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The transfer of ions between an aqueous and an organic phase is driven electrochemically at a
triple phase junction graphite | 4-(3-phenylpropyl)pyridine | aqueous electrolyte.
Tetraphenylporphyrinato (TPP) metal complexes (MnTPP*, FeTPP*, CoTPP) and hemin readily
dissolve in the organic 4-(3-phenylpropyl)pyridine phase and undergo oxidation/reduction
processes which are coupled to liquid | liquid ion transfer. In order to maintain charge neutrality,
each one-electron oxidation (reduction) process is coupled to the transfer of one anion (here
PFs, ClO4, SCN™, NO;, OCN™, or CN") from the aqueous (organic) into the organic
(aqueous) phase. The range of anions studied allows effects of hydrophobicity and complex
formation (association of the anion to the metal center) to be explored. A preliminary Kinetic
scheme is developed to quantify complex formation, facilitated anion transfer, and competing
cation transfer processes. The effects of the organic solvent on the ion transfer processes are
explored. Very strong binding and specific effects are observed for the reversible cyanide transfer

process.

1. Introduction

The study of ion transfer between two immiscible liquid phases
is of considerable importance in biological, physiological, ion
extraction, sensing, and phase transfer technology contexts.'*
There has been interest in electrochemical methods designed to
directly measure the transfer of ions as a function of an
applied potential across the liquid | liquid interface.®> Techni-
ques based on cyclic voltammetry at macro- and micro-inter-
faces,*> steady state microprobe voltammetry,® and
hydrodynamic voltammetry”® are known. Recently, new types
of ion transfer processes photochemically driven’ and in
zeolitic membranes'® and processes involving direct liquid |
liquid interfacial electron transfer''"!> have been reported.
Novel types of electroorganic processes based on two phase
electrolysis have been explored.'® Usually, supporting electro-
lytes are added into both the organic and the aqueous phase to
ensure sufficient electrical conductivity for the liquid | liquid
interface to be polarized. However, in some cases it can be
beneficial to avoid the use of supporting electrolyte in the
organic phase, for example to avoid interference from electro-
lyte ion transfer' or in cases where the solubility of ions in the
organic phase is low (e.g. for processes in silicon oil or
alkanes'>'®). A novel methodology avoiding the use of sup-
porting electrolyte is exploiting the fact that ion transfer
processes also occur at triple phase boundaries.!”
Traditionally, a liquid | liquid system composed of a phase o
and a phase B has been studied by placing an electrode into the
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bulk liquid [see Fig. 1(A)]. In elegant and pioneering experi-
mental work Anson ez al.'®?° have demonstrated the use of
thin films of organic liquids at electrode surfaces. Alterna-
tively, when the electrode is placed directly at the liquid | liquid
interface [see Fig. 1(B)], the triple phase boundary can be
accessed and processes measured even in the absence of
intentionally added supporting electrolyte in phase o. This
kind of process was further exploited with mesoporous elec-
trodes,*"** rod shaped electrodes,*? single droplets,?* or arrays
of microdroplets.?> Depending on whether the transfer of ions
from the aqueous phase induces more ionic conductivity in the
organic phase, characteristic changes in the detected currents
are observed.?®

In this study the electrochemical and ion transfer reactivity
are surveyed for a range of porphyrinato metal complexes (see
Fig. 2) dissolved in 4-(3-phenylpropyl)pyridine, deposited in
the form of an array of microdroplets onto basal plane
pyrolytic graphite, and in contact with aqueous solutions.
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Fig. 1 Schematic diagram showing (A) a conventional liquid | liquid
interface and (B) a liquid | liquid | solid interface, forming a triple
phase boundary.
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Fig. 2 Chemical formulae of metalloporphyrins, 5,10,15,20-tetraphenyl-21 H,23 H-porphine manganese(ii1) chloride (MnTPPCI) 5,10,15,20-
tetraphenyl-21 H,23 H-porphine iron(iir) chloride (FeTPPCl), 5,10,15,20-tetraphenyl-21H,23 H-porphine cobalt(i) (CoTPP), and protoporphyrin-

IX Fe(i) chloride (hemin).

