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Abstract 

The main purpose of the current work is to generalize the analytical model for the 

facilitated proton transfer-electron transfer coupled reactions at thick organic film-modified 

electrodes, including ion pairing in the organic phase and considering non-ideal electrolyte 

solutions in both phases. The main equations to calculate half-wave potentials developed in 

this model allow the simulation of different chemical systems, comprising hydrophilic and 

hydrophobic neutral weak bases, at different experimental conditions such as pH, organic 

phase to aqueous phase volume ratio, and concentration ratios between the redox probe and 

the transferring protonated species. The model was checked against experimental 

voltammetric responses measured with the transfer of Tylosin A at the water|1,2-

dichloroethene interface. Consequently, we present here an integrated theoretical-
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experimental approach in order to compare the results of our previous model [Zanotto et al.  

Electrochim. Acta 258 (2017) 727–734] with experimental data from Tylosin A and 

predicted half-wave potentials. 

 

Keywords: ion transfer-electron transfer coupled reactions; thick-film modified electrodes; 

protonatable species transfer; ion pairing; non-ideal electrolyte solutions. 
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1. Introduction 

In recent years, the transfer of weak acids and bases across liquid|liquid interfaces has 

attracted the attention of many research groups [1–37]. The complementary synergy between 

experimental and theoretical approaches has allowed to understand the strong dependence of 

either protonated species or proton facilitated transfers on the pH of the aqueous phase, 

volume ratio ( 1
o wr V V −= ) and their partition coefficient. These processes have been widely 

studied in both buffered and unbuffered aqueous solutions. In particular, our research group 

has been focused on understanding the physicochemical processes that control the proton 

facilitated transfer via water autoprotolysis [17,21,27–29]. In the case of buffered aqueous 

solutions, we have examined the variation of the peak current values vs. pH or volume ratio 

to determine partition coefficients of neutral weak bases at the oil|water interface. These 

studies were based on the voltammetric responses measured in quiescent solutions [18,20] 

and under forced hydrodynamic conditions [31]. Additionally, we have developed models for 
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facilitated proton transfer or charged species transfer across liquid|liquid interfaces including 

ion pairing (IP) and non-ideal electrolyte solutions (NIES) to calculate the half-wave 

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

Recently, we have reported a general model of a thick organic film-modified electrode to 

analyse facilitated proton transfer-electron transfer coupled reactions (FPT-ET reactions) in 

different experimental conditions, such as pH and concentration ratios between the redox 

probe and the transferring protonated species [38]. These results show that the main 

difference in behaviour of the thick organic film-modified electrode is due to the transferring 

species which are protonatable weak bases or permanent charged ions [39]. The presence of 

a weak base makes it possible to pre-concentrate (or dilute) it, and to adjust the relative 

amounts of charged and neutral species by handling pH and volume ratio. The possibility of 

tuning mid-peak potentials with the volume ratio offers a practical strategy to shift the mid-

peak potential vs pH profile. Moreover, partition coefficients of neutral weak bases (e.g. 

drugs) can be calculated, which would not be accessible with the conventional ITIES setup 

[38]. 

The main purpose of the current work is to generalize the analytical model for the 

FPT-ET reactions at thick organic film-modified electrodes, including IP in the organic 

phase and considering NIES in both phases. The main equations to calculate half-wave 

potentials developed in this model allow the simulation of different chemical systems, 

comprising hydrophilic and hydrophobic neutral weak bases, at different experimental 

conditions, such as pH, volume ratio, and concentration ratios between the redox probe and 

the transferring protonated species. The model was checked against experimental 

voltammetric responses measured with the transfer of Tylosin A at the water|1,2-
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dichloroethene interface. Consequently, here we present an integrated theoretical-

experimental approach in order to compare the results of our previous model [38] with the 

Tylosin A experimental data and the predicted half-wave potentials. 

  2. Theory 

This section presents the development of the main equations that describe the half-

wave potential for the electron transfer process coupled with facilitated proton transfer or 

protonated species transfer. In order to deduce the model for FPT-ET reactions, the same set 

of assumptions as those in a previous paper were made [38], with the exception of those 

concerning IP and NIES (assumptions (9) and (10) in Ref. [38]), since these effects are 

explicitly taken into account. The principal symbols used in this work are summarized in 

Table 1. 

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

interface at x L=  (as shown in Fig. 1).  

