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Pseudopeptidic receptors containing ferrocene fragments have been prepared and their response to
a series of anions was measured by a voltammetry of microparticles methodology. Such water-insoluble
compounds yield anion-assisted reversible solid-state oxidations differing in their open-circuit potential
and their midpeak potential recorded in cyclic voltammetric measurements. The difference between
those potentials provides the individual thermodynamic contributions of electron and proton transfer,
revealing that the mechanism of an ion-sensitive electrode can differ in potentiometry and voltammetry.
The studied receptors are potentially interesting for potentiometric sensing, showing relatively high
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Introduction

The design of chemical redox-active probes for the detection of
non-electroactive species is of current interest." To achieve the
selective binding and sensing of anions it is a key issue to
design receptors properly fitting the electronic and steric
features of a given anionic species.” Various techniques can be
used for the purpose of detecting the generated signals, being
the electrochemical approach of particular interest. In this
respect, the inclusion of neutral ferrocenyl fragments in anion
receptors is very attractive due to their reversible electro-
chemical response.?

Amide groups are known to establish supramolecular inter-
actions with anions.**° Taken this into account, pseudopeptidic
structures are interesting targets for anion recognition being
compatible with biological-like conditions,** but currently, only
one example of bisferrocenyl-functionalized peptides has been
reported.” Here we report the synthesis of a series of
bisferrocenyl-functionalized pseudopeptides, Et-Val-Fc, (4),
But-Val-Fc, (5), and Hexy-Val-Fc, (6), as anion receptors. This
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selectivity for H,PO,4~ and HPO42* anions.

design is based on previous studies with receptors related to the
pseudopeptides Et-Val (1), But-Val (2), and Hexy-Val (3) but
containing fluorescent groups that have proved to exhibit
selectivity for H,PO,  versus other anions such as Cl™, Br,
CH3;COO™ and CF;COO™ and including HSO, , at acidic pH
values.”™**

Electrochemical sensing involves, in general, coupled elec-
tron and ion transfer processes and so the determination of the
parameters associated to individual charge transfer processes is
of obvious interest. The separation of the Gibbs energies of
electron and ion transfer has been done in the case of immis-
cible liquids and solutions: already in 2000, it has been shown
that droplets of a ferrocene solution in nitrobenzene immobi-
lized on a graphite electrode in an aqueous solution gives
a voltammetric response where the Gibbs energies of electron
and ion transfer can be separated.'® This allows for the experi-
mental determination of thermochemical properties for single-
ion solvation using direct polarization of liquid/liquid inter-
faces with two adjacent electrolyte-supported immiscible
liquids,” membrane-modified liquid-liquid interfaces,'®*
large surface area,” micro/nanohole,”>* and triple-phase
boundary measurements at microdroplets immobilized on
electrode surfaces.>?*

However, the separation of the thermochemical parameters
for ion and electron transport has been revealed much more
difficult in the case of solid compounds. In a recent report, Scholz
et al.*® have proved that in the case of a tungsten bronze electrode
in contact with aqueous electrolytes, different mechanisms are
responsible for the potentiometric and the voltammetric
responses, involving, respectively, a proton transfer comparable
to that occurring at glass electrodes,*** and simultaneous
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electron and ion transfer occurring at the metal/bronze and
bronze/electrolyte interfaces. A similar approach was previously
used for the separation of the Gibbs energies of electron and ion
transfer in alkynyl-triphosphine tetranuclear Au() complexes
containing ferrocenyl motifs,** extending treatments prompting
the determination of individual Gibbs energies of transfer of
cation®* and anion®**** between two miscible solvents and
define a solvent-independent potential scale.

In this report, we describe the application of this method-
ology for obtaining separate thermochemical contributions for
anion and electron transfer in bisferrocenyl-functionalized
pseudopeptides, thus constituting the second system where
this separation is made possible, and discuss such data in
relation to the characteristics of electrochemical anion-sensing
via ion-insertion processes.****

36-38

Experimental
Materials and methods

Electrochemical measurements were performed with 10~ to
0.15 M aqueous solutions of NaCl, NaHCO;, NaClO,, NaNO3,
KNO;, Na,S0O,, KH,PO,, K,HPO,, and K;PO, (all analytical
grade Merck reagents). Solid-state electrochemical experiments
were performed by mechanically transferring small amounts of
the solid specimens to the surface of paraffin-impregnated
graphite electrodes following the procedures already re-
ported.*>**” Voltammetric measurements were performed at 298
4+ 1 K in a conventional three-electrode cell under argon
atmosphere using a CH 1660 potentiostat coupled to a conven-
tional three-electrode cell with Pt auxiliary electrode and AgCl (3
M NaCl)/Ag reference electrode.