Transfer of anions is observed for PFs~, C104~, SCN™, NO5 ™,
OCN™, and for CN~ and the midpoint potential for the
transfer process is analyzed in terms of both the Gibbs energy
of ion transfer from aqueous to organic media and metal—
anion association processes.

Porphyrinato-type metal complexes have previously been
employed in liquid | liquid electrochemical studies to investi-
gate the ion transfer kinetics®’ and the transfer of cations.”®
We have demonstrated the ion transfer electrochemistry for
CoTPP? and for MnTPP?® immobilized within 4-(3-phenyl-
propyl)pyridine on basal plane pyrolytic graphite and within
mesoporous platinum electrodes, respectively. There is a gen-
eral interest in the chemistry and versatile electrochemistry of
the family of porphyrinato metal complexes®' which are
abundant in nature®> and which may serve as catalysts for
example in oxygenation®® or oxygen reduction processes.** In
the solvent system studied here, 4-(3-phenylpropyl)pyridine,
porphyrinato metal complexes are readily soluble due to the
favorable interaction of the pyridine nucleophile with the
metal center.*® Solvent binding with one or two axial 4-
(3-phenylpropyl)pyridine ligands is likely to dominate the
behaviour of the metal centers in the solution phase, although
fluxional behaviour, substitution and specific binding to an-
ions, in particular strongly binding anions such as cyanide, is
possible. In this study, the transfer and binding of anions to
porphyrinato metal complexes is investigated systematically. It
is shown that only for the weakly coordinating anions such as
PF¢~, ClO4~, SCN™, and NOj3™ simple anion transfer occurs.
For OCN™ and CN™ facilitated ion transfer occurs and order
of magnitude estimates for the corresponding binding con-
stants are obtained. The cyanide anion gives a special “‘signa-
ture response’ (a second oxidation step) when transferred in
the presence of 5,10,15,20-tetraphenyl-21H,23 H-porphyrinato
manganese(11r).

2. Experimental

2.1. Chemical reagents

Chemical reagents were purchased from Aldrich and used
without further purification. Solvent systems studied were

3-(4-phenylpropyl)pyridine (PPP), 2-nitrophenyl octyl ether
(NPOE), 4-nitrophenyl nonyl ether (NPNE), and nitrobenzene
(NB). Solutions were prepared in 4-(3-phenylpropyl)pyridine
(or other solvents) by dissolving (with gentle heating)
5,10,15,20-tetraphenyl-21 H,23 H-porphine iron(i) chloride
(FeTPPCl, 70 mM), 5,10,15,20-tetraphenyl-21H,23 H-por-
phine cobalt(ir) (CoTPP, 53 mM), 5,10,15,20-tetraphenyl-
21H,23H-porphine manganese(iir) chloride (MnTPPCl, 67
mM), or hemin (78 mM). Next, 100 mg of the solution was
added into 10 mL acetonitrile (HPLC grade, Aldrich) to
provide a deposition solution. Typically 5-10 uL of the
deposition solution was placed onto the basal plane pyrolytic
graphite electrode surface and after evaporation of the acet-
onitrile phase an electrochemically active microdroplet deposit
remained.*® Fresh solutions were prepared for each set of
experiments due to slow precipitation of solids in acetonitrile.
Only MnTPP resulted in stable deposition solutions and
therefore MnTPP was chosen as the redox system for the
comparison of different types of organic solvents. Deminer-
alized water was taken from an Elgastat filter system (Elga,
Bucks, UK) with a resistivity of not less than 15 MQ c¢cm and
was used to prepare aqueous 0.1 M electrolyte solutions of
NaClOy4, NaSCN, NaNO;, KPF¢, KOCN, KCN, KCl, KI, or
NaBr.

2.2. Instrumentation

Voltammetric measurements were conducted with a p-Autolab
II potentiostat system (Eco Chemie, The Netherlands) in a
conventional three-electrode electrochemical cell. Experiments
were performed in staircase voltammetry mode with platinum
gauze counter and saturated calomel reference electrode (SCE,
REF401, Radiometer). The working electrode was a 4.9 mm
diameter basal plane pyrolytic graphite electrode (Pyrocarbon,
Le Carbone, UK). The graphite electrode surface was renewed
by polishing on a fine silicone carbide paper (P1200, Buehler)
and removal of excess graphite flakes prior to each use.
Aqueous solutions were thoroughly de-aerated with argon
(BOC) prior to conducting experiments, at a temperature of
22 +2°C.

