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Abstract

The main purpose of the current work is to geneealhe analytical model for the
facilitated proton transfer-electron transfer cegpteactions at thick organic film-modified
electrodes, including ion pairing in the organi@agh and considering non-ideal electrolyte
solutions in both phases. The main equations tutak half-wave potentials developed in
this model allow the simulation of different chealicystems, comprising hydrophilic and
hydrophobic neutral weak bases, at different expenial conditions such as pH, organic
phase to aqueous phase volume ratio, and condentratios between the redox probe and
the transferring protonated species. The model whecked against experimental
voltammetric responses measured with the transferTydosin A at the water|1,2-

dichloroethene interface. Consequently, we preseate an integrated theoretical-



experimental approach in order to compare the tesfilour previous model [Zanotto et al.
Electrochim. Acta 258 (2017) 727-734] with expenma¢ data from Tylosin A and

predicted half-wave potentials.
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1. Introduction

In recent years, the transfer of weak acids aneédbasross liquid|liquid interfaces has
attracted the attention of many research group37Ll-The complementary synergy between
experimental and theoretical approaches has alltavedderstand the strong dependence of

either protonated species or proton facilitatechdfars on the pH of the aqueous phase,
volume ratio ¢ =V,V,') and their partition coefficient. These processase been widely

studied in both buffered and unbuffered aqueoustisois. In particular, our research group
has been focused on understanding the physicochkepriocesses that control the proton
facilitated transfenvia water autoprotolysis [17,21,27-29]. In the caséuffered aqueous

solutions, we have examined the variation of thekpmurrent values vs. pH or volume ratio
to determine partition coefficients of neutral weadses at the oil|water interface. These
studies were based on the voltammetric responsasuredl in quiescent solutions [18,20]

and under forced hydrodynamic conditions [31]. Aidaially, we have developed models for



facilitated proton transfer or charged speciesstiemacross liquid|liquid interfaces including
ion pairing (IP) and non-ideal electrolyte soluBo(NIES) to calculate the half-wave

potential for neutral weak bases and acids [25,26].

Recently, we have reported a general model of e thrganic film-modified electrode to
analyse facilitated proton transfer-electron transoupled reactions (FPT-ET reactions) in
different experimental conditions, such as pH aadcentration ratios between the redox
probe and the transferring protonated species [38pse results show that the main
difference in behaviour of the thick organic film-dieed electrode is due to the transferring
species which are protonatable weak bases or penhaharged ions [39]. The presence of
a weak base makes it possible to pre-concentratéil{(de) it, and to adjust the relative
amounts of charged and neutral species by hangdlhgnd volume ratio. The possibility of
tuning mid-peak potentials with the volume ratiéea$ a practical strategy to shift the mid-
peak potential vs pH profile. Moreover, partitiooefficients of neutral weak bases (e.g.
drugs) can be calculated, which would not be adgleswith the conventional ITIES setup

[38].

The main purpose of the current work is to geneealhe analytical model for the
FPT-ET reactions at thick organic fiim-modified eftedes, including IP in the organic
phase and considering NIES in both phases. The egumations to calculate half-wave
potentials developed in this model allow the simata of different chemical systems,
comprising hydrophilic and hydrophobic neutral welaéses, at different experimental
conditions, such as pH, volume ratio, and conceaotraatios between the redox probe and
the transferring protonated species. The model whecked against experimental

voltammetric responses measured with the transferTydosin A at the water|1,2-



dichloroethene interface. Consequently, here wesgmte an integrated theoretical-
experimental approach in order to compare the tesdlour previous model [38] with the

Tylosin A experimental data and the predicted hadfre potentials.

2. Theory

This section presents the development of the mguteons that describe the half-
wave potential for the electron transfer processpterl with facilitated proton transfer or
protonated species transfer. In order to deducentbael for FPT-ET reactions, the same set
of assumptions as those in a previous paper wede rf&8], with the exception of those
concerning IP and NIES (assumptions (9) and (10Ré&f. [38]), since these effects are
explicitly taken into account. The principal symbalsed in this work are summarized in

Table 1.

The solid|liquid (S|L) interface is defined to ex = 0 and the liquid|liquid (L|L)

interface ax =L (as shown in Fig. 1).

2.1 Activity coefficients

In the analysed system, different types of spedie solution were considered:
neutral undissociated species, fully solvated @e fons and ion pairs of overall zero charge.
For charged species, Fraenkel's smaller-ion st&b)( model was used, [40—44] which
consists in a generalization of the classical DeaBiiekel (DH) theory, in order to take into
account the different sizes of spherically symnoatharged species to calculate their activity
coefficients. The activity coefficients for the fdifent cationic and anionic species in each

phasen are given respectively by:
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K, = {%Ax Ia} with: 1, :Ezmlz being the ionic strength; alsb, ,; b_,

and &, represent the closest internuclear cation-catiampreanion and anion-cation

distances, respectivelWithout loss of generality, we consider that atischave the same

size,

In the particular case of ion pairs of overaltaweharge, activity coefficients are
given by a different expression which describesa$sociation of oppositely charged ions in
electrolyte solutions [45-48]:

_ Vintr (Vintr _VO)