Microparticulate cluster deposits were examined with a Jeol
JSM 6300 scanning electron microscope operating with a Link-
Oxford-Isis X-ray microanalysis system (SEM/EDX). The analyt-
ical conditions were: accelerating voltage 20 kV, beam current 2
x 10~° A, and, working distance 15 mm. Samples were carbon
coated to eliminate charging effects. Semiquantitative micro-
analysis was carried out using the ZAF method for correcting
interelemental effects. The counting time was 100 s for major
and minor elements.

Molecular modeling

Molecular models were carried out using Spartan'08.*® Confor-
mational searches were carried out using the Monte Carlo
algorithm using the Merck molecular force field. The host-
guest interaction energies were calculated from the energies of
the most stable conformers obtained by using the following
equation: E(interaction) = E(host-guest complex) — E(host) —
E(guest).*®*

Synthesis of compounds

Synthesis of 4-6. The corresponding pseudopeptide (0.258 g
for 1, 0.286 g for 2 or 0.314 g for 3; 1.0 mol) was dissolved in of
methanol (20 mL) to form a clear solution that was added into
a methanol solution (50 mL) of 1-ferrocenecarboxaldeyde (0.428
g, 2.0 mmol). It was allowed to react for 4 h at rt. Then, the
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reaction mixture was treated with a methanolic solution of
NaBH, (0.148 g, 4.0 mmol) and it was allowed to react for 2 h.
Then, the solvent was removed under reduced pressure and the
residue was washed with diethyl ether (2 x 20 mL). The crude
product was dissolved in benzene and precipitated with n-
hexane to yield the pure product as a brown solid.

Compound Et-Val-Fc, (4). 4 (0.430 g, 67% yield). Mp 161-163
°C (decomposition). [a]y’ = +16.32 (c 0.01, CH,Cl,). IR (ATR):
487, 496, 514, 559, 592, 674, 814, 999, 1098, 1239, 1442, 1546,
1634, 1664, 2961, 3076 cm ', "H NMR (500 MHz, C¢Dg) 6 0.96
(6H, d, ] = 6.9 Hz), 0.98 (6H, d, J = 6.9 Hz), 1.58 (2H, dd, ] = 6.6,
11.6 Hz), 2.05-2.15 (2H, m), 3.01 (2H, t, ] = 4.8 Hz), 3.20-3.26
(2H, m), 3.30 (2H, dd, J = 7.0, 12.8 Hz), 3.33-3.41 (2H, m), 3.51
(2H, dd, J = 6.7, 12.8 Hz), 3.99 (4H, s), 4.09 (10H, s), 4.16 (2H, 5),
4.22 (2H, s), 7.40 (2H, s) ppm. *C NMR (126 MHz, C¢Ds) 6 19.1,
20.5, 32.6, 40.6, 49.2, 68.6, 68.8, 69.0, 69.1, 69.1, 69.4, 88.0, 175.0
ppm. HRMS (ESI-TOF)" cale. for C;4Hy,Fe,N,0, (M + H)'
655.2398; found: 655.2384. Anal. caled for [4 + 4H,0]
C;4H;5,Fe,N,Og; found; C, 56.32; H, 7.12; N, 7.62; calculated; C,
56.21; H, 7.49; N, 7.71.

Compound But-Val-Fc, (5). 5 (0.440 g, 65% yield). Mp 141-
142 °C (decomposition). [a]%’ = —3.41 (c 0.005, CH,Cl,). IR
(ATR): 486, 497, 514, 559, 594, 811, 997, 1103, 1236, 1445, 1555,
1643, 1670, 2962, 3076, 3293 cm . "H NMR (500 MHz, C¢Dy)
6 0.65 (6H, d,J = 6.9 Hz), 0.68 (6H, d, ] = 6.9 Hz), 1.02 (4H, dd, J
= 6.6, 10.1 Hz), 1.75-1.85 (2H, m), 2.66 (2H, d, ] = 4.9 Hz), 2.89
(4H, q,] = 6.4 Hz), 2.97 (2H, d,J = 12.9 Hz), 3.15 (2H, d, ] = 12.9
Hz), 3.66-3.71 (4H, m), 3.77 (9H, s), 3.78-3.81 (2H, m), 3.82-3.85
(2H, m), 6.46 (2H, t, ] = 6.3 Hz) ppm. >*C NMR (75 MHz, C¢Ds)
6 18.1, 19.5, 27.3, 31.6, 38.3, 48.2, 67.6, 67.8, 67.9, 68.1, 68.1,
68.5, 87.0, 172.8 ppm. HRMS (ESI-TOF)" calc. for C36Hs,Fe,N,0,
(M + H)" 683.2711; found: 683.2719. Anal. caled [5 + H,0]
C;6Hs5,Fe,N,O5; found; C, 61.94; H, 7.58; N, 8.02; calculated; C,
61.72; H, 7.48; N, 8.00.