 2.1 Activity coefficients 

  In the analysed system, different types of species in solution were considered: 

neutral undissociated species, fully solvated or free ions and ion pairs of overall zero charge. 

For charged species, Fraenkel’s smaller-ion shell (SiS) model was used, [40–44] which 

consists in a generalization of the classical Debye-Hückel (DH) theory, in order to take into 

account the different sizes of spherically symmetric charged species to calculate their activity 

coefficients. The activity coefficients for the different cationic and anionic species in each 

phase α are given respectively by: 
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I m zα = ∑  being the ionic strength; also, ,b α+ ; ,b α−  

and aα represent the closest internuclear cation-cation, anion-anion and anion-cation 

distances,  respectively. Without loss of generality, we consider that all ions have the same 

size,  

  In the particular case of ion pairs of overall zero charge, activity coefficients are 

given by a different expression which describes the association of oppositely charged ions in 

electrolyte solutions [45–48]: 

( ) ( )intr intr 0

o
ion pair o3

T

ln
10

V V V
I

RT
γ

κ

 −
 =
  

        (3) 

where intrV is the sum of the intrinsic volumes of the cation and anion, 0V is the standard 

partial molar volume of the electrolyte [45,46,48–54]; oI is the ionic strength of the 
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electrolyte in the organic phase and Tκ  is the isothermal compressibility of the non-aqueous 

solvent [55,56].  

  2.2 Corrections for non-ideality of equilibrium constants 

  Fig. 1 shows diagrams of the chemical and electrochemical equilibria taking place 

in the system. The species present in solution are considered at equilibrium. Supporting 

electrolyte is explicitly considered in both phases: KY represents the organic electrolyte and 

MX the aqueous one. A redox couple is present in the organic phase, initially as an oxidized 

species (Ox). The acid-base equilibrium of a weak base initially dissolved in the aqueous 

phase as HBX is incorporated, represented in each phase α  by: 

+ +HB ( ) H ( )+B ( )α α α�  (R1) 

Ion pair equilibria in the organic phase are the following:  

+K (o)+Y (o) KY (o)−
�  (R2) 

+K (o)+Red (o) KRed (o)−
�  (R3) 

+HB (o)+Y (o) HBY(o)−
�  (R4) 

In addition, heterogeneous equilibria in the system are represented by: 

                                                                                                     (R5) 

                                                                                                                   (R6) 

- -Ox(o) + Red (o)e �

B(w) B(o)�
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+ +H (w) H (o)�                                                                                                                  (R7)

+ +HB (w) HB (o)�                                                                                                            (R8) 

+H (w)+B(o) HB (o)+
�                                                                                                     (R9) 

According to these equilibria, the apparent acid dissociation constant for species +HB in 

phase α  is defined as follows: 

+ +

+ +

+ +

BHB H
a,HB a,HB

BH HB

'
c c

K K
c

α α α
α α

α α α

γ
γ γ

= =                                                                                    (4) 

where +a,HB
Kα is the acid dissociation constant in the α phase corresponding to reaction (R1). 

While relevant effective ion pair formation constants, which involve the organic supporting 

electrolyte ions, Red− and +HB species, are defined as:  

K Y

O O O
'
SE

KY
SE

KY K Y

O O O

c
K K

c c

γ γ
γ

+ −

+ −

= =                                                                                      (5) 

K Red

O O O
'

O O
KRed

KRed KRed
KRe

O
d K Red

c
K K

c c

γ γ
γ

+ −

+ −

= =         (6)

HB Y HBY
HBY HBY

HBY HB

O O O
'

O

Y

O O

c
K K

c c

γ γ
γ

+ −

+ −

= =          (7) 

where SEK , KRedK  and HBYK are the ion-pair equilibrium constants corresponding to 

reactions (R2) to (R4), respectively. For the determination of the effective partition 

coefficient of the neutral species, activity coefficients are assumed to be equal in both phases 

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

WB
B

Oc
K K

c
= =           (8) 

  

  2.3 Half-wave potential as a function of pH 

  Given that the external applied potential is distributed between the S|L interface and 

the L|L interface [39,58,59], in this section, equations are developed to describe the value of 

the external applied potential when the interface that involves the limiting charge transfer 

reaction is at its half-wave potential. Here, the half wave potential corresponding to the 

facilitated proton transfer process is W
O 1/2φ∆ , while S

O 1/2φ∆  corresponds to the electron transfer 

process.  