In (innpair) - 103KT RT l ) (3)

where V™ is the sum of the intrinsic volumes of the catiow anion,V°is the standard

partial molar volume of the electrolyte [45,46,48}51 is the ionic strength of the



electrolyte in the organic phase ard is the isothermal compressibility of the non-aquseo

solvent [55,56].
2.2 Correctionsfor non-ideality of equilibrium constants

Fig. 1 shows diagrams of the chemical and eleb&mical equilibria taking place
in the system. The species present in solutioncarsidered at equilibriunSupporting
electrolyte is explicitly considered in both phad€¥ represents the organic electrolyte and
MX the aqueous one. A redox couple is presentenotiganic phase, initially as an oxidized
species (Ox). The acid-base equilibrium of a weagebinitially dissolved in the agueous

phase as HBX is incorporated, represented in ehabgar by:
HB' (@) H'(a)+B (a) (R1)

lon pair equilibria in the organic phase are tH®Wing:

K*(0)+Y (0)J KY (0) (R2)
K*(0)+Red (0))] KRed (o (R3)
HB*(0)+Y (0)J HBY(0) (R4)

In addition, heterogeneous equilibria in the systeenrepresented by:

Ox(0) +¢ 1 Red (o RY)

B(w)l B(0) (R6)



H*WUO H*(0) (R7)
HB*(w)J HB*(0) (R8)

H*(w)+B(0)] HB'(0) aQr

According to these equilibria, the apparent acissogiation constant for specid4B”in

phaseq is defined as follows:

‘ X Ccr+ a
Kot =Kave fo - HaCB (4)
| TV G

where K? _ is the acid dissociation constant in th@hase corresponding to reaction (R1).

While relevant effective ion pair formation conggnwhich involve the organic supporting

electrolyte ions,Red and HB" species, are defined as:

K=k Ik = G (®)

se ~ Mse
v, coc

| P, @

K e:K . K'7Red — Red (6)
Rea = Died B o

Ky = Kigy ha e B G )

)

where Ko , Ky and K., are the ion-pair equilibrium constants correspogdio

reactions (R2) to (R4), respectively. For the duateation of the effective partition
coefficient of the neutral species, activity coa#fints are assumed to be equal in both phases

and close to unity [26,57], according to (R5):



(0]
@f@f§ (8)

2.3 Half-wave potential as a function of pH

Given that the external applied potential isriisited between the S|L interface and
the L|L interface [39,58,59], in this section, etjores are developed to describe the value of
the external applied potential when the interfawa involves the limiting charge transfer
reaction is at its half-wave potential. Here, tradf wave potential corresponding to the

facilitated proton transfer processAg' g,,, while ASg,, corresponds to the electron transfer

process.

Considering the flux balance of Ox afted species, the following expression can
be deduced [25,60,61] (for the deduction of thipregsion see the first section of the

Supplementary Material):

DY ot =/D,c3,(0.1)+ VD[ €2, (0.£)+ ey (O1)] 9)

o

where [_)(: Dees * Dired? i€ 2t ke

VR
1+ aSECSEKKRed

] is the effective diffusion coefficient [8], beindf.

the bulk concentration of the organic supportineceblyte andaSE(:c;{ /CSE) the degree

of its dissociation in the organic phase [26,62,838Je fraction of free ion can be calculated

l-ag

2 .0

from K. =
SE
aSECSE

. This approximation is valid when the bulk concatibn of the counter

ion of the supporting electrolyte is much higheartithat of the redox species [25]. Here,



DseCr and D2,.are diffusion coefficients ofRed and KRed in the organic phase,

respectively.

Since the electron transfer and ion transfer ggses must produce the same net
current values, and both interfaces present thee ssumface area, the same amount of

product at each interface must be generated, thei$ollowing expression can be written:
VDO [c8. (L) +Copy (L,1) | =v/D[ €2, (0.4)+ G (O1)] (10)

whereD“is the diffusion coefficient of HB HBY, and B in phaser , assumed to be common for

all species in each phase.

When the redox probe concentration is in defedh wespect to the total
concentration of the weak base, the electron tearmiocess limits the current for the ion

transfer process. In particular, it possible taevri
JD3,c3,(0.85,,) =D [ (0.8%0, )+ Cores (0ASR,, )] (11)

where,c?(x,A3@,,) , represents the concentration of tispecies in phase at x position
at the time when the Galvani potential differente¢ha S|L interface is equal to its half-

wave potential AZ@,,.

In this particular situation, the previous eqo@atalso implies:

Dgx let V DngOx (O AOQJZ (12)

1 it N
2 DO CInl = \/_[ (0, Aoﬂ/z) + CI?Red (O’A% 12 )] (13)



Additionally, since the ion transfer and electtansfer reactions are coupled, total

product for each of them must be equal, and tmkedl by:

VB[, (0.850,) + et (0833,,)|=VD [ €8, L AR )+ ooy LAT,)]  (14)

According to previous works [25,61], the totalarfacial concentration of weak

base species can be expressed as follows:

VDY e, =VDO [ (L ASE,,) + Cay (LASH) + 65 (LASH,,) |[+VD Y et (LAY, )+ (LA Py)]

(15)
Substituing Eqg. (13) in Eq. (14) and subtractthg result from Eq. (15), the
following expression is obtained:
VD% egt, ~— D3t =D (L.a3g,) + VD el (L.AYR,) + VD el (L.oa,)
(16)