Compound Hexy-Val-Fc, (6). 6 (0.500 g, 71% yield). Mp 79-81
°C (decomposition). [a]’ = +4.8 (¢ 0.002, CH,Cl,). IR (ATR): 472,
497, 522, 524, 549, 595, 688, 811, 997, 1019, 1103, 1228, 1361,
1457, 1518, 635, 2860, 2932, 3316 cm '. "H NMR (500 MHz,
CeDg) 6 0.97 (6H, d, J = 6.9 Hz), 1.00 (6H, d, J = 6.9 Hz), 1.15-
1.23 (4H, m), 1.31-1.39 (4H, m), 2.08-2.16 (2H, m), 2.99 (2H, d,
= 4.9 Hz), 3.24 (4H, dd, J = 6.6, 10.9 Hz), 3.28 (2H, d, ] = 13.4
Hz), 3.47 (2H, d, ] = 12.8 Hz), 3.98 (4H, dd, ] = 2.0, 6.8 Hz), 4.06
(10H, s), 4.09 (2H, s), 4.15 (2H, s), 6.87 (2H, t, ] = 5.8 Hz) ppm.
3C NMR (75 MHz, C¢Dg) 6 18.1, 19.5, 25.9, 29.8, 31.6, 38.2, 48.2,
67.6, 67.8, 67.9, 68.0, 68.2, 68.4, 87.0, 172.7 ppm. HRMS (ESI-
TOF)" calc. for CssHssFe,N,0, (M + H)" 711.3024; found:
711.3009. Anal. caled [6 + 6H,0] CssHgsFe,N,Og; found; C,
55.61; H, 8.04; N, 6.81; calculated; C, 55.75; H, 8.13; N, 6.84.

Results and discussion
Synthesis and characterization

The starting C, symmetric pseudopeptides 1-3 were synthesized
as previously reported.”**> Compounds 1-3 were reacted in
methanol with 1-ferrocenecarboxaldeyde at room temperature
for four hours. Then, the reaction mixture was treated with
NaBH, for two additional hours. After appropriate purification,

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Synthesis of pseudopeptidic receptors.

the desired products 4-6 were obtained as solids in 60-70%
yield (Scheme 1).

Electrochemical behavior

The cyclic voltammetric response for the studied receptors in
contact with different aqueous electrolytes is illustrated in Fig. 1
for the case of microparticulate films of 4 and 5 in contact with
a 0.10 M K,HPO, aqueous solution. In the case of 4, in the initial
positive-going potential scan, an oxidation peak appears at
a potential of +0.50 V vs. Ag/AgCl (Epy), followed, in the subse-
quent negative-going scan by a cathodic peak at +0.24 V. Upon
repetitive cycling the potential scan, this peak remains stable
and appears coupled to an anodic peak at +0.36 V, defining
a well-defined couple whose anodic (Ep,) and cathodic (Ep.)
peak potentials become stable, defining a midpeak potential,
Emp = ((Epe + Epa)/2) that remains independent on potential
scan rate in the range between 2 and 10 000 mV s *. In the case
of 5, the first and subsequent anodic scans display essentially
the same peak potential, defining with the coupled cathodic
peak an essentially reversible pair, as judged by the peak
potential separation, tending to 60 mV at low scan rates and the
independence of the midpeak potential on the sweep rate.

In the case of 4, the peak potential separation for the stable
couple, AE, = (Ep, — Epc), is larger than the reversible value (59/
n mV at 298 K) and increases on increasing the potential scan
rate, but tends to AE, = 60 mV at low potential scan rates, as can

20 pA

«—>

+0.9 +0.4 -0.1
E | Vvs. AglAgCI

Fig.1 Cyclic voltammograms of microparticulate films of: (a) 4 and (b)
5 on a glassy carbon electrode immersed into 0.10 M K;HPO,.
Potential scan rate 50 mV s,
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be seen in Fig. 2. These features can be associated to an
essentially reversible behavior distorted by uncompensated
ohmic drops in the cell. Consistently, square wave voltammo-
grams showed a unique peak that becomes unchanged in
repetitive voltammetry and becomes only slightly shifted in the
positive direction of potentials on increasing the square wave
frequency. The voltammetric response of the studied
bisferrocenyl-functionalized pseudopeptides was between those
depicted in Fig. 1a and b for all tested anions: C1~, ClIO, , NO; ",
S0,>", H,PO, ™, HPO,>".