Considering the flux balance of Ox and Red−  species, the following expression can 

be deduced [25,60,61] (for the deduction of this expression see the first section of the 

Supplementary Material): 

O init O O O O
Ox Ox Ox Ox KRedRed

(0, ) (0, ) (0, )D c D c t D c t c t− = + +       (9) 

where KRe
O O O '

KRed SE SERed
O '

SE SE

d

KRed1

D D c K
D

c K

α
α

− +
=  + 

 is the effective diffusion coefficient [8], being OSEc  

the bulk concentration of the organic supporting electrolyte and ( )O O
SE SEK

/c cα +=  the degree 

of its dissociation in the organic phase [26,62,63]. The fraction of free ion can be calculated 

from ' SE
SE 2 O

SE SE

1
K

c

α
α

−= . This approximation is valid when the bulk concentration of the counter 

ion of the supporting electrolyte is much higher than that of the redox species [25]. Here, 
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O

Red
D −  and O

KRedD are diffusion coefficients of Red−  and KRed in the organic phase, 

respectively.  

  Since the electron transfer and ion transfer processes must produce the same net 

current values, and both interfaces present the same surface area, the same amount of 

product at each interface must be generated, thus, the following expression can be written: 

+

O O O O
HBY KRedHB Red

O ( , ) ( , ) (0, ) (0, )D c L t c L t D c t c t−  + = +            (10)  

whereDα is the diffusion coefficient of HB+, HBY, and B in phase α , assumed to be common for 

all species in each phase. 

  When the redox probe concentration is in defect with respect to the total 

concentration of the weak base, the electron transfer process limits the current for the ion 

transfer process. In particular, it possible to write: 

O O OS S S
O 1/2 O 1

O
Ox Ox KRedR 2ed / O 1/2(0, ) (0, ) (0, )D c D c cφ φ φ−∆ ∆ ∆ = +                (11) 

where, S
O 1/2( , )ic xα φ∆ , represents the concentration of the i species in phase α at x position 

at the time when the Galvani potential difference at the S|L interface is equal to its half-

wave potential, S
O 1/2φ∆ .  

  In this particular situation, the previous equation also implies:  

O init O O
Ox Ox Ox

S
O 1x /2O

1
(0, )

2
D c D c φ= ∆                                                                                          (12) 

O init O O
Ox Ox KR

S S
O 1/2 O 1/ed 2dRe

1
(0, ) (0, )

2
D c D c cφ φ− = ∆ ∆+                                              (13) 
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  Additionally, since the ion transfer and electron transfer reactions are coupled, total 

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

+
O O O O

KRe
S S O S S
O 1/2 O 1/2 O 1/2 Od H 1BYR /2ed HB

(0, ) (0, ) ( , ) ( , )D c c D c L c Lφ φ φ φ−   + = +  ∆ ∆∆ ∆           (14) 

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

base species can be expressed as follows: 

+ +

W O S S S W S S
O 1/2

init O O
O 1/2 O 1/2 O 1/2 O 1/

O W W
B,tot HBY B BHB 2HB

( , ) ( , ) ( , ) ( , ) ( , )D c D c L c L c L D c L c Lφ φ φ φ φ∆ ∆ ∆ ∆ ∆   = + + + +   
 

(15) 

  Substituing Eq. (13) in Eq. (14) and subtracting the result from Eq. (15), the 

following expression is obtained:  

+
W O S W S S

O 1
init O init O W W W
B,tot Ox /2 O 1/2Ox B BH O 1/2B

1
( , ) ( , ) ( , )

2
D c D c D c L D c L D c Lφ φ φ∆ ∆ ∆− = + +    

(16) 

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

terms of +

O

HB

S
O 1/2( , )c L φ∆  and +

S
O 1/2

O

H
( , )c L φ∆ : 

+

+

+ +

+

S SO
O 1

O W
init O init 'OHB H
B,tot Ox Ox O 'W

H

/2 O 1/2W
S W ' 'a,HB
O 1/2 D,B D,Ba,HB

( , ) ( , )1 1

2 ( , )

c L c LD
D c D c K

c L D K K K

φ φ
φ

 
− = + + 

 

∆



∆
∆

            (17) 

Since +

S
O 1/2

O

H
( , )c L φ∆  also can be expressed in terms of the L|L interface potential and 

+

S
O 1/2

w

H
( , )c L φ∆ as follows: 
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+ + +