328 | New J. Chem., 2006, 30, 327-334

This journal is © the Royal Society of Chemistry the Centre National de la Recherche Scientifique 2006


http://dx.doi.org/10.1039/b514348a

Downloaded by University of California- Los Angeles on 01 January 2013

Published on 06 February 2006 on http://pubs.rsc.org | doi:10.1039/B514348A

wA - I/pA
2 o 8
] L ]
CoTPP
> % MnTPP
Hemin
FeTPP

View Article Online

3. Results and discussion

3.1. Electrochemically driven ion transfer across the 4-
(3-phenylpropyl)pyridine | aqueous electrolyte interfaces

4-(3-Phenylpropyl)pyridine (PPP) as a highly water insoluble
but coordinating solvent allows metal complexes such as
tetraphenylporphyrinato complexes of Mn, Fe, and Co to be
readily dissolved. The resulting solutions show electrochemical
reactivity similar to solutions in pyridine.*® In order to deposit
small quantities of these metal complex solutions in the form
of microdroplets onto basal plane pyrolytic graphite (BPPG)
electrodes, a solvent evaporation approach employing aceto-
nitrile has been employed (see Experimental). Fig. 3 shows
typical voltammograms obtained with porphyrinato com-
plexes of Mn, Fe, and Co.

The voltammetric response for the FeTPP metal complex
is observed with a midpoint potential of 0.04 vs. SCE and
is consistent with a highly reversible redox system in close
contact with the electrode surface (diffusion processes
are too fast to significantly affect the voltammetric response).
The initial open circuit potential of 0.2 V vs. SCE is
consistent with the Fe(i) state of the starting material and
the overall redox process may be described as shown in
eqn (1).

FeTPPL, " (org) + X (org) + ¢~ =2 FeTPPL,(org)
+ X7 (aq) (1

The metal centered reduction Fe(mi/u) in FeTPPL, [L = 4-(3-
phenylpropyl)pyridine] is accompanied by the transfer of the
counter anion, here X~ = PF4, from the organic PPP phase
into the aqueous 0.1 M KPF¢ phase. This process can be

200+
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~—~
NO_I
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Fig. 3 Cyclic voltammograms (scan rate 0.1 V s~!) for the oxidation/
reduction of a 50 pg deposit of a solution of MnTPP (67 mM), hemin
(78 mM), FeTPP (70 mM), and CoTPP (53 mM) in PPP, immobilized
onto a 4.9 mm diameter basal plane pyrolytic graphite electrode, and
immersed in aqueous 0.1 M KPF.

verified by comparison with the behaviour of other anions
(each anion contributes to a distinct shift in the midpoint
potential at which this process is observed) but is in contrast to
an earlier report of cation transfer into nitrobenzene accom-
panying the Fe(imi/u) process.”® However, in the earlier
study nitrobenzene, a weaker donor solvent, was employed
and here the presence of the 3-(4-phenylpropyl)pyridine li-
gands is clearly changing the ability of the FeTPP metal
complex to bind chloride. Therefore the anion transfer process
is favoured over cation transfer as will be shown in more detail
below.

A second porphyrinato Fe complex, hemin (see Fig. 2),
shows characteristics similar to those observed for FeTPP. A
reversible Fe(ii/u) system associated with anion transfer is
observed at a midpoint potential of —0.13 V vs. SCE (see Fig.
3). The shift in potential of 170 mV to more negative potentials
when compared to FeTPP is believed to be due to the (more
electron-rich) electronic characteristics of the protoporphyri-
nato-IX ligand.

The electrochemical reduction of MnTPPL, " is observed at
a midpoint potential of —0.37 V vs. SCE (see Fig. 3). The
initial open circuit potential of —0.05 V vs. SCE is consistent
with a Mn(/n) redox process and the following process is
believed to occur [eqn (2)].

MnTPPL," (org) + X (org) + e~ 2 MnTPPL,(org)
+ X" (aq) (@3]

The transfer of the anion between the organic and the aqueous
phase is occurring very rapidly and is again coupled reversibly
to the electron transfer process (vide infra). It is interesting to
note the magnitude of the voltammetric signal in comparison
to the smaller voltammetric responses observed for the other
metal complexes. The MnTPP complex is highly soluble in the
organic phase even in the presence of acetonitrile and appears
to be most effectively deposited and converted under the
conditions employed here.