The intensity of the voltammetric peaks increased on
increasing the amount of deposited pseudopeptide until
remaining essentially constant for electrode surface coverage of
ca. 2.5 mg cm~ > (see ESIT). This feature is consistent with the
description of the involved electrochemical processes by Lovric,
Scholz, Oldham et al.>*** in terms of electron transfer through
the solid/electrode interface coupled to ion transfer across the
solid/electrolyte interface so that only the layer of particles in
direct contact with the base electrode become electroactive.

The peak potential of the initial anodic scan, Epy, is slightly
more positive than the stable E, value recorded in repetitive
voltammetry and defines an apparent midpeak potential,
Eisp (=(Epe + Epa)/2) which is positively shifted on increasing the
potent1a1 sweep rate, as can be seen in Fig. 2. Here, Ep,, Epc, Em
and Eyy, values are plotted vs. the inverse of the square root of
the potential scan rate, v/, to clearly illustrate the tendencies
at low and high scan rates. This peculiar 1% scan behavior could
be tentatively associated to double-layer charging effects, with
the removal of some product from the electrode surface.

In order to test their availability for potentiometric sensing,
open-circuit potentials (OCP) were measured. As observed for
alkynyl-triphosphine tetranuclear Au(r) complexes containing
ferrocenyl motifs,* the potential measured for bisferrocenyl-
functionalized pseudopeptides varied slowly with time,
presumably due to transient concentration gradients estab-
lished in the double layer, tending to a stationary state at large

+400 1
>
£
o +300-

+200

- v
+100 : :
0.0 0.1 0.2 0.3

vz -2 g2

Fig. 2 Variation of the values of E, (squares), E,c (solid squares), Enng
(triangles) and E%% (solid triangles) values on v~'2 for cyclic voltam-
mograms of a microparticulate films of 4 in contact with 0.10 M
KaHPO,.
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times. Interestingly, application of an oxidative conditioning
step at a constant potential (in the following, conditioning
potential, E.,nq) between +0.20 and +0.60 V or repetitive cycling
the potential around the midpeak potential, produced
potential/time variations much slower than those recorded at
freshly prepared electrodes, as can be seen in Fig. 3. The
limiting, infinite time, OCP value (in the following, Eocp) was
obtained by extrapolating at t * — 0 the E vs. ¢ ' plots from
experimental data. This value was dependent, however, on the
applied conditioning potential. The values of Egcp thus
measured remained unchanged after application of oxidative
conditioning steps longer than 90-120 s and accordingly
conditioning times of 5 min were routinely performed.

As will be discussed in the following section, the application
of an oxidative conditioning potential should yield a layer of the
anion-permeated oxidized form of the solid which, under OCP
measurements, will equilibrate with the adjacent X -contain-
ing solution. For obtaining potentiometrically representative
Eocp values, the conditioning potential was selected in all cases
to that corresponding to the Ey,;, recorded in cyclic voltammo-
grams to ensure that the thermochemical activities of the
oxidized and reduced forms of the solid become equal (vide
infra). Consistently, the variation of the Eocp values on the
conditioning potential, E.ong, fits to s-shaped curves, the inter-
mediate OCP corresponding just to that obtained at a condi-
tioning potential equal to Ep,,, as can be seen in Fig. 4.

Assessment of anion insertion

In order to assess the solid state nature of the involved elec-
trochemical processes, SEM/EDX examination of micro-
particulate deposits on a graphite bar of the clusters before and
after oxidative electrolysis at a potential 100 mV more positive
than Ep was performed in contact with different electrolytes.
Fig. 5 shows the corresponding data for the film from 5 in
contact with 0.10 M NaClO,. The pristine film consisted of
irregular crystals of smooth surface, as can be seen in Fig. 5a.
After oxidative electrolysis, the crystals, in general, decreased in
size and presented terraces in their surface and often concavi-
ties (see Fig. 5b). Quantitative SEM/EDX analysis (see Fig. 6)

+0.30

+0.24 (b)

+0.18

E | Vvs. Ag|AgCI

+0.12 @)

+0.06

0 80 160 240 320
tls

Fig. 3 Initial portion of the OCP vs. time curves for microparticulate
films of 4 in contact with 0.10 M K,HPOQOy,. (a) Freshly prepared elec-
trode; (b) electrode conditioned by previous cycling the potential (four
cycles) between +0.05 and +0.65 V at 50 mV s .
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Fig. 4 Variation of Eqcp with the conditioning potential applied from 5
min to microparticulate films of 5 on GCE immersed into 0.10 M
NaClOyg.

Fig. 5 SEM images for a microparticulate deposit of 5 on a graphite
bar (a) before and (b) after 10 min of electrolysis at +0.50 V in contact
with 0.10 M NaClOy.

confirmed the presence of Cl in the crystals, thus confirming
the insertion of foreign anions into them.