Taking into account acid-base and partition égud, Eq. (16) can be expressed in

terms ofC (L DA, andC (LAE,):

/DWCQH _ DO init : (L A0@12) K O C (L AOQ/Z) 1 (17)
tot Ox Ox (L AO%Z) aHB DW K:\'I_FK KDYB

Since C .(L,A3@,,) also can be expressed in terms of the L|L interfaotential and

¢’ (L,A3¢,,) as follows:



F .
2. (L.AS,) =c (L.A%p,,) exp{ﬁ[A Y903, A Véfp;]} (18)

where, Ag(p(quol,z) is the L|L interface potential value when the Bierface potential is

equal toA3q,,, the following expression fot,.. (L,Ag@,,) can be obtained:

e 1 DOX ini F ! 1 K;’V " KII:),BC\Ai (L,Ag%z)
o (LAZ@,) = [CB;Ot = / D?"’ et ] exp{ﬁ[A‘c’;’(p(Ag(pM) N ]} - ,HT:)O W
o KavJV-IB+ KDvB \’ W + Cl\-,l\i (L'Agﬂlz) + Kavlv_lg

(19)

In addition, if the formal standard reduction gmgtal is defined in terms of the

standard reduction potential and activity coeffitgeas follows:

s = a3 + Rl jn| Lor
A =05+ In( yFC:ed'J (20)

the Nernst equation for the S|L interface at tHewave potential can be stated as:

. RT, [ cS.(0,03¢,,)
AS(H =N3¢f +—|n| - o2l (21)
TR e, (043¢,)

which can be expressed as:

(22)

(0] init
DOx COx

— ' o ' 0)n~0 s
Ag%z _ Asoﬁ)‘ +g|n {2£ D°D J (1+ KHBYaSECSE)(1+ K KRecﬂSECSE) Coer L.A,)

Working with Egs. (19) and (22), and rearranging:



, CRT, [ KDL Ko,
Ag(ﬂ/z —A‘g’qo(A%(pM) = A?ﬁo -A \gl¢:+ +?In [;%DB

a,HB"

ini l Dox ini ' '
RT | Z[MJ [CB,ltot _E\f D(\:/)V Cox ](1"' KHBYaSEC%E) (l+ K «ref? ngE) (23)
+—1In
=

DO

Ox

init
COX

RT cy (LA,

+—1In
w ' D° w s w
KaHB+ KD,B D% *+C- (L, As@,,) + Ka,HB*

In this expression, the ternﬂgq,z—A‘gw(A%@,z) is the external applied potential
when the S|L interface Galvani potential differeigé\g,,. Writing Aqud,; as a function
of quqﬁs and apparent equilibrium constants, a simpler egwe for

D@, - Ap(D3p,,) is obtained:

init
COx

inif 1 Dox ini ' '
\/ﬁ] [CB,:ot _E\ Dev Co; ](1+ K HBYaSEC%E) (l+ K ke sgosa

. : RT
Ag@z _Aqup(Ag%/z) :Aiff -A g¢:5+ +?In 2[

i (L.ASE),)

. / D°
K:VHg KD,B W + C:,.\i (LrAgﬂ/z) + K;ﬁg

RT
+—In

(24)

As mentioned in our previous work [38], it is impaort to note the difference
between the analytical concentration of &, which corresponds to the amount of HBX
dissolved in the aqueous phase, and the totahlimitincentration of Bgyy,, which is a

result of the partition and acid-base equilibrighe weak base in the biphasic system, and

is highly dependent on the volume ratio [18]. Thigal concentration of the base B in the



organic phased) and the total concentration of weak base, pragshar not, in the

agueous phase:&m) can be expressed as a functiorcpby the following reasoning:

a. K.
c2(x,0)=| —=22 ¢ 25
1
c (x,0)=| ————— |c? 26
‘W
wherea, = ——=2"%__
CH+ + Ka,HB"

Particularly, att = 0 [3,4,25,28,29]:

Coor = | 27Ca (X, 0) + 5’ (x,0)

B,itot — (27)
and this implies:

- 1+, /2 a K,

Chler =| o |G (28)

1+ragKy,

Finally, by replacing Eq. (28) in Eq. (24), the maigeneral expression for

Ag@z—Ag@(Af{pﬂZ) is obtained:



Ag%z - A\g¢(A%¢1/2) = Ascfoov -A ngﬂjg

1+ 2ra K, 1 Do
2 p" B "DB Ox Inlt
% (].-I-I’G'BK'D’B] 5 D) Cox ](1+ KHBYa CSE)(1+ K kref s€ sg

init
COx

RT D°D
+—1In{2 5
F D,

L,A
JRT i (LA3)
/D
K;A.Im KDB DW +C - (L, Ao%z)"'K:\/Hy

This general equation can be simplified using E28) (under the assumption that

(29)

e [0 1/D2,/D"chy, which holds for many typical experimental set[§8, as follows:

Agﬂ/z - AVOV(D(ASO(DM) =

Ox

, , \D°D . :
AW—AVOVW*%I”[Z[ 0 ](“KKRed“seC‘éE)(“K**B‘”Sgos9 (30)
30

PN G + R " G (85)
F F K KDBr+c (LA@,2)+K

In the case that Ox species is in excess retp#ee weak base, similar expressions

can be found by fixing the Galvani potential difece at the L|L interface equal to its half-
wave potential, AY@,,, since ion transfer is the limiting process. Taliews the following

expression to be written instead of Egs. (12) #):(1

L/o%am =JD"e" (0.8%g,)+VDVc! (0A%g,)+VD°cS (0AYg,, ) (31)
%“DWCE'JN VD¢, (L, AJ@,) +VD e, (LAGA,,) 213
1 ni

DY i, =D [, (0.05%,)+ Cor (0AY 3, )] 33

2



From these equations, by following a very similap@ach as before, the main general
expression forAgw(Agv%z)—A‘gwl,z when the weak base is in defect with respect to Ox

species results:

RT
D3O(D3%,) - 8@, =0 - AL, +—In

{00
DY

}(1+ Kinra2) (1K o o62)

7

|n|l \ DW &? 1+ %;aBKI‘D,B
RT Do, 2| 1lt+ragKyg
+?|n

a

Cs

RT | o (L AYE) (K Koo+ (LAYG,)+ K2, )

+—1In 5
F Jo°

+en (LAS@,) + KL

KW

a,HB KIB\/D_

(34)

under the assumption thaf 0 1,/D"/DS,csh,. the following simplified expression is

obtained, which is valid for certain experimentanhditions [64]:

. . RT VD°D : :
Ag¢(Ag¢U2)—AVg¢U2=AS&f _AV(\)/(”:g +?In[2£ DW j(l"' KKRedasecgE)(l"' K e s@osQ]

RT [CQEJ+RT|I’I C,:{(L’Agvﬂlz)(K:VHB KD Br+C (L,A% oPu2) K )
CS ‘ /—DO 2
(K!Ym+KDB Tow T (LASE) K]




It is important to note that these equations aredvViar buffered solutions, for which

cﬂ(L,Aé"%z) can be determined from the pH of the aqueous pleaserding to:

107 = el (L.AYE,).
3. Experimental methods

3.1 Chemicals

The organic supporting electrolyte was 0.038 M ag@tenylarsonium
dicarbollylcobaltate (TPADCC) in 1,2-dichloroethafie2-DCE) (Dorwil p.a.). TPADCC
was prepared as described in ref. [65]. 1,2-DCE washed with an excess of ultrapure
water in order to eliminate hydrophilic impuritieSetracyanoquinodimethane (TCNQ)
(Acros Organics, 98%) 0.23 mM in 1,2-DCE was usea@ll experiments, without further
purification. Tylosin A tartrate (Sigma) was usedthout further purification and was
always dissolved in the aqueous phase to a comatemrof 3.0 mM. pH values were

adjusted using phosphate or acetate of analytwwatentration 0.5 M as buffer solutions.

3.2 Electrochemical setup

Electrochemical experiments were carried out giancommercial potentiostat-
galvanostat (Autolab PGSTAT100) in the conventioimee-electrode setup. A platinum
sheet was used as counter-electrode. All experatheotentials are reported with respect to
the reference electrode Ag|AgCI|NaCl (3.0 M). Befeach experiment, the glassy carbon
working electrode was mechanically polished with50mm alumina slurry on a felt cloth,

rinsed with deionized water and then dried at rdemperature and cycled in phosphate



buffer for 10 cycles at a sweep rate of 100 fVEhe organic and aqueous solutions were
put in contact and stirred before each experimenbrder to ensure that acid-base and
partition equilibria were achieved [18,20]. The amg phase and aqueous phase volumes
used at this stage define the volume ratio. Threstedde was covered by a thick layer of
100uL of the organic solution at equilibrium and immersedxcess of aqueous solution.
Ohmic drop compensation was manually set in ordeolitain a peak-to-peak potential
difference of 100 mV or less, since 90 mV is expedor reversible processes in this setup

[38,39].
4. Results and discussion

Results and their discussion are presented indections. First, the relevance and
physical meaning of the external applied potemtia¢én one of the two serial interfaces is at
its half-wave potential. Furthermore, the equatitmsalculate the half-wave potential as a
function of pH are discussed without taking inte@mt IP and NIES. In the second and
third section, discussions of the effects of intradg these phenomena are presented, and in
the last section, the theoretical approach is a#did by voltammetric experiments for

Tylosin A transfer.
4.1. Thesignificance of the half-wave potential

The equations developed in the theory section geowivo different analytical
expressions for the external applied potentialthe first case, the Egs. (29) and (30),
represent the external applied potential when fheirerface is at its half-wave potential,
while the other couple of expressions (Eqgs. (34) (@85)) yield the external applied potential

when the L|L interface is at its half-wave potent&ince the species that defines the current



response for this coupled process is either Oxher weak base (in its protonated or
deprotonated form), only one of these equationd b& of interest for each set of

experimental conditions, depending on the init@@entration ratio between the weak base
and redox species. The half-wave potentia),,, of the FPT-ET reactions is defined here as
the external applied potential when the interfdwa involves the limiting charge transfer

reaction is at its half-wave potent(al\g’qg,2 or qu,z). Mathematically:

Agw(Aé\/(ﬂuz) - A\g%/z if VD" C::,ittot < Dgxcig;
Ag, = (36)
Agﬂ/z - A(VDV¢(AZ(01/2) If N DW Cli;,ittot > Dgxcgi

The reason for this definition and its physical meg will be discussed below.