Next, the voltammetric responses for the CoTPP metal
complex system were investigated.””> The reversible voltam-
metric response for the Co(11/11) redox system is observed with
a midpoint potential of —0.38 V vs. SCE (see Fig. 3). This
process has been identified previously®® as an anion transfer
process [eqn (3)].

CoTPPL, " (org) + X (org) + ¢~ & CoTPPL,(org)
+ X (aq) (3)

For the CoTPP system also the second metal centered reduc-
tion Co(11/1) is observed at a midpoint potential of —1.23 V vs.
SCE (see Fig. 3). In order to maintain charge neutrality in the
organic phase, this reduction process must be coupled to the
transfer of cations, here C* = K*, from the aqueous phase
into the organic phase [eqn (4)].

CoTPPL,(org) + C*(aq) + ¢~ = CoTPPL, (org)
+ C*(org) 4)

In the presence of 0.1 M KPF the potassium cation is crossing
the aqueous | organic interface and is solvated in the 4-(3-
phenylpropyl)pyridine solvent. The coordination of the
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Fig. 4 Cyclic voltammograms (scan rate 0.1 V s~") for the oxidation/
reduction of a 50 pg deposit of a solution of CoTPP (53 mM) in PPP,
immobilized onto a 4.9 mm diameter basal plane pyrolytic graphite
electrode, and immersed in aqueous 0.1 M solutions of KPFg,
NaClO,4, KNO;, and KOCN.

pyridine to the cation (here K¥) has a considerable effect on
the transfer potential as has been demonstrated.”

3.2. The effect of the aqueous electrolyte on the
electrochemically driven ion transfer across the 4-(3-phenyl-
propyl)pyridine | aqueous electrolyte interfaces

Next, the effect of the type of anion on the anion transfer
process was studied. Voltammograms have been recorded in a
range of aqueous electrolyte solutions and the midpoint
potential for the processes can be analyzed. Fig. 4 shows the
voltammetric responses obtained for the oxidation and reduc-
tion of the CoTPP system in KPF¢, NaClO,, KNO3;, and in
KOCN. All Co(ii/1) redox processes are superimposed at a
midpoint potential of —1.22 V vs. SCE which is consistent with
the reversible transfer of K™ (or Na™ which occurs at the
midpoint potential of —1.20 V vs. SCE*). The voltammetric
responses for the Co(11/m) system which are coupled to anion
transfer show a distinct shift for each type of anion. This
potential shift can be correlated with the tabulated Gibbs
energy of transfer for anions in a water | nitrobenzene
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Fig. 5 Plot of midpoint potentials obtained from cyclic voltammo-
grams for the oxidation/reduction of a 50 pg deposit of a solution of
MnTPP (circle, 67 mM), hemin (filled squares, 78 mM), FeTPP (filled
triangles, 70 mM), and CoTPP (crosses, 53 mM) in PPP, immobilized
onto a 4.9 mm diameter basal plane pyrolytic graphite electrode, and
immersed in aqueous 0.1 M solutions of KPF4, NaClO,;, KSCN,
KNO;, KOCN, and KCN versus the standard membrane potentials
at the water | nitrobenzene interface (see literature’”-*%). For cyanate
no literature value was available and therefore the standard membrane
potential ANPpx-° = 0.34 V has been obtained by extrapolation. The
dashed line shows the ideal trend for a simple anion transfer process.

system.*’ Data for a sequence of anions from PF¢~ (the most
hydrophobic anion) to OCN™ (the most hydrophilic anion)
emerge and are summarized in Fig. 5.

