COMMUNICATION

filmst

ChemComm
www.rsc.org/chemcomm

514 481

Redox sensing of anions in pure aqueous environment by
ferrocene-containing 4,4’-bipyridinium-based receptors and polymer
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Selective voltammetric sensing of ATP2— anions in water was
achieved using ferrocene-viologen based redox active receptors
and related polymer films.

The electrochemical recognition of anionic species by artificia
molecular hostsis currently an area of intense interest.12 Receptors
capable of operating in competitive solvents, such as water, are
obviously important given the prevalence of anions in biological
systemsand in the environment. However, redox hoststhat havethe
ability to bind and sense anionic speciesin purely aqueous solvents
arerare.2

Here we report the electrochemical sensing of anions in water
using ferrocene-containing viologen (4,4’-bipyridinium) receptors
(1, 2) and electrode materia (poly-3). It is well-known that
viologen3 and, better still, macrocyclic bisviologen* derivatives
form strong charge transfer complexes with a variety of st-donor
neutral or anionic molecules, including biologicaly relevant
species. Furthermore, the cyclobis(paraquat-p-phenylene) host 4
can detect electron-rich guests through potential shifts of the
viologen-localized redox couples.4-5

In receptors 1-3, the ferrocene units can be considered as dual-
action molecular tools:. (i) a guest can be detected and monitored
through a change in the electrochemical behaviour of the
metallocene moieties, at easily accessible potentials and under
aerobic conditions; and (ii) the extra positive charges switched-on
by oxidation of the ferrocene centers increase the anion binding
properties of the receptors.

Compounds 17 and 2 were synthesized by quaternization of 4,4'-
bipyridine with 1,1’-di(chloromethyl)ferrocene, followed by reac-
tion with iodomethane or 1,1’-di(chloromethyl)ferrocene under
conditions of high dilution, respectively. Monomer 3 was obtained
by reaction of 4,4’-bipyridine with chloromethylferrocene, fol-
lowed by action of bromopropylpyrrole. The 1, 2 and 3 compounds
wereisolated astheir PFg— and NOz— saltsand characterized by 1H
and 13C NMR spectroscopy, elemental analysis and mass spec-
trometry.8

Results of the cyclic voltammetry (CV) investigations performed
on 1 and 2 in aqueous solution are summarized in Table 1. Both
viologen-localized one-electron reduction waves (VZ++ and V-+/0
systems) are severely distorted, due to the strong adsorption of the
reduced forms of the receptors on the electrode surface (Fig. 1). In
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contrast, oxidation of the ferrocene centers (Fc®+) is characterized
by a well-behaved CV wave.

The sensing properties of 1 and 2 towards various halides and
oxoanions were examined from CV and differential pulse voltam-
metry (DPV) experiments (Table 2).

Due to strong adsorption phenomena, changes in the viologen-
centered reduction waves could not be investigated, but the anionic
recognition properties of 1 and 2 were easily assessed from changes
in the ferrocene-based electroactivity. No significant modifications
were observed with H,PO,—, SO42—, HPO42—, CFsCOO—, F— or
Cl—. A small but measurable shift (—10 mV) of the Fc%* system
was observed in the presence of HSO,— (for 1), PhPO42— (for 2),
S,042— (for 1 and 2) and ATP2— (for 1). In contrast, the ATP2—

Table 1 Electrochemical datafor 1, 2 and poly-3 in H,O containing 0.05 M
KNOz2

Euz [AE]P Euz [AE]P Evz [AE]
Compound Fco+/mV 2+ +[mV V+0o/mV

1 640 [80] —550 [90] —970 [220]
2 640 [80] —380[70] —950 [260]
Poly-3¢ 475 [5] —435[90] —875 [170]

a Reference electrode SCE, 3 mm diameter carbon disk electrode, scan rate
100 mV s~%; b Eyp = (Epa + Epd)/2; AE; = Epa — Epg; ¢I" = 10-2 mol
cm—2,
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Fig. 1 Cyclic voltammogram of a solution of 2 (10-3 M) in H,O + 0.05 M
KNOj3 (scan rate 100 mV s—1, 3 mm diameter carbon disk).