For a single ion transfer or electron transfexct®on which is electrochemically

reversible and diffusion controlled, the half-waaential can be assumed to be equal to the

mid-peak potential E ,,, calculated as the arithmetic mean of the forwamd backward

1 orward scan backward scan
peak potentials in a cyclic voltammogralE,, =§(E:mk d +E ek ¢ )[66]. In the

case of coupled charge transfer reactions, thi®tisiecessarily true, since voltammograms
show slight asymmetries [38,39,59,67] that shié Walue of the mid-peak potentiavay
from the half-wave potential. The deviation frone thehaviour of a reversible diffusion-
controlled electrochemical process in a single njz#d interface can be explained by the
variation in the Galvani potential difference attbmterfaces with external applied potential

at two polarized interfaces setup [39,58,67,68].otder to analyse this difference, four

different sets of conditions were selected to campaese magnitudes. Fig. 2 sholvg,,



according to Eq. (36) an&, , obtained from finite difference simulations as dim in
Ref. [38] as a function of pH at different volumatios. The observed dependence of
potential values with pH, has been already discugs@revious article [38]. In general, for
low pH values,HB" is the predominant species and its concentratimugihout the phase

does not depend on the volume ratio, however, fghdr pH values, the weak base is
deprotonated and its initial concentration in thgamic phase decreases as the volume ratio

increases. This change in concentrations producpsa& potential shift. The developed
analytical expressions fohg,,very accurately represent the pH dependence qf in all
experimental conditions. There is, however, a sldjfference between these values. This
difference is independent of experimental condgiand satisfie$f,,; —~Ag,,|J 4mV in all
cases, as previously reported for two polarizedriates setup by Samec et al. [67]. In fact,
although Ag,, cannot be easily obtained from voltammetry expenmisie the finite

difference simulations allow the determinationtsefualue. It is the external applied potential
in which the concentration at the interface ofltiréting reactant and formed product are the
same (considering all diffusion coefficients are #ame). When plotting this value instead

of E,q. they exactly agree with the results obtained fiem (36). These results validate

both numerical simulations and theoretical equation

The half-wave potential is expected to be a owmwatiis function. Thus, in order to
define the domain of each piece of Eq. (36), tigatrhand terms of Egs. (29) and (34) are

equalled. After simplifying and rearranging, thédwing expression is obtained:



D° '
1+ [TWHB KD,B

DO Cinit - DWCa ' 37
Ox ~Ox B 1+ raBKD‘B ( )
which can be expressed as:
DS, ctx =\/D"el, (38)

thus, the criterion to select Egs. (29) or (34¢atculateAq,, is defined as specified in Eq.

(36).

The convenience of defining the half-wave potdriti this way is illustrated when
experimental conditions are gradually modified fram excess of one species towards an
excess of the other. Adequate experimental comditfor illustrative chemical systems were

selected to achieve this, and results are showgin3. In these two panels, it is shown that

Ag,, represents the  maximum  between [Ag%z —A‘g’¢(ASO¢1,2)] and
[AM(A&V%Z)—A‘Q’%J , meaning the minimum between the two possible gasin Gibbs

free energy, and exactly follows the trend H),,. This confirms, firstly, that the initial
concentrations define whether the FTP or the ETcgs® limits the charge transfer, and
secondly, thatAg,,, as defined above, can be straightforwardly eséchdrom cyclic

voltammetry experiments by measuring peak potenfal a wide variety of experimental

conditions.

Although the break points in both plots of Fig.v@uld only be of academic

interest, they can be easily calculated as follows:



\/D_&CQE[K:LW (1+rK;D,B)]— DWCZ{K;&@ [1+ [[))VC;K‘D,BH

pH =-log ~—
VD"¢; - D5

(39)

4.2 Effect of ion pairing on the half-wave potential

Only ion pairs formed in the organic phase wervasaered in the model, since
dielectric constants in organic solvents can behmower than in water [62,69—-71]. Three
ion pairs were identified as the most relevant:fitst is formed by the ions in the organic
supporting electrolyte:KY , and the others are formed by each of these iowas the
electrochemical reaction productsRed and HBY . There is no need to take into account
the formation ofHBRed ion pair, since the thick film setup prevents difusion layers of

these ions from overlapping [59].

The organic supporting electrolyte concentratb@comes a critical variable when
ion pairs are involved in the electrochemical psscdn fact, performing experiments with
different concentrations of supporting electrolyte a very straightforward strategy to
evaluate ion pair formation [26]. Fig. 4a and Hg. show the effect of ion pairing on the
half-wave potential for different sets of formatiaonstants. Fig. 4a corresponds to
conditions for which the formation dY ion pair is negligible, while Fig. 4b corresponds
to conditions for whichKY is present. As shown by the orange lines in badtspwhen no

ion pairs are formed, or onlKY presents a significant formation constant, noatem of



Ag,, is observed, since the supporting electrolyte does directly affect the

electrochemical reaction.