The plot in Fig. 5 demonstrates the relationship of the
midpoint potentials observed in these experiments towards
the literature values for the standard membrane potential
ANBp-" for a specific anion at the aqueous | nitrobenzene
interface. An excellent linear correlation between midpoint
potentials and literature transfer potentials is observed and the
theoretical dependency for the CoTPP system (crosses) is
indicated with a dotted line. Clearly most anions (with the
notable exception of CN ™) follow the predicted behaviour and
therefore all of these processes are consistent with a simple
anion transfer mechanism [see eqn (1)]. The methodology, in
particular when using the CoTPP redox system, provides a
simple and reliable access to thermodynamic data for the
transfer of anions (and cations) from aqueous into organic
media. However, very hydrophilic and strongly complexing
anions such as cyanate and cyanide appear to result in a

Table 1 Midpoint potential data obtained from cyclic voltammograms (scan rate 0.1 V s~ for the oxidation and reduction of porphyrinato
metal complexes in PPP immobilized in the form of an array of microdroplets on basal plane pyrolytic graphite and immersed in aqueous 0.1 M

electrolyte solution

Enia(PFs)/  Enia(ClO47)/  Enig(SCNT)/V Enig(NO3 )V Enig(OCNT)/V Enia(CNT)/V

V vs. SCE V vs. SCE vs. SCE vs. SCE vs. SCE AE ijg/mV?  vs. SCE AE ;q/mV*
FeTPP 0.04 0.10 0.15 0.28 0.17 —124 —0.39 —145
Hemin —0.13 —0.04 0.03 0.15 —0.12 —300 —0.19 —450
MnTPP -0.37 —-0.28 —-0.23 —0.09 —-0.12 -90 -0.12 —200
CoTPP —0.38 —0.28 —0.21 —0.10 —0.03 ~0 —0.02 ~0"

“ The value AE,;q corresponds to the potential gap between the measured reversible (or midpoint) potential and the predicted “ideal” value for
cyanate and cyanide anions. ® For the CoTPP system in the presence of cyanide the position of the oxidation peak is not affected by binding to

cyanide due to slow kinetics.
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different reaction pathway in particular for metal porphyrina-
to complexes other than CoTPP. The resulting shift in rever-
sible potential (see Table 1) may be employed to obtain an
estimate of the binding ability of the metal complex towards
the transferred anion (vide infra).

3.3. The transfer of strongly coordinating anions across the
4-(3-phenylpropyl)pyridine | aqueous electrolyte interfaces:
cyanate

The transfer of some types of anion results in voltammetric
responses which are inconsistent with the simple ion transfer
mechanism and is more complex e.g. involving more than one
current peak. For the cyanate anion transfer, CoOTPP shows
two voltammetric responses which are consistent with a simple
anion transfer (see Fig. 6). Both the Co(ii/i) and the Co(11/1)
redox systems are observed at the predicted potentials (see
Fig. 5).

However, the Fe(i11/11) voltammetric response for the FeTPP
complex is changed into a chemically irreversible response
with two distinct reduction peaks (see Fig. 6). Reducing the
scan rate to 10 mV s™' results in the peak at ca. 0.1 V vs. SCE
to dominate and the second reduction peak at ca. —0.4 V vs.
SCE disappears (vide infra). Therefore the reduction peak at
more negative potentials must be due to an intermediate with a
reduction potential shifted to more negative potentials. The
formation of an adduct between the metal center and the
anion after oxidation [see eqn (5)] is most likely.

FeTPPL, " (org) + X (org) 2 FeTPPLX(org) + L  (5)

This ligand exchange equilibrium process appears to be rela-
tively fast and therefore only with sufficiently fast scan rates
can the adduct, FeTPPLX(org), be detected directly. The shift
of the midpoint potential AE,;4 for the anion transfer process

2
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Fig. 6 Cyclic voltammograms (scan rate 0.1 V s~") for the oxidation/
reduction of a 50 pg deposit of a solution of MnTPP (67 mM), hemin
(78 mM), FeTPP (70 mM), and CoTPP (53 mM) in PPP, immobilized
onto a 4.9 mm diameter basal plane pyrolytic graphite electrode, and
immersed in aqueous 0.1 M KOCN.