S S W S WO W o'
O 1/2 O 1/2 O O 1/2 OH H H

( , ) ( , )exp ( )
F

c L c L
RT

φ φ φ φ φ  =∆ ∆ ∆ − ∆
∆ 


             (18) 

where, ( )W S
O O 1/2φ φ∆ ∆  is the L|L interface potential value when the S|L interface potential is 

equal to S
O 1/2φ∆ , the following expression for +

O

HB

S
O 1/2( , )c L φ∆  can be obtained: 

( ) +

+

+ +

+

+

+

+

' S
D,B O 1/2a,HBS W S W

O 1/2 O O 1/2 OW O
' Sa

'W WO
HO init init o'

,HB
D,B O 1/2Wa,

Ox
B,tot O

HB a,

x 'OHB H
'

H

W '

H B

W W

( , )1 1
( , ) exp

2
( , )

K K c LD F
c L c c

D RT K D
K K c L K

D

φ
φ φ φ φ

φ

 
       = − −     

∆
∆ ∆ ∆

    + +


∆
∆ 



(19) 

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

standard reduction potential and activity coefficients as follows: 

S S
O

o' o Ox
O

R d

O

e

O ln
RT

F

γφ φ
γ −

 
 


= ∆ +


∆


                                                                                  (20) 

the Nernst equation for the S|L interface at the half-wave potential can be stated as: 

O
o'

S
S S O 1/2
O 1/2 O S

Ox
O

e OR d 1/2

l
(0, )

(
n

0, )

c

c

RT

F

φφ φ
φ−

 ∆∆ = ∆ +   ∆ 
                    (21) 

which can be expressed as: 

( )( ) +

' O ' O O
HBY SE SE KRed

SO
O 1/2SE SEo' HB

O ini
S S
O 1/2 O t

Ox Ox

1 1 ( , )
2ln

RT K c K c c LD D

DF c

φ
φ φ

α α   ∆
 ∆ = ∆ +  
 

+

  

+


 (22) 

  Working with Eqs. (19) and (22), and rearranging: 
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( )( )
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+
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D,Bo' o'
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init init ' O ' OOx
B,tot Ox HBY SE SE KRed S

a,HBS W S S W
O 1/2 O O 1/2 O O

a,HB

O

S
O 1/2

E SE
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Ox Ox

W

H

a,

ln

1
1 1

2

,
l

( )

ln 2

n

W

K K

K

D
c c K c K c

DD D

D c

RT

F

RT

F

R L

F

c

K

T

φ φ φ

α α

φ φ

φ

+

 
 − −
 
 

  
 − + + 

   


∆ ∆ ∆ = ∆ ∆ +

 
+  

 
 
 
 


 

∆
+

++ +
'W ' W

O
S
O 1/2WHB a,HB

'W
D,B H

( , )
D

K c L K
D

φ

 
 
 


+
 

+


∆ 

          
(23) 

In this expression, the term: ( )S W S
O 1/2 O O 1/2φ φ φ∆ ∆ ∆−  is the external applied potential 

when the S|L interface Galvani potential difference is S
O 1/2φ∆ . Writing 'W

O
o

H
φ +∆ as a function 

of +

o'

HO B

Wφ∆ and apparent equilibrium constants, a simpler expression for 

( )S W S
O 1/2 O O 1/2φ φ φ∆ ∆ ∆−  is obtained: 

 

( )
( )( )

+

++

+

O
init init ' O ' OOx
B,tot Ox HBY SE SE KRed SE SE

O
S W S S W
O 1

o' o'
O init/2 O O 1/2 O O

S
O 1/2

O
S

D,B O 1

HB
Ox Ox

/2W

W

H

'W ' W

a,H a,HB

1
1 1

2

( , )

(

2

,

ln

)

ln

W
R

D
c c K c K c

DD D

D c

c L

D
K K c L

F

T

F
K

D

T

R

α α
φ φ φ φ φ

φ

φ

 
 
  

∆ ∆ ∆ = ∆ ∆ +  

 
− + + 

 
 −  

  
 



∆+



+

∆
+

−

+

'W

HB

 
 
 
 
 
 

  

 (24) 

As mentioned in our previous work [38], it is important to note the difference 

between the analytical concentration of B, a
Bc , which corresponds to the amount of HBX 

dissolved in the aqueous phase, and the total initial concentration of  B, init
B,totc , which is a 

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

is highly dependent on the volume ratio [18]. The initial concentration of the base B in the 
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organic phase (OBc ) and the total concentration of weak base, protonated or not, in the 

aqueous phase (WB,totc ) can be expressed as a function of a
Bc  by the following reasoning: 

'
O a
B B

B D,B
'

B D,B

( ,0)
1

K
c x c

r K

α
α

 
=   + 

        (25) 

W a
B,tot B'

B D,B

1
( ,0)

1
c x c

r Kα
 

=   + 
        (26) 

where 
+

++

'W

B w 'W

H

a,HB

a,HB

K

c K
α =

+
.  