Separating ionic and electronic contributions

The above OCP and CV features can be rationalized on
considering the peculiar solid-state nature of the electro-
chemical processes involved in the voltammetry of microparti-
cles methodology,*™” assuming that, in the case of electroactive
ion-permeable solids experiencing a redox solid-to-solid trans-
formation, the process initiates at the three-phase electrode/
solid particle/electrolyte boundary and propagates through the
solid via electron hopping between immobile redox centers and
ion migration within the solid.***

Based on molecular modeling (vide infra), one can assume
that anions are stabilized forming 1:1 complexes eventually
involving protonation of the polyamine chain. Then, assuming
that both the oxidized and reduced solid forms are insoluble in
the X" -containing electrolyte, the overall equilibrium estab-
lished during the electrochemical turnovers can be represented
as:

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 SEM/EDX analysis of 5 particles deposited onto on a graphite
bar (a) before, and, (b) after 10 min of electrolysis at +0.50 V in contact
with 0.10 M NaClO,.

+ — + - -
{L}solid + ZHaq + Xaqm s {LH:m X }solid + (11’1 - Z)e

1)

In these cases, the advance of the electrochemical process
involves the permeation of the pristine solid, {L}, by the elec-
trolyte anions, X"~ As a result, the formation of a surface layer
of oxidized, X" -permeated compound, {LH}*'---X""}, forming
either mixed crystals®>*® or segregated layers®”*® of the oxidized
and reduced solid forms is possible. In the first case, the ther-
modynamic activities of the solid species can be taken as
proportional to their molar fractions, while in the second, the
thermodynamic activities of the components should be
considered as unit. SEM images, as well as data on the charge
passed in voltammetric experiments (typically of 20 pC) sug-
gested that the electrochemical reactions were confined at
a relatively narrow region near the external surface of the solid
pseudopeptides occupying a volume of ca. 1-2% of the crystals
(typically 2 um sized). For the process described by eqn (1), the
midpeak potential measured in voltammetric experiments
should satisfy the relationship:

RT A{LH,- X"}

E., = E, 1
p EX+(WZ—Z)F n

a{L}ai'{_aXm— (2)
where Egy represents the formal electrode potential of the
couple. Accordingly, the Gibbs free energy for the process
described by eqn (1), AGgx could be estimated applying the
Nernst equation providing that the value of Egy was known.

Now, let us consider a microparticulate deposit of the solid
pseudopeptide receptor {L} which is in contact with a X" -
containing aqueous electrolyte after the oxidative conditioning
previously described so that a layer of X" -doped oxidized
complex was formed, as schematically depicted in Scheme 2.
Under the conditions of OCP measurements, an interfacial
equilibrium analogue to that described for tungsten bronze
electrode® and glass electrode®®** is established at the crystal/
electrolyte interface:

{LH:m+"'Xm7}solid s {LHz’n+}solid + Xaqm7 (3)

This journal is © The Royal Society of Chemistry 2016
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]
{LH™ X"} =

{LH,™}5ona + Xm’aq

{L}solid

> XM
{|-|'Im+z"'Xm_}solic:__> H*

aq

{LH,™ XM} g + (M-2)e- = ’

= {Lloia * ZH* o + XM

Scheme 2 Schematics for the processes involving separate ionic
(OCP measurements) and coupled ionic plus electronic transfer (CV
measurements) in a L-modified electrode conditioned by repetitive
cycling of the potential in a solution containing X~ ions.

Formally, the process described by eqn (3) can be obtained as
the combination of the electron transfer process described by
eqn (1) and:

{L}solid + ZHaq+ s {LHzm+}solid + (m - 2)67 (4)

For this last process, the Nernst equation can be written as:

. RT afypm
EET:EETijszln { }

(5)

a{L}aH+-'

Accordingly, the OCP can be expressed from the Nernst
equation for the process described by eqn (3):
RT a{Lsz}an

Eocp = E, 1
oce = Exr T F "

(6)

A{LH--X""}

The measured OCP also contains the potential drops at the
base electrode/{LH,”"} and the {LH,”"}/{LH,”""---X""} inter-
faces, as well as the potential of the reference electrode. These
potentials will not be considered because they remain constant
in all measurements. Under the aforementioned conditions of
electrode conditioning (i.e., applying a conditioning potential,
Econa, equal to the midpeak potential, En,p, see Fig. 4), and in
contact with a solution containing X"~ in a sufficiently large

!/
@ {rm,mty

concentration, the ratio can be considered as being

A(LH,m* - Xm-}
essentially constant and equal to one, so that the anion-
independent formal potential for the electron transfer process
(eqn (5)), Egr, can be calculated as the difference between the
voltammetric midpeak potential, E,,, and the OCP:

E. = Epy — Ext = Emp — Eocp (7)

Consistently with the above theoretical treatment, combi-
nation of our voltammetric and OCP data provide an anion-
independent E. value for each pseudopeptide receptor within
the range of experimental error (see Table 1).