(see Table 1) is a tell-tale sign for the equilibration process. An
estimate for the apparent equilibrium constant Kgy for the
adduct formation can be obtained [eqn (6)].

p(—%AEmid) (6)

In this equation the complementary equilibrium for the re-
duced M(11)TPP system has been ignored for clarity. From the
data in Table 1 and for the FeTPP*—cyanate interaction the
apparent equilibrium constant Ko = 100 is obtained. It is
interesting to consider the nature of the second reduction peak
observed at —0.4 V vs. SCE (see Fig. 6). In order to maintain
charge neutrality, this process has to be associated with the
transfer of cations from the aqueous phase into the organic
phase [eqn (7)].

o _ IMUIDTPPLXJL]
« ~ [M(ITPPL|X |

FeTPPLX(org) + C*(aq) + e~ = FeTPPLX (org)
+ C*(org) (7

This type of cation transfer process was previously observed
for the FeTPPCI system in nitrobenzene solution and em-
ployed for the investigation of thermodynamic parameters for
liquid | liquid cation transfer.”®

The voltammetric response for hemin in the presence of
cyanate is similar to that observed for FeTPP. However, the
scan rate required to allow both reduction responses to be
observed simultaneously is considerably lower. The apparent
equilibrium constant can be estimated as Kgq = 10° (see Table
1). For the MnTPP complex only a small shift in the midpoint
potential is observed, possibly indicating the formation of a
weaker complex, MnTPPLX(org) with Koy = 30. However,
for the quantitative analysis/comparison of binding constants
the apparent equilibrium  constant K;Zd for the
MnTPPLX™ (org) complex is also required (vide infra).

3.4. The transfer of strongly coordinating anions across the
4-(3-phenylpropyl)pyridine | aqueous electrolyte interfaces:
cyanide

Next, the much more strongly binding cyanide anion was
investigated. The oxidation of CoTPP is now associated with
a chemically irreversible Co(111/1) process. The oxidation peak
at 0.02 V vs. SCE is close to the potential predicted for a simple
anion transfer. However, the corresponding reduction peak is
shifted to much more negative potentials and split at —0.65 V
and at —1.15 V vs. SCE (see Fig. 7). The Co(11/1) process is
observed at the correct potential and appears not to be
affected. Therefore the formation of the CoTPPLCN(org)
adduct appears to be overall chemically reversible.

The voltammetric response for the FeTPP metal complex in
the presence of cyanide is dramatically changed compared to
that expected for a simple anion transfer (Fig. 7). A new
voltammetric response is observed at —0.39 V vs. SCE which is
0.78 V more negative compared to the response predicted for
simple anion transfer. A small second oxidation peak at 0.25V
vs. SCE (not shown in Fig. 7) indicates the presence of two
Fe() metal complexes which are very likely to be
FeTPPLCN (org) and FeTPPL,(org). That is, for the FeTPP
system the equilibrium is shifted towards adduct formation
already in the Fe(1) state. For the FeTPPL,(org) oxidation an

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006
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Fig.7 Cyclic voltammograms (scan rate 0.1 V s~!) for the oxidation/
reduction of a 50 pg deposit of a solution of MnTPP (67 mM), hemin
(78 mM), FeTPP (70 mM), and CoTPP (53 mM) in PPP, immobilized
onto a 4.9 mm diameter basal plane pyrolytic graphite electrode, and
immersed in aqueous 0.1 M KCN.

apparent binding constant of K = 300 can be estimated.
However, the proposed formation of FeTPPLCN™ (org) re-
quires a new type of equilibrium involving the transfer of both
CN™ and K* simultaneously from the aqueous phase into the
organic phase [eqn (8)].

FeTPPL,(org) + CN~(aq) + K*(aq) =
FeTPPLCN (org) + K*(org) + L 8)

The apparent equilibrium constant for this process, Kéild, may
be expressed similarly to K¢y, but due to insufficient experi-
mental data this additional equilibrium constant is currently
not directly accessible (vide infra). Furthermore, the two-phase
nature of the equilibrium process requires the equilibrium
constants for the partitioning of CN™ and K" to be intro-
duced in order to adequately describe the overall equilibrium
process.

For hemin in the presence of CN™, a voltammetric signal
very similar to that observed in OCN™ is observed (see Fig. 7)
and the fast and reversible formation of an adduct is proposed
with Kgg = 107 (see Table 1). It appears likely that the cyanide
binding is stronger and the exchange of ligands is faster for the
hemin complex when compared with the FeTPP complex.
However, under the conditions employed here, the reduced
form of hemin does not have the ability to extract KCN

directly from the aqueous solution and the comparison of K¢y
values may be misleading without taking into consideration
K;Zd values (vide infra).

