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6.2 The Electrochemistry of Compounds Disselved in
Droplets

The electrochemistry of electroactive compounds dissolved in water im-
miscible solvents and attached to the surface of solid electrodes m the form
of drapless is an interesting topic. This chapier, will be focused on one fza-
ture of such clectrodes, namely the fon fransfer between the adpacent liguid
phases, which always accompanies the electron transfer between the solid
electrode and the electroactive compound. Figure 622 schematically de-
picts the situation at the electrode when a droplet of o solution of an elec-
troactive compound is atached to an electrode surface. Very similar to the
situation of immobilized solid particles that are undergoing nsertion elec-
trochemical reactions (see, for example, the electrochemistry of metal hex-
aeyanoferrates in previous chapters), and even mire similar 1o the situation
of immobilized clectroactive droplets (Chapter 6.1) one can observe a re-
action scenario that could be called “insertion electrochemistry with drop-
lets”. This approach offers a unique access to the standard Gibbs energy of
jon transfer across a liquid | liquid interface [B 132].
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Fig, 6.22. Three-phass electrode consisting of a droplet of an organic solvent con-
taining an electrochemically oxidizable compound Red. The droplet adberes to a
solid electrode (graphite) and it is immersed in an aqueous electrolyte solufion.
The exidation of Red at the graphite-organic liquid meerface is accompanied by a
transfer of X from agqueous to the organic phase [B 280]
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The standard Giibba energy of won transfer between two solvents is an
imporiant thermodynamic quantity since 1ts value portrays the difference
betwesn the free energies of solvation of an ion i in teo solvents o and f.
The standard (Gibbs emergy of ion transfer from phase o to phase f
{acF £y is related to the standard potential of ion transfer (A ), and to

the standard partition coefficient { 7 ) through the following equations:

T
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(6.6)
T

The logarithm of the partition coefficient (logl) is a measure of the lipho-
philicity of compounds. It helps understanding a vanety of biological phe-
nomend, such as passive transfier theough membranes, enzyme-receplor in-
teractions, drug activities, ete,, and 1t 15 8 major parameter m quantitative
structure activites relationships (Q2AR) and quantitative siruchare proper-
ties relationships (QSPR) 7. While logF of neutral compounds is relatively
easily accessible by different partition techmiques, such as shake-flask
methaeds, pantition chromatography, high-performance liguid chromatogra-
phy, extraction ', ete., logP of single jons was accessible until recently
only by four-clectrode voltammetry at the inferface of rwo immiscible
electrolyte solutions (TTIES) ® The inevitable presence of electrolytes in
the two immiscible solvents, as well as the non-polarizability of some im-
portant water | organic solvent interfaces * severely restricis the use of that
techmigue.

In this chapter the applicability of the three-phase clectrode approach for
determining standard Gibbs energies of transfer of ions will be discussed,
To achieve an ion transfer across the organic droplet|aqueous solution in-
terface, a small amount of a neutral electroactive compound is dissolved in
an organc and weter-immiscible solvent that 15 devoid of any electrolyte.
A droplet {e.g., 1 pL) of that solution is aftached to the surface of a suit-

T Testa B, van de Warerbeermd H, Folkers G, Gay R (2001) Pharmacokinetic
Optimization in Drug Research, Wiley-VCH, Weinheim
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{

Fig. .23, Potential deops at three-phase electrods (details see text) [B 280]

gble electrode. Graphite electrodes (eg., PIGE) are superior compared to
metal electrodes because the stability of the atachment of a nonagueces
droplet 15 very good. The clectrode with the attached droplet is immersed
in an aquoous elecirolyte solution of the salt Cat' A, In this solution the
reference and counter electrodes are placed as n 2 conventional voltam-
mciric cell. A prerequisiic for the proper operation of the experiment is the
exigtence of the three-phase junction line where the three phases working
electrode, orpanic solution, and agueous solution bearder to sach other.
Since no electrolyie is added to the organic solvent, the initial conductivity
in the region near the edge of the droplef results only from free partition of
ihe salt present in the aqueous solution. The applicd podcntial between the
working and the reference electrode can mitially act in & restricted area
only, i.e., ai the thres-phase junction where all three phases mest. Figure
6,23 de:;m:tg ke pn:-amial d:ml'unlm::h a mme-pl'la.ﬁa elecinode,