The values of E. increase in the order 4 < 5 < 6 regardless the
anion. This second feature is consistent with the relation of this

RSC Adv., 2016, 6, 35257-35266 | 35261


http://dx.doi.org/10.1039/C6RA04482D

Published on 29 March 2016. Downloaded by Universitat Jaume | on 09/06/2016 11:25:20.

RSC Advances

Table 1 Formal electrode potentials for the pseudopeptide receptors
in this study in contact with aqueous solutions of different X'~ anions
measured from voltammetric (Enp) and open-circuit potential (Eocp)
data and E. values calculated from the above

Receptor/anion Potential 4 5 6

cl™ Emp (mV) 320+ 5 405+ 5 440 + 5
cl- Eocp (mV) 200+ 5 250+ 5 260 £+ 5
cl™ E. (mV) 120 £ 7 155 + 7 180 + 7
clo,~ Epnp (V) 330+ 5 355+ 5 360 £ 5
clo,~ Eocp (mV) 210+ 5 195+ 5 180 £ 5
clo,~ E. (mV) 120 £ 7 160 £ 7 180 £ 7
NO;~ Emp (mV) 395+ 5 430+ 5 455+ 5
NO;~ Eocp (MV) 275+ 5 270 £ 5 270 £ 5
NO;~ E. (mV) 120 £ 7 160 + 7 185+ 7
S0,2~ Epnp (V) 240 + 5 260 + 5 275+ 5
SO~ Eocp (mV) 115+ 5 100 £ 5 95+ 5
S0, E. (mV) 125+ 7 160 + 7 180 + 7

quantity, via Nernst equation, to the variation of Gibbs energy
associated to the electron transfer process described by eqn (4).
To rationalize the relative order in the E. values, one can use the
thermochemical cycle depicted in Scheme 3.

Here, the variation of Gibbs energy for the electron transfer in
solid state, AG;(solid), is related to the Gibbs energies for electron
transfer in the gas phase, AG.(gas), those for the vaporization of
the L and LH, species, AGyap(L), AG,ap(LH,), respectively, proton
hydration, AGpyq(H"), and that for electron transfer from the gas
phase to the electrode, X..

AG(solid) = AG.(gas) + AG,.p(LH.) — AGy,p(L)
— AGpy(H") + 2, (8)

Since the terms X. and AG;,yd(Hﬂ are the same for all three
pseudopeptides, the differences in and hence those in E., result
from balancing the differences in AGe(gas), AGyp(L) and
AGyap(LH,). These can be attributed to the different inductive
effect associated to the aliphatic chain in turn influencing the
differences in the Gibbs energies of vaporization mainly due to
the different molecular polarizability. Roughly, the increase of
the length of the aliphatic chain (4 < 5 < 6) should produce an
increase of the absolute values of both AGy(L) and
AGiap(LHZ), but also of those of AG.(gas). The overall result
would be the stabilization of the solid protonated form (making
E. larger and AG,(solid) more negative) in the order 4 < 5 < 6.

{Lhsoig ¥ ZH'2q ———— {LH,"™}sig +  (M-2)€ giectrode

AG®(solid)

“AG L) “ACep(LH) [23

AGCy4(H")

AG°,(gas)

Ly + 2ZH'q — LH +

gas gas 2gas (Mm—2)e gas

Scheme 3 Thermochemical cycle for the anion-independent elec-
tron transfer process described by eqn (4).
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Fig.7 Square wave voltammograms of: (a) 4—6 in contact with 0.10 M
NaCl; (b) 5-modified electrodes immersed into 0.10 M solutions of
NaCl, KNOz, NaClO,4, and K,HPO,4. Potential scan initiated at +0.05 V
in the positive direction. Potential step increment 4 mV; square wave
amplitude 25 mV; frequency 10 Hz.

Anion sensing

Fig. 7 compares the square wave voltammograms of micro-
particulate films of: (a) receptors 4-6 in contact with 0.10 M
NaCl; (b) receptor 5 immersed into 0.10 M solutions of NaCl,
KNO;, NaClO,, and K,HPO,, all films being conditioned as
previously described. One can see that single-peak responses
were obtained in all cases. The variation of the midpeak
potential and the open-circuit potential on the concentration of
anion for the different modified electrodes in contact with 10™*
to 0.10 M aqueous solutions of different anion-containing salts
immersed produced linear variations of Ep,, and Eqcp on the
logarithm of the anion concentration, log c, the slopes of such
representations being of (55 &+ 5) mV per decade, in agreement
with the expected Nernstian response. At high concentrations of
salt, there are deviations from linearity which can be attributed
to the activity/concentration difference already described for
this kind of systems.** Such results indicate that these receptors
are potentially applicable as sensors for anion determination.
Table 2 summarizes selectivity coefficients for the different
anions relative to HPO,>~ anions at pH values between 7 and 10,
calculated from midpeak potential values each of two separate
solutions, one containing the ion X at the activity ax and the