Table 2 DPV datafor 1, 2 and poly-3 in the presence of ATP2—, HSO,—,
PhPO42— and S,042— in H,O containing 0.05 M KNO3.a>

Free

receptor HSO,— S,042— PhPOs2~  ATP2-

Epd/mV AE/mV AE/mV AE/mV AE/mV
1c 630 —10 —10 0 —10
2c 630 0 —10 —10 —25
Poly-3d 460 —20 —10 0 —-35

a Reference electrode SCE, scanrate 20 mV s—1. 2 AE, = Ega ([A] # 0)
— Epa([A—] = 0).¢[A-] = two-molar equivalents. @ I" = 10—° mol cm—2,
-] = 103 M.
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anion is clearly and selectively recognized by receptor 2. A
progressive negative potential shift of the Fco+ wave was obtained
upon addition of increasing amounts of this anion to a solution of 2.
The shift reached —25 mV in the presence of two-molar
equivalents of ATP2—. This selective sensing is believed to be due
to specific electrostatic interactions between the ATP2— anion and
2 in its reduced form, which are re-inforced in the oxidized
hexacationic form of the receptor (“switch-on process’). Additional
charge-transfer interactions between the viologen moieties and
ATP2—, which contains the el ectron-rich adenosine group, can also
be invoked® to explain the observed selectivity. Thisassumptionis
corroborated by a UV-visible spectroscopic study, which revealed
an increase of the absorbance of ferrocene at 452 nm, upon addition
of ATP2— to a solution of 2. Moreover, in accordance with the
results obtained with other viologen receptors,5¢ comparison of the
sensing properties of 1 and 2 suggests that the preorganization of
the receptor 2 has a significant role in the guest recognition.

Poly-3 filmswere deposited onto el ectrode surfaces by oxidative
electropolymerization (0.9 V vs. Ag/Ag* 1002 M in CHzCN +
TBAP 0.1 M) of the pyrrole fragment, in millimolar solutions of 3
in CH3CN + TBAP 0.1 M.10 After transfer of the resulting modified
electrode in monomer-free CH3CN electrolyte, the CV curve
displayed the stable and reversible electrochemical response of the
immobilized 3 (Fig. 2A), characterized by the oxidation of the
metallocene group at +230 mV and the two successive viologen-
based reductionsat —655 and —1160 mV (AE, = OmV atv = 100
mV s-1).

The electrochemical properties of the modified electrodes in
H,0 + 0.05 M KNO3 were then examined from CV (Fig. 2B and
Table 1) and DPV (Fig. 3A) experiments. No changes were
observed in the presence of H,PO,—, PhPO,2— or halide anions. On
the contrary, the ferrocene signal shifted negatively upon addition
of HSO,4—, S,042— and ATP2— (Fig. 2B and Table 2). Asinthe case
of receptor 2 the largest shift of the Fco+ signal was obtained in the
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Fig. 2 Cyclic voltammograms recorded at a poly-3/carbon disk electrode (3
mm in diameter, v = 100 mV s—1, I = 10-° mol cm—2) (A) in CH3CN +
10-1M TBAPand (B) in H,O + 0.05 M KNOg3; [ATP2=] = O M (full line)
and 10—3 M (dotted line).
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Fig. 3 (A) DPV curvesrecorded at a poly-3/carbon disk electrode (3 mmin
diameter, I = 10-2 mol cm—2) in H,O + 0.05 M KNOj, without ATP2—
(full line) and with 10—3 M ATP2— (dotted line), scan rate 20 mV s—1. (B)
corresponding potentiometric titration curve.

presence of ATP2— (AEqax = —35 mV). Quantitative analysis of
the sensing properties of poly-3 filmsin the presence of ATP2— was
achieved from DPV experiments. The ferrocene oxidation peak is
progressively shifted from E, = 460 mV a low ATP2-
concentration (10—5 M) down to aconstant value of E, = 425 mV
at higher ATP2— concentration (10—3 M), and a potentiometric
titration curve could be drawn (Fig. 3B). It can be assumed that the
high concentration of complexing sites in close proximity on the
electrode surface obtained by electropolymerization of 3 creates a
“macromolecular effect”, allowing the efficient detection of ATP2—
in water. A similar amplification effect has already been observed
in the course of the electrochemical detection of anions in organic
solvents with polyamidoferrocene!! and polyamidocobaltocen-
ium?22 films, or gold colloids functionalized with amidoferrocenyl
dendrons.13

It can be concluded that the ferrocene group acts an efficient,
simple and air-stable redox probe which alows, when closely
associated with viologen moieties, electrochemical sensing of
anionic species in water. Besides strong electrostatic interactions
between the positively charged bipyridinium fragments and the
anionic guests, reinforced as ferrocene is oxidized to ferricinium,
the observed selectivity towards ATP2— most probably arises from
a specific charge transfer process between this st-donor anion and
the electron acceptor viologen groups. These results especialy
emphasize the importance of conjugating a number of different
host—guest interactions in order to achieve electrochemical detec-
tion of anionic species in water.

Moreover, the electrochemical recognition properties observed
in homogeneous phase have been significantly enhanced through
the use of a poly(ferrocene-viologen) film electrode. This redox-
active material acts as a polymeric receptor whose physico-
chemical and topological features generate a “macromolecular
effect” responsible for the sensing improvement. This strategy can
be considered as an effective way towards effective anion sensing
devices in competitive media.
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