The potential drop et the graphite | organic phase interface s given by
ihe following cxpression:

Aégraphiorg = ¥grapinisg ~ 4% chmic ~ Aagiory {6.8)
The potential drop Ag_ at the interface graphite electrode | agueous so-
lution in Eg. 6.8 15 controlled potentiostatically. However, the potential
droP Adynghjerg 3t the interface graphite | organic solution is in fact the ap-
plicd potential difference | Ay, ) diminished (i) by the value of the
ohrmic drop Allug. inside the organic phase, and (i) by the value of the
potential drop ag, ., (ie., the potential drop due to the partition of ionic

specics) at the interface aqueous solution | orpanic soluton. Indesd, the
valpe of Mg will b diffesent for different ions that are initially present
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in the aqueous phase. Consequently, the polential ag g ey will be aliezed
in the same way s the nature of the wons in the aqueous phase is changed.
When the organic droplet does not contain any delibesately added electro-
lyte AL i Will bz very large all over the graphite | droplet interface with
the enly exception of the very edge, i.e., the three-phase junction region, A
thin layer that is situaied at the droplet-water interface will acquire a
higher lonic conductivity due to salt partiion from the aguesus phase.
Therefore, an electrochemical oxidation of Red (see Fig. $.22) can start
without ohmic impediment only in that three-phase junction region. The
ohmic drop will decrease within the droplet with progressing of the eles-
trode reaction because Ox” and X are jons that provide ionic conductiviny
(the concentration of Red is usually rather high, e.g., higher than 10° M).

The electron fransfer process occurnng at the electrode | organic phase
interface is neceszarily coupled o a frangfer of fons across the agueous
phase | organic phase mterface in order to muintain the electromentrality of
the organic phease. In voliammetric experiments, both the electron and ion
transflier processes are recorded together, The nature of the jon transfer
takes place, i.e., the transfer of anions from water to the organic phase or
the transfir of eclectrochemically created cations from the organic plase o
waler, depends primarily on the ratio of the standard Gibbs energies of 1on
tranafer of both candidates. Generally, if the solvation of the electrochemi-
cally created cations Ox” in the organic phase is stronger than the hydra-
tion of the anions in the aquesus phase X, then o transfer of anions from
the aquecus phase to the organic phase will take place, as depicted in the
Fig. 6.22.

A trangfer of cafion: from aquesds phase to the organic phase can be
achieved if the solvation of electrochemically generated anions in the or-
ganic phass, created by reduction of a newtral electro-reducible compound
present in the organic phase, is stronger than the hydration of the cations in
the squeous phass,

In both cases the standard Gibbs encrgics of jon fransfer can be deduced
from the formal potentials of cyclic or square-wave voltammograms (or of
any other voliammetnc technique), following the alporithm described nexi.

According to Fig. 622, the overall reaction proceeding at & micro-
droplet-modified electrods can be wntten as follows;

Redyy + A 72 OX') #A7 + € (XIV)

If no kinetic constramts exist with respect to the electron and ion transfer,
the thermodynamic treatment applied 1o Beaction X1V leads o the follow-
ing form of the Memst equation:
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In Eq. 6.9 £ i the applicd potential between the working and the reference
electrode, £ is the standard potential of the redox couple Ox'/Red
1
in the organic solvent, agy 1_ is the standard potential of transfer of ani-

ons from the agqueous phase to the organic phase, Tous, and o arethe
]
activities of the oxidized and reduced Forms of the electroactive compound

in the organic phase, while LI and oy, B1E the activities of amons in

the organic phase and agueous solutions, respectively, In a first approxi-
mation, the aciivities in the Memst equation lave been replaced by concen-
trations, Since the concentration of the amons mn the aqueous phase does
not change significantly during the experiment, Eq. 6.9 can be rewritien as:

E
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T Ompy Ao
& Ini

E-E“‘ I LT {5-10}
O oy e s, A Fooo A # “Red)
Elecironeutrality requires that
o, =g _
Oy A {611}
The mass conservation law in respect to the organic phase leads to
fmm i -.-m‘_'nJ --:'Enjm {6.12)

where ¢+, s the anitial concentration ol the exidizable compound in
fo)

the organic phase. When the applied potential equals the formal potential
of the redox pair it follows that
[ =
Redim) o {6.13)

By substitution of Egs. 6.11-6.13 in Eq. 6.10 allows calculating the formal
potential { 2 } of the system:
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Since the wollammetric systems obtained by these experiments, al least
with the used redox probes, possess all features of electrochemical reversi-
hility and the transfer coefficients are obviously near to 0.5, it is reason-
able to take the mid-peak potentials of cyclic voltammograms as the for-
mal potential of the system.