Table 2 Selectivity coefficients for HPO42’ anions over the different
anions studied

Anion log Ka s (4) log K5 (5) log Ka s (6)
clo,~ 3.9+ 0.2 1.8+ 0.2 2.0 +£ 0.2
F~ 2.6 + 0.2 1.7 £ 0.2 1.5+ 0.2
cl- 44403 44403 2.2+ 0.2
Br~ 1.1+0.2 1.7 £ 0.2 2.5+ 0.2
NO;~ 4.0+ 0.2 42403 24402
HCO;~ 2.0 + 0.2 0.5+ 0.2 0.5+ 0.2
S0,%~ 1.4 £0.2 1.7 £0.2 0.7 +£0.2
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Fig. 8 Selectivity coefficients for HPO,2~ anions over the different
anions studied calculated from peak potential values recorded in
square wave voltammograms at paraffin-impregnated graphite elec-
trodes modified with 4, 5 and 6 in contact with 0.10 M aqueous
solutions of different salts, using the separate solution method.

other containing the ion Y at the same activity. The separate
solution method uses the equation:*

Enp(Y) = Emp(X)

log Kyy = Zme\Y) — Zmpl )
08 XY = 5 303(RT /my F)

+ (1 — mx/my)log ax 9
where my, my, are the respective formal charges of the ions.
As can be seen in this table and graphically in Fig. 8, a rela-
tively high selectivity was obtained for phosphate anions over all
other tested anions using 4. For 5 and 6, however, a lower
selectivity was observed for the HCO;™ anion. For 6, a lower
selectivity for SO,>~ was also detected (see also Fig. 8).

Molecular simulations

Molecular simulations were carried out in order to rationalize
the experimental results. The most stable conformer of the
complex was obtained by using Monte Carlo conformational
searches followed by a fully optimization with the Merck
molecular force field (MMFF) using the Spartan'08 software.*®
The most stable conformer of complexes from 4 at the different
protonation states (i.e. 4, H4", H,4>*) with different anions (CI ",
PO,*", HPO,*", H,PO, ", SO4>", and HSO, ) were calculated;
then the interaction energies were calculated as E(interaction) =
E(host-guest complex) — E(host) — E(guest) (Table 3).

Table 3 Interaction energies for the supramolecular complexes of 4
with selected anions at the MMFF level of theory

E interaction

Species (kcal mol™)
H,4*"-Cl™ —95.65
H4"-Cl~ —25.59
4-Cl- 50.74
4-PO,*~ —183.55
4-HPO,>~ —73.73
H4"'-HPO,*~ —238.32
H4"-H,PO,~ —120.05
H,4>"-H,PO,~ —198.18
4-50,> —133.42
H4"-S0,%>~ —213.75
H,4>"-S0,%~ —378.41
H,4>"-HSO,~ —180.65
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Tetrahedral anions like PO,2*~ and SO,>” have a more
favorable interaction with the receptor in the different proton-
ation states as experimentally observed according to data in
Table 3. For pH ranges 7-10 the ligand should be monoproto-
nated, and the anions should be (mostly) HPO,>~ (in equilib-
rium with H,PO, ) and SO,>". The calculated interaction of
H4"-HPO,>~ (—238.32 kcal mol ") is stronger than for
H4"-S0,>~ (—213.75). For acidic pH values where H,4>" is
present, the interaction energy of H,4>"-H,PO,  (—198.18 keal
mol ) is stronger than for H,4>*-HSO,~ (—180.65 kcal mol )
(see Fig. 9). An analysis of the number of hydrogen bonds
detected as defined by a NH---H distance < 2.2 A reveals that
each pair of complexes H4"-S0,> /H4"-HPO,>~ and
H,4>"-HSO, /H,4*"-H,PO,” has the same number of H-bonds,
5 and 4, respectively (see Table 4 and Fig. 10). Nevertheless for
both pairs the NH:--H distance is shorter for phosphate species
suggesting a stronger interaction with regard to sulfate species.