The slope of the curves in Figs. 4a and 4b faghhsupporting electrolyte
concentrations can be directly inferred by meanthefanalysis of the expression g, ,

(Eq. (36)). By rearranging Egs. (30) and (35), thay be reduced to:

£, = constant + I (14 K 15:05e) (1 Ky 7 o5 (40)

where theconstant parameter is independent ofE and ion pair formation constants. This
shows that the effective formation constant of KRaed HBY ion pairs have the exact same
effect onAg,,, independently on the initial concentrations of &xi HBX. As the argument
of the logarithm in Eq. (40) is larger than unitlyis influence always favours the FPT-ET
reaction, shiftingAg,, towards values that are more positive. This efieeinalogous to the

facilitated ion transfer commonly described in IBIEand the electrochemical-chemical
mechanism described for electron transfer reactmmmbined in the same experimental

setup [38].

For the cases corresponding to Fig. 4a, i.e. wien entirety of the organic

supporting electrolyte is dissociatem,. =1, and this expression is reduced to:
_ RT 0 0
Ag,, = constant +? In [(1+ KKRechE) (1+ K HBYCSE)} (41)

From it, the slopes of the curves in Fig. 4a camdb®nalized: the blue line, for which only

the formation of KRed ion pair is significant, peess a linear region for which the slope is



59 mV per decade. In this situation, only the fadte K,..Co: in Eq. (41) is different from

unity and thus the factoRT/F yields the observed slope. This effect is the sémehe

other individual ion pair, HBY, (not shown in théof). When both ion pairs are present,
their effects accumulate, yielding a linear slop&18 mV per decade present in the red line

of Fig. 4a.
On the other hand, when the supporting eleceolgtnot fully dissociated, the

limiting behaviour of a,. as Cg increases was shown in previous work to be

1
aSE:(K'SECgE) 2 [26]. By replacing this expression in Eq. (41)e tfollowing limiting

equation can be found:

_ RT Kiged (0 \2 Kigy (o \2
Ag,, = constant +-—In| | 1+—K8ed (2 )2 || 1+ —HBY. (2 )2 (42)
F VKSE KSE

In this expression, the exponent &f; is halved with respect to Eq. (40), which explains

that in Fig. 4b, the slopes of the curves are a#deed with respect to their analogues in Fig.

4a, i.e. 29.5 mV for only one ion pair (blue lire)d 59 mV for both ion pairs at the same
time (red line). This great shift ildg,, is explained by the substantial changeaig, as
shown in Fig. 4c, which translates into a lowemangion of K" and Y ions available for ion
pairing.

The magnitude of the ion pair formation constalt® plays an important role in
defining Ag,,. Fig. 5 compares three different sets of non-gége constants. In all cases,

the linear sections present a slope of 59 mV, saudsed above. The first line, in red, shows



the same data as the red line in Fig. 4b. Takimg gtuation as a reference, when the ion
pair formation constant that corresponds to onehef products is increased, the same
behavior occurs at lower supporting electrolyte agartrations. Conversely, when the
supporting electrolyte ion pair formation constenincreased, the inverse effect is observed.
Agq,, greatly decreases in this case because the disstdraction decreases (Fig. 5b). The
analysis presented above vyields two important cmmhs: firstly, in order to assess the
formation of ion pairs in the organic phase it mgportant to carry out experiments for

different concentrations of supporting electroly®condly, in the thick-film configuration,

it is impossible to discern fromg,, determinations alone, whether the product in the S|
interface (Red or the L|L interface (HB is forming ion pairs with the supporting

electrolyte.

4.3 Effect of ion pairing and non-ideality in electrolyte solutions on the half-wave

potential.

This section analyses the effect of realisticvatgticoefficients together with the ion
pairing effects reviewed above. Fig. 6 compafes, for ideal and non-ideal electrolyte
solutions, for the same sets of ion pair formawonstants as in Fig. 5a. No significant
differences in the shape of these plots were obdgewith changes in pH, besides the
expected shift towards negative potentials as psésri(data not shown). A great
discrepancy between a system that behaves ideadlynan-ideal electrolyte solutions is

observed for very high concentrations of supporetegtrolyte. Nevertheless, it is worth

noting that for typical values dbg(cg )s -1.0, the difference iMg,, for ideal and non-

ideal electrolytes is always less than 10 mV, whgch reasonably small difference. This



would allow, in principle, to disregard the effeaft the activity coefficients on the half-
wave potential without substantial negative effeatslong as some care is taken in order to

minimize this effect.

The abrupt change i\g,, observed aslog(cgE) increases above —1.0 can be

attributed to the effective ion pair formation ctargs. These values depend on the activity

coefficients as described by Egs. (5)-(7). To dakeuion activity coefficients Egs. (1) and

(2), consideringa, = bw = b_,a was used. For neutral ion pairs, a different esgion,
Eq. (3) was selected [26]. The particular paransetesed in Fig. 6, for which™ <V?,
imply that y2, decreases as ionic strength (given ddy) increases, Whileyﬁ and yf

remain boundedin consequence, the factgf. ). (ny )_l in the expression foKg. grows

and the dissociated fraction of supporting electrolyearply decreases ah;)g(cé’E)

increases, greatly limiting the formation of KRedlaiBY ion pairs. ThusAg,, reverts to

values expected for much smaller supporting elbtroconcentration under ideal

conditions.