The last equation shows that the formal potential of the voliammaograms
depends on the nature of the arions in aguecws phase (via the values

ufd-p,"';:._ ). Generally, the more lipophilic the anions are, the more nega-

tive is the value ofasy :_ - Consequently, the oxidation of the compound
Red in the organic phase will occur at more negative potentials (i.e., it will
be casier oxidized) as the lipophilicity of the tranaferable anions increases,
Further, the formal potential should shaft by about 59 mV in negative di-
rection for a ten-fold increase of the concentration of the transferable ani-
ons in agqueous phase, This criterion, taken together with the siability of the
voltammograms recorded during consecutive cycling serves as an mpor-
tant indicator for the reversibility of the processes occurring at the droplet-
modified electrodes.

When an eleciroreducible compound is dissolved in the organic phase,
then its reduction at a three-phase electrode can provoke the transfer of
cations from water fo the organic phase. This can be described by the fiol-
lowing reaciion:

Oy + Cat gy + & 72 Red'yy + Cat'yy (XV)
Analogously to the previous case, the thermodynamic treatment of Reac-

tion XV leads to the following Nernst equation, which is valid when
cations are transferred from the aqueous to the organic phase:

E® - E" s T e e +ern : 615
o el e : |
Oy Redi) Fo g P oy e

The more lipophilic the cations present in the agueous phase are, the mose
positive will h-:.:..l-_“b ;u;* - Bubsequently, the reduction of the organic com-

pound Ox m the oil phase will occur at more positive potentials as the
lipophilicity of the cations in the aqueous phase incresses. The formal po-
tential of the coupled electron'ion reaction at the three-phase electrode will
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shift by 59 mV in positive direction for a ten-fold increase of the concen-
tration of the transferable cations m the agueosus solution,

6.2.1 The Determination of Standard Gibbs Energies of
Transfer of Anions

The oxidation of a neutral hpophihc organic compound dissolved 10 an or-
ganic solvent is a precondition for transferring anions across the agueous

orgatic interface, The compound decamethylferrocene (dmfc)
(bis(pentamethylcvelopentadienil yiron(11)) possesses that ability (see Fig.
6.24). Tt is a lipophilic compound, soluble in various organic solvents, bt
tlmost msoluble in water "% It exhibits an electrochemically reversible one
cleciron redox reaction in organic solvents and it 15 commonly used as a
refierence standard for potential in measurements in nonagquecus media
The oxidation of dmfc in a droplet of nitrobenzene (NB) attached to an
glecirode and immersed in agqueous solutions of different sodiom salts
gives rise to well-defined square-wave voltammograms, the formal poten-
tials of which are sensitive to the nature and concentrations of the anions
present in the agueous solubions (see Fig, 6.25), Of course, in prmciple,
any voltammetnic measuring bechnigque be applied, however, square-
wave voltammaograms offer a simple way to measure the formal potential
us It 15 the peak potential of the signals. The overall electrode process pro-

CH., — i CH,
CH,
Fe

_CH;
'I:'_:H:_:I S“‘Q 5 GHE

CH, CH; Fig. 6.24. Stractare of decamethyl-
ferrocens (dmfic)

" MWoviandri [, Brown KN, Fleming DS, Gulyas FT, Lay PA, Masters AF, Philips
L (1999} J Phys Chem B, 103:6713-6722
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interface [B 240)

cecding at the three-phase electrode can be written as follows:
Ao + Ay T dmfe” pm, + A + 1e {(XVT)