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

O

W

init O W
B,tot B B( ,0) ( ,0)D

D
c c x c x= +

        (27) 

and this implies: 

O

W B D,B
'

B D,

init a
B,tot B

B
'1

1 D
D

K
c c

r K

α
α

 
 =
 +
 

+
        (28) 

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

( )S W S
O 1/2 O O 1/2φ φ φ∆ ∆ ∆−  is obtained: 
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∆ ∆ ∆ = ∆ ∆

 +
 
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 

∆
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S
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' W 'W
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( , )

D
c L K

D
φ

 
 
 
 

∆ 
 

+ +

(29)  

This general equation can be simplified using Eq. (28) under the assumption that  

init O init1
B,tot Ox Ox2

Wc D D c� , which holds for many typical experimental setups [59], as follows: 

( ) ( )( )

+++

+

+

O
o' o' ' O ' O

KRed SE SE HBY SE SEOHB
Ox

Wa
B H

init 'W ' W '

S W S S W
O 1/2 O O 1/2 O O

1/2

D,B 1/2a,HB a

W

,HBOx H

2 1 1

( , )
ln ln

(
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, )

S
O

S
O

D D
K c K c

D

c LcRT RT

F c F K K r

T

L

F

c K

Rφ φ φ α

φ

αφ φ

φ

  
  − − + +
    

∆ ∆ ∆ = ∆ ∆ +

 ∆
 
 ∆

 
+ +


 + +

 (30) 

  In the case that Ox species is in excess respect to the weak base, similar expressions 

can be found by fixing the Galvani potential difference at the L|L interface equal to its half-

wave potential, W
O 1/2φ∆ , since ion transfer is the limiting process. This allows the following 

expression to be written instead of Eqs. (12) to (14): 

+

W W W
O 1/2

W init W W W W O O
B,tot B BO 1/2 O 1/H 2B

1
(0, ) (0, ) (0, )

2
D c D c D c D cφ φ φ= + ∆+∆ ∆                    (31) 

+

O W O W
O 1

W init O O
B,t /2 O 1/2ot HBYHB

1
( , ) ( , )

2
D c D c L D c Lφ φ∆+∆=                                                  (32) 

 WW init O O
B,tot KRe

W
O 1/2 O 1/R 2ded

1
(0, ) (0, )

2
D c D c cφ φ− = ∆ ∆+                                                  (33) 
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From these equations, by following a very similar approach as before, the main general 

expression for ( )S W W
O O 1/2 O 1/2φ φ φ∆ ∆−∆  when the weak base is in defect with respect to Ox 

species results: 

( ) ( )( )+

++
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o' o' ' O ' O
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init B
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(34) 

under the assumption that init O init1
Ox Ox B,tot2

Wc D D c� , the following simplified expression is 

obtained, which is valid for certain experimental conditions [64]: 
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 (35) 
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It is important to note that these equations are valid for buffered solutions, for which 

+

W
O 1/2

W

H
( , )c L φ∆  can be determined from the pH of the aqueous phase according to:

+ +
pH W W

2H O 1/H

W10 ( , )c L φγ− ∆= . 

3. Experimental methods 

3.1 Chemicals 

  The organic supporting electrolyte was 0.038 M tetraphenylarsonium 

dicarbollylcobaltate (TPADCC) in 1,2-dichloroethane (1,2-DCE) (Dorwil p.a.). TPADCC 

was prepared as described in ref. [65]. 1,2-DCE was washed with an excess of ultrapure 

water in order to eliminate hydrophilic impurities. Tetracyanoquinodimethane (TCNQ) 

(Acros Organics, 98%) 0.23 mM in 1,2-DCE was used in all experiments, without further 

purification. Tylosin A tartrate (Sigma) was used without further purification and was 

always dissolved in the aqueous phase to a concentration of 3.0 mM. pH values were 

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

 