The MnTPP metal complex shows clear evidence for cya-
nide binding associated with the M(ii/i1) oxidation process.
The shift of the midpoint potential may be attributed to the
fast and reversible association process [eqn (9)] and formation
of an adduct with Koy = 2400 (see Table 1). Perhaps surpris-
ingly, a second oxidation process is observed with essentially
the same peak current. This process is tentatively assigned to a
second oxidation with transfer of cyanide [eqn (10)].

Mn()TPPL,(org) + CN™(aq) & Mn(11)TPPLCN(org)
+e +L 9)

Mn(u)TPPLCN(org) + CN™(aq) =
Mn(1v)TPP(CN),(org) + e~ + L (10)

3.5. The transfer of anions across the
4-(3-phenylpropyl)pyridine | aqueous electrolyte
interfaces: solvent effects

It is interesting to explore the effect of the organic solvent
environment on the reactivity of the porphyrinato metal
complex and on the ion transfer process. It has been pointed
out that the ability of the 3-(4-phenylpropyl)pyridine solvent
to directly bind to the metal center is governing the solubility
and reactivity of the metal complexes. Experiments were
conducted in 3-(4-phenylpropyl)pyridine, nitrobenzene, 2-ni-
trophenyl octyl ether, and 4-nitrophenyl nonyl ether for the
MnTPP redox system. The anion transfer process consistent
with data presented in Fig. 5 was observed in all cases (see
Table 2). However, often a second process was observed at
potentials ca. 0.25 V negative to the anion transfer process (see
Fig. 8).

Fig. 8 shows typical voltammograms obtained with micro-
droplets of nitrobenzene immobilized onto a basal plane
pyrolytic graphite electrode and immersed in aqueous solu-
tions containing chloride, bromide, or iodide. The anion

Fig. 8 Cyclic voltammograms (scan rate 0.05 V s ') for the oxida-
tion/reduction of a 100 pug deposit of a solution of MnTPP (70 mM) in
nitrobenzene, immobilized onto a 4.9 mm diameter basal plane
pyrolytic graphite electrode, and immersed in aqueous 0.1 M solutions
of (i) KCl, (ii) KI, and (iii) NaBr.
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Table 2 Data from cyclic voltammograms (scan rate 50 mV s~ ') obtained for solvent microdroplets containing ca. 70 mM MnTPP immobilized
onto a basal plane pyrolytic graphite electrode and immersed in aqueous 0.1 M KCI, NaBr or KI. The midpoint potentials for the anion transfer
(obtained as the potential in the center of oxidation and reduction peaks) and for the cation transfer (in brackets) processes are given

Emid” EIV Emia (NB) E/V Emia (NPOE) E/V Emia (NPNE) E/V Enmia (PPP) E/V
A\%B¢>X70/V“ vs. SCE vs. SCE vs. SCE vs. SCE vs. SCE
Cl™ —0.36 —0.01 —0.075 (—0.247) —0.068 (—0.216) 0.013 (—0.226) —0.002 (—0.254)
Br~ —0.30 —0.08 —0.091 —0.071 (—0.236) —0.004 (—0.249) —0.051 (—0.244)°
1 -0.19 —0.18 —0.207 —0.130 (—0.271) —0.096 —-0.179

“ Obtained from the literature.”” ® Obtained by extrapolation from Fig. 5 (for the MnTPP redox system). ¢ Obtained from voltammetric responses

during initial potential cycles.

transfer responses are consistent with eqn (11) and reversible
potential data obtained in different solvent systems are sum-
marized in Table 2.

MnTPPL(org) + X (aq) 2 MnTPPL," (org)
+ X (org) + ¢~ (11)

The cyclic voltammogram obtained in the presence of aqueous
chloride [see Fig. 8, curve (i)] clearly shows a second reversible
response (at more negative potentials) which can be identified
as the corresponding cation transfer process [eqn (12)].

MnTPPLX (org) + K" (org) & MnTPPLX(org)
+ K (aq) +e  (12)

From data in Table 2 it can be seen that the trends for different
solvents are consistent and each solvent has minor effects on
the reversible potential data. Experimental data for the mid-
point potentials are in agreement with predictions based on
literature data and the plot in Fig. 5.