The dependence of the formal potentials of the square-wave voltammo-
grams. (Fig. 6.23) on the standard potentials of transfer of the anions from
water to nitrobenzene 15 linear and characterized by a slope of 0.95 and an
mtercept of (L2599 mV (cf. Fig. 6.26). The slope of this dependence is near
o 1, just as predicted by Eq, 6.14, From the intercept of this dependence
one can evaluated the standard potential of the couple dmfc’Ydmifc in ni-
trobenzene which reads -0.184 V (va. Ag/AgCl, satarated KCl), This value
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Fig. 6.27. Forward ([, backward (fy) and net () components of a square-wave
woltarmmetric respanse of a mitrobenzene droplet containing (.1 M dmic attached
b the surface of the working electrode and immersed in 1 M agueous solution
contaiplag SCN anlons. The expesimental condilions wene: [haguency = 1040 Hz,
asnplitisde Esw = 50 mY, and scan incsement dE = 0,15 ' [B 2440

can be also defermined by common measurements in the mon-agueous
phase in the presence of & reference standard,

Knowing the value of the standard potential of dmft' ‘dmfc in nitroben-
zene, and studving the oxidation of nitrobenzene solution of dmfc at a
droplet-modified electrode which s immersed in agueous solutions con-
taining different anions, one can estimate the standard potentials of tramsfer
{and thus the standard Gibbs energies of transfier) of the anions from water
io nitrobenzene using Eq. 6.14. To identify the clectrode system to follow
Reaction X%, ome can wse the dependence of the formal potentials on the
logarithm of concentration of anions m the aqueows phse, and the stability
of the voliammetric responses during consecative cveling.

The electrochemical reversibility of the electrode process should be
checked by studying the dependence of the formal potentials on the fre-
guency (in sguare-wave vollammetry) of on the scan rate (in cvclic voli-
ammetry), Representative square-wave voltammogram of all cumrent com-
poncnts of the clectrode process of dmfc obtained at a theee-phase
electrode with coupled transfer of thivcyanate andons is given in Fig. 6.27,

This approach has been ufilized for the determination of the standard
Giibbs energies of ransfer of a large number of inorganic anions [B 132,
206, 240, 259] as well as of vanous organic amons, such as the anions of
aliphatic and aromatic carboxylic acida [B 240, 259, substinuted phenols
[ 240, 269], drugs [B 269], and amino acids and peptides [B 262, 266].
As organic phases the common solvents nitrobenzene and dichlorocthane
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[B 132, 240, 259, 262, 266] have been used. Remarkably, also n-octanol
[B 206, 269), nitrophenyl octyl ether [B 282], and b- and L-menthol [B
221] have been exploited as organic solvents. Some of the data of lipo-
philicities of anions are given in Table 6.5.

It was an important achievement in the field of ion transfer studies that
the determination of lipophilicities of ions across the water|n-octanol inter-
face became feasible with the help of the three-phase electrode approach
[B 206, 269). This is so important because the traditional measure of lipo-
philicity as a predictor of solute membrane partitioning is the partition co-
efficient in the n-octanol-water system ( log £, ™" ). The lipophilic chain of
n-octanol together with the hydrophilic hydroxyl group make n-octanol a
good mimic for the major constituents of biological membranes
{i.e., phospholipids). However, due to the non-polarizability of the water |
n-octanol interface in the 4-electrode ITIES technique, no lipophilicity
data of 1ons measured in that system were accessible unhl now. The non-
polarizability of that interface is a result of not having yet found an appro-
priate lipophilic electrolyte for m-octanol to perform the necessary 4-
electrode ITES measurements. Using the three-phase electrode approach
the determination of standard Gibbs energies of ion transfer across the wa-
ter | n-octanol interface is quite easy [B 206, 269).

The knowledge of the hpophilicities of amino acids and peptides [B
262, 266] is of essential importance to understand their biological activity,
peptide interactions and peptide folding. Studying the transfer of mono
anionic forms of various oligo peptides was performed to determine the
individual contributions of the amino acid residues to the overall lipo-
philicity of the oligo peptides [B 266). The effect of the position of an
amino acid residue in the chain of a peptide is in some cases very pro-
nounced, especially when an aromatic amine acid residue is placed next to
the terminal amino acid at which the negative charge is located in the ani-
onic form. Therefore, it is unreasonable to approximate the entire lipo-
philicity of peptide anions as additive functions of the contributions of
their amino acid residues, as it has been proposed in all theoretical models
for neutral peptides. A first study of the lipophilicities of various peptide
anions and amino acid anions has been published [B 262, 266]. A part of
the data is given here in Table 6.6,
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Table 6.5, Formal potentials EF, slope of the formal potentials ve., conceniration of anions
in aqueous phase, standard deviation of formal potentials, and standard Gibbs enerpies of
1om transfer of some anions across the water|NB interface [B 259)