4.4 Validation of the model from experimental results

In the set of performed experiments, concentnatiof supporting electrolyte in the

organic phase were within typical values. In palftc, a concentration of supporting

electrolyte in the organic phase drbg(cgE):—lAE, and a bufferized aqueous phase

between pH=35+ 0.1 (acetate buffer) andpH=6.7+ 0.phosphate buffer)were



employed. These experiments, shown in Fig. 7, iflearify that E_,, remains constant at

low pH values for two different volume ratios. Censely, at high pH values, a shift
towards negative values is observed as the voluatie mcreases. Reproducibility was

assessed with five repetitions of the same expetiifieég. B1 Supplementary Material).

To show the complete landscape, two different va@uatios were chosemn:=1.00 and

r =0.125, and several voltammetric experiments were perédriat different pH values of
the aqueous phase. Figs. 8a and 8b slify from electrochemical experiments as a

function of pH plotted as hollow points. These esluwere determined from cyclic
voltammetry (CV) and square wave voltammetry (SWAg) detailed in Table B1 in the
Supplementary Material. In continuous lines in #agne figures, results obtained from the
theory (Eq. (36)), without taking into account IP MIES are shown. These values were
adjusted to the experimental data only by the amdinf an offset. The offset parameter can

be associated to the formal reduction potentiathef redox probe in the organic phase (

A3 ) which is unknown, the reference electrode po#tuifference and possibly IP effect.

Data obtained from CV and SWV show the same tendeard are in very good agreement
with the theoretical results. Consequently, expernta confirm thatE,, depends on

volume ratio and pH as predicted by the proposedeaino

Finally, it should be mentioned that all expennta current-potential profiles
presented here show a peak-to-peak potential éifter of around or less than 100 mV
which is close to the characteristic peak-to-peateqtial difference of 90 mV previously
predicted from simulations [38,39], this is an diddial indication of the good agreement

between the model and the experiments for FPT-E@tiens.



5. Conclusion

Analytical expressions fons3@,,—ALp(A%w,,) and Ap(Ada,,)-AYe,, were

developed for the thick-film setup. It was showmttithese magnitudes are relevant in
experiments, since they are directly correlatedtite mid-peak potential in cyclic
voltammetry and the peak potential in square-wammetry. The effects of ion pairing
and non ideality of the electrolyte solutions weseplicitly incorporated into these
expressions. This allows showing that in orderdseas the formation of ion pairs in the
system, it is important to carry out experiments didferent concentrations of organic
supporting electrolyte, which facilitates the cleatgansfer processes. However, this does
not allow to distinguish which of the ions in thepporting electrolyte is responsible for
this effect. On the other hand, it was shown tloat-idleality of electrolyte solutions has a
lower impact on the half-wave potential for typieadperimental conditions. Experimental
data from cyclic voltammetry and square wave volttatry show exactly the same trend
and are in good agreement with those obtained foalytical expressions. In addition,
these results match perfectly with those obtaingdirbte difference simulations. In this
manner, the integrated theoretical-experimentalraggh provides some experimental
guidelines related to the range of validity of thedynamic parameters, acquired from
electrochemical experiments, including the effecton pairing and non-ideal electrolyte

solutions.
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Figure captions

Fig.1: Schematic representation of the possible mechaniswolving electron transfer at
the solid|liquid interface, ion transfer at theuljliquid interface and ion pair formation.
(a) Simple mechanism. (b) Facilitated mechanism.

Fig.2: Half-wave potentialpg,, (full lines), and mid-peak potentiak,, (open circles),
as a function of pH at different organic to aqueweakime ratios for the thick-film setup.
For the simulations with weak base is in exc&dss0.1M, ¢ =0.0001M (=) r =0.1

and =) r =10. For the redox probe in exces$=0.0001M, ¢ =0.1M(==) r =0.1and
(=)r =10. Other simulation parametergk " . =8.00, K, =1000, Aj¢.. =0.100V,
AY¢s. =0.550V all diffusion coefficients equal tx10°cnf §.

Fig.3: Comparative dependence of mid-peak potential obthifrom finite element
simulations ¢) and half-wave potential obtained from theoreteghations as a function of

pH. A%z(—);[Ag%z_A\gfg(A?ﬁ”uz)] according to EQ-(ZgH);[Aggo(Aév%z)_A\g%/z]
according to Eq.(34)=6). (@) 3 =0.1M, ¢"™ =0.001M, r =1x1C’; (b) c3 =0.001 M,

¢ =0.1M, r =1x10°. All other simulation parameters are the same &&g. 2.

Fig.4: Effect of supporting electrolyte concentratiorthe organic phase on the global half-
wave potential when ion pairing is considered. Péajecorresponds to a negligible KY ion

pair formation constantK . =2x10°), while for panel (b),K.. =2x10. Simulation
parametersK, g, =1x10° and K, =1x10° (=), K 5, =1x10° and K., =1x10* (=),
Kigy =1x10° and Kig, =1x10°(=). Other simulation parameterspk” . = 8.36,
Kps =125, Ajg.. =0.100V, Aj¢.=0.550V all diffusion coefficients equal to
1x10°cnf .



Panel (c): Supporting electrolyte concentrationetielence of KY dissociation degreg.f
), corresponding to simulations in panel (b).