3.6. Numerical simulation of voltammetric data

In order to further interpret results obtained by cyclic voltam-
metry and to confirm the mechanism, a preliminary and
oversimplified mechanistic model was chosen for analysis.
The Digisim™ simulation package®® was employed to generate
numerical data. The voltammetric responses observed for the
oxidation of porphyrinato metal complexes dissolved in 4-(3-
phenylpropyl)pyridine show typical characteristics for pro-
cesses in a finite diffusion space (here the microdroplet depos-
it). However, many of the observed voltammograms show
broadened and more complex shapes due to droplet size effects
and in some cases chemical processes which are coupled to the
electron transfer. Here, only a general model to describe the
chemical processes is proposed without dealing with non-ideal
behaviour.

In most cases only a reversible transfer of an anion X~ from
the aqueous phase into the organic phase is coupled to the
electrochemical oxidation of the metal complex in the organic
phase. However, for more strongly coordinating anions such
as cyanate and cyanide an additional complication of the
voltammetric response due to homogeneous reaction steps is
observed. The homogeneous reaction is proposed to involve
binding of the cyanate or cyanide anion directly to the metal
center of the metal porphyrin complex. A typical case is shown
in Fig. 9 for the oxidation of FeTPP accompanied by transfer
of OCN™ from the aqueous to the organic phase. At a scan
rate of 100 mV s~ ! a single oxidation peak and two broad

reduction peaks are observed experimentally [see Fig. 9(A)].
At a slower scan rate of 20 mV s~! only one broad reduction
response remains.

This behaviour is characteristic for an ion association
process (see Fig. 10) where the anion binds to the metal
complex thereby replacing a solvent molecule in the ligand
sphere. In a simple numerical model this effect can be repro-
duced (not taking into account residual diffusion, electron
transfer kinetic, and resistance effects). Fig. 9(B)(i) shows a

-1.0

05 00 05
E/Vvs.SCE

Fig. 9 Experimental (A) and simulated (B) cyclic voltammograms
a 50 pg deposit of a solution of FeTPP (70 mM) in PPP, immobilized
onto a 4.9 mm diameter basal plane pyrolytic graphite electrode, and
immersed in aqueous 0.1 M KOCN. Simulation parameters were
chosen consistent with a finite space process, a three step mechanism
(see Fig. 10), K& = 100, and kr = 30 s™".
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E,
ProcessI:  M(I)TPPL, == M(II)TPPL,;"
K& | K ke ky
E;

Process II: M(IDTPPLX- = M(II)TPPLX

Fig. 10 Schematic representation of the two coupled redox processes
with equilibrium steps due to complex formation.

simulated curve at 20 mV s~!, Fig. 9(B)(ii) shows a simulated
response at 100 mV s~!, and Fig. 9(B)(iii) shows the expected
reversible voltammetric response in the absence of the ion
association reaction. The characteristic double peak as well as
a shift in peak potential can be reproduced even based on this
oversimplified mechanistic model. The use of eqn (6) to
establish the apparent equilibrium constant is justified.

In the “square scheme” mechanism in Fig. 10, E; and E,
denote the potentials associated with the reversible oxidation
of two distinct metal complexes coupled to anion transfer
between aqueous and organic phases, X~ is the anion trans-
ferred from the aqueous phase, K¢q and K;Zd are the apparent
equilibrium constants for the binding of the anion [which is
associated with the removal of one 4-(3-phenylpropyl)pyridine
ligand], and k¢ and k&, denote rate constants. For the case
above (FeTPP, aqueous 0.1 M OCN™) the apparent equili-
brium constant Koq = 100 and k¢ = 30 s~ 1. These values are
only “apparent” because the bimolecular nature of the asso-
ciation process and the varying availability of OCN™ in the
organic phase are not taken into account in the numerical
model. A fuller simulation treatment and better experimental
approaches based on porous thin film electrodes® are cur-
rently under investigation and will be reported in the future.

4. Conclusions

It has been shown that both anion and cation transfer
processes are associated with porphyrinato metal complex
electrochemistry in organic solvent | water two phase systems.
Two phase electrochemical processes provide a new tool and
allow processes involving porphyrinato metal complexes to be
studied and exploited. In the future, the availability of a range
of different porphyrinato metal complexes with different re-
activities towards individual anions will allow novel combina-
torial microdroplet array approaches to be developed
specifically for the detection of certain types or mixtures of
anions.
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