Anion E.~ slope E." vs.  s(E.") AG"
mV o log(c)/mV  /mV fkJ mol”

Cl10y 2z =553 G.43 2540
Briy 6l =58.7 717 30,50
0y T4 -54.3 B.O8 32.40
10y -132 -56.4 2.00 12.50
OCN 45 =50.5 245 29.50
SeCN -136 430 530 11.80
CN 41 =38.1 443 2060
Ny 14 =521 344 26.80
Monofluoroacetate 44 =54 4 548 2090
Difluorcacetate 34 -48.5 2.90 28,50
Trifluoroacetate =2 =601 1.79 25.30
Monochloroacetate 16 -51.5 473 2010
Dichloroacetaie 9 -38.0 .15 26.40
Trichloroacetate -hif -50.1 1457 1R.80
Monobromoacetate 12 =303 344 26.70
Dibromoacetate =T =50.0 2.00 24.80
Tribramoacetate - 508 1.03 16.00
Monoiodoacctats 0 -G 1.20 2510
Formiate 58 =564 2.40 30,60
Avetate 52 -58.0 1.50 3010
Propionate 29 =346 0.80 27.98
Butyrate 11 =53.1 220 2625
Valeriate -1 -631.5 2.80 22.30
Capronaie -75 =603 1.40 18,10
Oenanthate -115 552 1.80 1420
Caprylate 125 574 4.20 12.64
Pelargonate =120 =520 320 13.40
Caprinate =118 584 2.50 13.60
Cyclopropane carboxylate  -20 =00 1.10 23,25
Cyeclobutane carboxylate =1 -57.8 1.40 19,30
Cyclopentan carboxylate  -100  -63.2 1.60 15.54
Cyclohexane carboxylate  -131  -56.8 2.80 12.54

Cycloheptane carboxylate -155  -55.4 2.00 10.22
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Table 6.6, The standard Gibbs energics of transfer, the standard potential of trans-
fer, and the logarithm of the partition coefficients of monoanionic forms of amino
acids and peptides as determined by three-phase electrode approach [B 266)

Peptide  ani- ﬂpﬂ“,ﬂ. ! ﬁGﬂB:} / logP® ¥ E,,,"M .
ons v kJ mol” o log[c]/ m"nl’-
Trp 0.115 10.80 -1.90 .64
Trp-Ala 0.165 15.75 275 %0
Trp-Gly 0.162 15.60 273 73
Trp-Val' 0.120 11.60 -2.05 75
Trp-Lew 0.100 9,50 -1.66 73
Tep-Tyr 0,075 7.40 -1.30 65
Trp-Phe 0.055 530 -0.93 =77
Trp-Trp 0,050 4,80 .85 =70
Trp-Gly-Gly 0,165 15.80 -2.75 -75
Trp-Gily-Tyr 0.165 15.00 -2.65 74
EE‘E}IY 0.160 15.50 2,70 74
Leu-Leu 0.245 23.70 415 i
Leu-Leu-Ala’ 0,293 28.20 -4.095 57
Leu-Leu-Gly  0.290 28,00 491 -80
Leu-Leu-Lew 0240 2320 405 %0
Leun-LewTyr 0205 19.70 345 56
Leu-LeuPhe 0,180 17.50 -3.08 64
Gly-Gly-Val 0275 26,40 -4.60 57
Gly-Gly-Lew 0,280 26,80 =470 -5
Gly-Gly-Phe 0270 26,00 455 58
Gly-Trp-Gly 0,165 15,80 -2.75 -48
Gly-Gly-Trp 0.195 19.00 -3.35 =50
Lys-Tyr-The" 0310 30.00 =525 =58

Tyr-Ala-Gly 0.260 24.90 =4.40 =43
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The Transfer of Chiral lons Across the Water | Chiral Organic
Liquid Interface

It has been shown that the transfer of ions from water to a chiral organic
solvent can be studied with three-phase electrodes. Thus, it was possible to
measure the differences in Gibbs energies of transfer for chiral ions from
water to chiral liquids. By attaching a single droplet of a chiral liquid con-
taining decamethylferrocene on a paraffin-impregnated graphite electrode
and immersing that electrode in an aqueous solution containing chiral ani-
ons, the Gibbs energies of all four ion-solvent combinations can be deter-
mined (sce Fig. 6.28).

