability of the redox center. However, the complexing ability
of the present ligand in its the neutral state is clearly not high
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enough for impeding spontaneous leaking of Ca®" ions into a
calcium-free aqueous medium. Therefore, fulfilling our
ultimate goal requires the synthesis of redox-center-coupled
ligands with better complexing ability./*”)
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