Fig.5: (a) Effect of supporting electrolyte concentratiorthe organic phase on the global
half-wave potential when ion pairing is consider8imulation parametersK,. =2x10°

and Ky, =1x10 (=), K¢ =2x10 and K, =1x10(=), K =2x1CF and
Kipeg =1%10° (==). All other parameters are the same as in Fig.b}. Supporting
electrolyte concentration dependence of KY disgediafraction. Ko =2x10° (=),
Keg = 2% 10 (m=).

Fig.6: Effect of supporting electrolyte concentrationfie brganic phase on the global half-
wave potential when both IP and NIES are considddeghed lines correspond to the same

lines as in Fig. 5a. Continuous lines simulationrapzeters: K, =2x10 and
Kireg =1%10° (=), Ko =2x1C and K, , =1x10 (=), K =2x10 and K,q.,=1x10°
(=). &, =78.38[42], &, pce =10.36[72], g, =0.997049g cri[42], T, , nce =1.2458gcm
[72], K: 15 pee = 0.846 GPa [55], V& =380cnt mot*, V3, =450cnt mat’,
Vi =V =250cnt moltand V%, =Vi&e = 280cn mol'[47,52,54,73,74]. All other
parameters are the same as in Fig. 4.

Fig.7: Experimental cyclic voltammograms @t100Vs". Organic phase: TPADCC 0.038
M and TCNQ 0.23 mM in 1,2-DCE. Aqueous phase: Aeetat phosphate buffer solution
0.50 M and Tylosin A tartrate 3.0 mM. Experimentahditions:r = 0.125 and pH = 3.5
(==),r =0.125 and pH = 6.7¢),r = 1.00 and pH = 3.5=¢), r = 1.00 and pH = 6.7~¢).

Fig.8: Experimentablata follow points) as a function of pH far = 1.00 &=) andr = 0.125
(==). All other experimental conditions are the saménarig. 7. Continuous lines represent

the adjusted\gg,, according to Eq. (36) usingk " . =7.73[75] andlog (K, ) = 3.1[20]

(a) Mid-peak potential from cyclic voltammetry afl) Peak potential from square wave
voltammetry.



Table 1: principal symbols used in this work.

Symbol M eaning Units
Concentration of the species in phase at X
¢’ (x,A54,,) | position at the time when the potential at the [S|[L MM
interface is equal to its half-wave potential.
Concentration of the species in phase at X
¢’ (x,080@,,) | position at the time when the potential at the L|L MM
interface is equal to its half-wave potential.
© (0,) Concentration of the reduced_ species at the s$olid mM
Red ™ electrode surfacext0) at any time.
o Concentration ofiB* species at the L|L interfage
G (L1) (x=L) at any time. mM
cinit Initial concentration of the oxidized species|in mM
Ox the organic phase.
O Initial concentration of the weak base in the mM
B organic phas€Eq.(25)).
oW Total concentration of weak base in the aqugous mM
B.tot phasg(Eq.(26)).
e Analytical concentration of the weak bgse mM
(Eq.(25) and Eq.(26)).
cini Total initial concentration of the weak bgse mM
Bt (Eq.(27)).
2 Concentration of the supporting electrolyte in the mM
E organic phase.
DSCF’,ecies Diffusion coefficient of species in the organic paa cris?
DQ'F\)'ede5 Diffusion coefficient of species in the aqueousgeh3s cnfs?
D Diffusion coefficient of HB, B or HBY in phase&y . cnfs?
— Effective diffusion coefficient for Rédand KRed sl
D species. cms
E.q Mid-peak potential. \%
. Apparent acid dissociation constant for spegies _
K e HB'in phased (Eq.(4). Dimensionless
Apparent  supporting  electrolyte  ion-pair
Kee equilibrium constant in the organic phgseDimensionless
(Eq.(5).
Apparent ion-pair equilibrium constant in the
Kired organic phase betweefRed species and the Dimensionless
cation of the supporting electrolytgq.(6)).
Apparent ion-pair equilibrium constant in the
Kosy organic phase between species and the anign Bimensionless
the supporting electrolyt@q.(7)).
K. Apparent partition coefficient of the neutfal Dimensionless
DB speciegEq.(8)).




r=V,V' Organic to aqueous phase volume ratio Dimensionless

Degree of dissociation of the SUpportingDimensionless

a.

SE electrolyte
ag Degree of dissociation of the weak base. Dimensionless
Vipecies Activity coefficient of species iphaser . Dimensionless
Aa,, Half-wave potential at the S|L interface. V
Ala,, Half-wave potential at the L|L interface. \Y,
N4 Formal standard reduction potentigl.(20)). \%
NG Formal standard transfer potentiaf species Vv

© YSpeies across the L|L interface.

Galvani potential difference at the L|L interfdce
A p(A5@,,) | when the Galvani potential difference at the SIL v

interface is equal td3@,,.

Galvani potential difference at the S|L interface
ASQ(AXJVQIZ) when the Galvani potential difference at the L|L Vv

interface is equal ta& @,

Ag Half-wave potential of the FPT-ET reactions
2 (Eq.(36)).
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Highlights
> Weak base facilitated proton transfer is analysed for thick film modified electrodes.
> Analytical expressions for the half-wave potentia are developed.

> lon pairing and non-ideal electrolyte solutions are explicitly incorporated into the
model.