For symmetry reasons it is expected that the Gibbs energies of trans-
fer of a D-ion from water to the p-liquid is the same as that of the L-ion to
the r-liquid. The same holds true for the combinations p-ion / L-liquid
and L-ion / D-liquid. Square-wave voltammetric experiments conducted in
aqueous solutions containing D- or L-anionic forms of some amino acids
(phenylalanine, tyrosine, and lysine) performed with dmfc solutions in p-
and L-2-octanol droplets allowed to determine these Gibbs energies of
transfers relative to cach other, i.c., the differences between AGEY 2%

and AGH"2F, ie. AAGHME-HP%  and between AGP%2 "™ and

/-,D-hqund

Fig. 6.28. Accessible Gibbs energies of transfer of D- and L-ions between water
and a D- and L-liquid
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Fig. 6.29. Relations between the Gibbs energies of transfer of the anions of - and
L-phenvlalanine from water to 0- and L-2-octancl. The values for D=Phe- and L-
Phe- have been set arbitrarily to zero. The values following the signs “+"denote to
standard deviations

AGPT PR e, aaghti-BeP-S g all studied combinations symmetri-
cal solvation behavior has been observed, which 15 in complete agreement
with theory. Thus, the energy of interactions between p-anions and p-2-
octanol were identical with those between L-anions and L-2-octanol. The
same holds true for the combinations p-anions and L-2-octanol and L-
anions and p-2-octanol (see the example in Fig. 6.29), This figure illus-
trates that the three-phase electrodes with immobilized droplets allow a re-
producible measurement of the rather small energetic differences caused
by the chirality of solvents and dissolved ions, which have not vet been de-
termined by other techniques.

When the transfer of p- and L-monoanionic forms of the amino acid
tryplophan was followed across the water|p-menthol and water|L-menthol
interface, asymmetrical solvation behavior was observed [B 221]. The rea-
sons for this asymmetry may be adsorption or precipitation at the lig-
uid liguid interface, or even different kinetics.

6.2.2 The Determination of Standard Gibbs Energies of
Transfer of Cations

Following the principles outlined for anion transfer with three-phase elec-
trodes, the reduction of an electro-reducible compound dissolved in an or-
ganic liquid is required to transfer cations from water to an organic liquid.
Figure 6.30 visualizes the electrode system. The reduction of Fe(llI) tetra-
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Fig. 6.30. Processes occurning at a three-phase electrode when an electroreducible
compound is dissolved in the orgenic phass and cations arc trensforred across the
interface water | organic liquid [B 271]
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1) Fig. 6.31. Fe(Ill} tetraphenyl

porphytine chloride

phenyl porphyrine chloride [Fe(IINTPP-CI] (Fig. 6.31) in a nitrobenzene
microdroplet iIn a three-phase arrangement gives rise to well-developed
square-wave voltammetric signals with a peak potential depending on the
nature of the cations present in the aqueous phase [B 271). The more lipo-
philic the cations in the agueous phase are, i.e., the more positive the stan-
dard potentials of cation transfer from water to the organic liquid are, the
easgier is the reduction of [Fe{lITPP-CI]. As predicted by Eq. 6.15, this
shifts the reduction to more positive potentials. Representative voltammao-
grams showing the transfer of cations across the water|[NB interface are
shown in Fig. 6.32.

The standard Gibbs energies of transfer of several common inorganic

cations as well as of some tetraalkyl ammonium cations across the water |
NB interface have been determined using this approach. The data are given

in Table 6.7.
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Fig. 6.32. Normalized square-wave voltammograms of the redox reaction of

Fe(III)TPP-CI in NB droplets accompanied by the transfer of cations from aque-
ous solution to NB [B 271]

Table 6.7. Standard Gibbs energies of transfer of cations across the water | NB in-
terface determined from the formal potentials of the voltammograms of
Fe(1II)TPP-CI at three-phase clectrode [B 271]

AG:;‘. k
Cations J mol™
K 22.65
Rb* 19.80
v i 19.30
Cs" 17.80
TMA” 9.60
TEA® -0.50
TBA' -8.20
THxA* -8.21
THpA' -8.78

TOA' -10.10
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