In order to compare the results from molecular simulations
on the studied systems and electrochemical data, the thermo-
chemical cycle depicted in Scheme 4 can be used. Here, the
variation of Gibbs free energy for the anion-assisted electro-
chemical oxidation process, AGgx (=nFEgx), is related with the
Gibbs free energies of vaporization of the parent complex,
AGyap(L), and the oxidized form, AGy,p(LX), the corresponding
quantities for hydration of protons, AG;yd(H+), and the anion,
AGhyd(X™"), receptor protonation, AGpy, oxidized complex
ionization, AG;(LX), interaction between the protonated pseu-
dopeptide and the anion, AGp,, and electron transfer from the
gas phase to the electrode, X, so that:

AG;EX = AGi/ap(L) - AGi/ap(LX) + AG:(LX) + AG:nt
— AGLu — zAGhya(H') = AGhya(X™) + (m — 2)E. (10)

When comparing the variation of Gibbs free energy for the
solid-state, anion-assisted electron transfer process described
by eqn (1) for different anions, several of the terms in eqn (10)
cancel. In the most favorable case, both anions X"~ and Y™~
have the same charge so that:

A(AGEx) = AAG(LX)) — A(AGyp(LX)) — A(AGHa(X"7)) (11)

Fig. 9 Optimized structures for the most stable conformers (MMFF):
(@) H4*-HPO4?", (b) Hp4?"-H2PO4 ™, (c) HA¥ -S04, (d) Hp42"-HSO,
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Table 4 Calculated NH---H distances (A) in H-bonds

H-Bond H4'-SO0,>~ H4"-HPO,>~ H,4*"-HSO,” H,4*'-H,PO,”
1 1.641 1.436 1.467 1.406
2 1.649 1.462 1.517 1.455
3 1.722 1.567 1.822 1.644
4 1.726 1.718 1.961 1.760
5 1.796 1.734
(a)
4 T T T T
g ° ST
g 4 WLl A i
o AN " >
T rzzzrrzzzzr7a | [ezAn4a Hpo,
5 ESSSSSSSRRRSSSN ESXIH4™-S0,
P S 1
RS
Zz 4
T T T T
1.0 1.2 1.4 1.6 1.8 2.0
NH:--O distance (A)
(b) T . T T

§

|

[T H,4°"H,PO,
XX H, 4% HSO,

Number of H-bonds
n " b 1 "
| g
1

RIS

T T T T T
1.0 1.2 14 1.6 1.8 20
NH:--O distance (A)

Fig. 10 Graphical comparison of NH---H distances in the H-bonds.

{LYsoia * ZH+aq + Xmiaq —_— {LH™ XM Y + (M-2)e7 5

AG%
_AGovap( L)

—AG®

)

(LH,™-Xm), + (m-2)e-

%(_/

L.+

— AG%y

LHzm+g + Xm—g —_—

(|_Hzm+...xm—)g

Scheme 4 Thermochemical cycle relating the interaction energy
calculated from molecular simulations and the variation of Gibbs free
energy for the solid-state, anion-assisted electron transfer process
described by egn (1).

This means that the differences of AGgx and hence the
selectivity coefficients would be dependent on the differences in
the interaction energies but also on Gibbs energies of anion
hydration and vaporization of the anion-permeated oxidized
form. Thus, the differences in hydration Gibbs energies can be
correlated with significant variations in the interaction energy,
as can be seen in Fig. 11, where the values of AG, for the
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Fig. 11 Variation of the interaction energy calculated from molecular
simulations for the interaction of H4" with selected anions and
AGgy determined from voltammetric data on the AGpyq(X™")/m ratio.

monoprotonated pseudopeptide 4 interacting with selected
anions (z = 1 in eqn (1) and (8)) are plotted vs. the AGpyq(X"")/
m ratio from tabulated values of Gibbs energies of anion
hydration.®® In turn, the AGy,(LX) values should exhibit
a significant variation. The result is that the differences in anion
hydration Gibbs energy would be, to a great extent, compen-
sated by the corresponding quantities of vaporization of the
anion-permeated oxidized form, as can also be seen in Fig. 11.

Conclusions

Using the voltammetry of microparticles methodology, the
studied 4-6 receptors display an essentially reversible oxidation
in solid state driven by anion insertion. The open-circuit
potential and the midpeak potential recorded in cyclic voltam-
metric measurements differed for each receptor in contact with
F, Cl7, Br, NO;~, SO,%7, Clo,~, H,PO,”, HPO,>~ and PO,*~
anion-containing solutions. The difference between those
potentials permits to separate the individual thermodynamic
contributions of electron and proton transfer processes.

Such receptors are potentially interesting for potentiometric
sensing, showing relatively high selectivity for H,PO,” and
HPO,>  anions. Computational studies have been used to
provide the corresponding models for the interaction between
the corresponding anion species and the receptor 4, the one
displaying a stronger selectivity between the different anions.
For both components of the supramolecular species, the cor-
responding protonation states, according to the considered pH
ranges, have been taken into consideration. The resulting
computational models reveal that receptor 4 is exceptionally
well suited for the selective interaction with phosphate species,
being the interaction significantly stronger than that observed
for tetrahedral anionic species derived from sulfate.
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