  3.2 Electrochemical setup 

  Electrochemical experiments were carried out using a commercial potentiostat-

galvanostat (Autolab PGSTAT100) in the conventional three-electrode setup. A platinum 

sheet was used as counter-electrode. All experimental potentials are reported with respect to 

the reference electrode Ag|AgCl|NaCl (3.0 M). Before each experiment, the glassy carbon 

working electrode was mechanically polished with 0.05 mm alumina slurry on a felt cloth, 

rinsed with deionized water and then dried at room temperature and cycled in phosphate 
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buffer for 10 cycles at a sweep rate of 100 mVs-1. The organic and aqueous solutions were 

put in contact and stirred before each experiment in order to ensure that acid-base and 

partition equilibria were achieved [18,20]. The organic phase and aqueous phase volumes 

used at this stage define the volume ratio. This electrode was covered by a thick layer of 

100µL of the organic solution at equilibrium and immersed in excess of aqueous solution. 

Ohmic drop compensation was manually set in order to obtain a peak-to-peak potential 

difference of 100 mV or less, since 90 mV is expected for reversible processes in this setup 

[38,39]. 

4. Results and discussion 

  Results and their discussion are presented in four sections. First, the relevance and 

physical meaning of the external applied potential when one of the two serial interfaces is at 

its half-wave potential. Furthermore, the equations to calculate the half-wave potential as a 

function of pH are discussed without taking into account IP and NIES. In the second and 

third section, discussions of the effects of introducing these phenomena are presented, and in 

the last section, the theoretical approach is validated by voltammetric experiments for 

Tylosin A transfer. 

4.1. The significance of the half-wave potential 

  The equations developed in the theory section provide two different analytical 

expressions for the external applied potential: in the first case, the Eqs. (29) and (30), 

represent the external applied potential when the S|L interface is at its half-wave potential, 

while the other couple of expressions (Eqs. (34) and (35)) yield the external applied potential 

when the L|L interface is at its half-wave potential. Since the species that defines the current 
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response for this coupled process is either Ox or the weak base (in its protonated or 

deprotonated form), only one of these equations will be of interest for each set of 

experimental conditions, depending on the initial concentration ratio between the weak base 

and redox species. The half-wave potential, 1/2φ∆ , of the FPT-ET reactions is defined here as 

the external applied potential when the interface that involves the limiting charge transfer 

reaction is at its half-wave potential ( W
O 1/2φ∆  or )S

O 1/2φ∆ . Mathematically:  

( )

( )

S W W
O O 1/2 O 1/2

1/2

S W S
O 1/

W init O init
B,tot Ox Ox

W init O init
B,tot Ox Ox2 O O 1/2

   if  

   if   

D c D c

D c D c

φ φ φ
φ

φ φ φ

∆ ∆ ∆
∆ = 

− ≤

−∆ >


∆ ∆

     (36) 

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

  For a single ion transfer or electron transfer reaction which is electrochemically 

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

mid-peak potential, midE , calculated as the arithmetic mean of the forward and backward 

peak potentials in a cyclic voltammogram, ( )1

2
forward scan backward scan

mid peak peakE E E= + [66]. In the 

case of coupled charge transfer reactions, this is not necessarily true, since voltammograms 

show slight asymmetries [38,39,59,67] that shift the value of the mid-peak potential away 

from the half-wave potential. The deviation from the behaviour of a reversible diffusion-

controlled electrochemical process in a single polarized interface can be explained by the 

variation in the Galvani potential difference at both interfaces with external applied potential 

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

different sets of conditions were selected to compare these magnitudes.  Fig. 2 shows 1/2φ∆   
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according to Eq. (36) and midE obtained from finite difference simulations as described in 

Ref. [38] as a function of pH at different volume ratios.  The observed dependence of 

potential values with pH, has been already discussed in previous article [38]. In general, for 

low pH values, HB+ is the predominant species and its concentration throughout the phase 

does not depend on the volume ratio, however, for higher pH values, the weak base is 

deprotonated and its initial concentration in the organic phase decreases as the volume ratio 

increases. This change in concentrations produces a peak potential shift. The developed 

analytical expressions for 1/2φ∆ very accurately represent the pH dependence of midE  in all 

experimental conditions. There is, however, a slight difference between these values. This 

difference is independent of experimental conditions and satisfies 1/2 4mVmidE φ− ∆ �  in all 

cases, as previously reported for two polarized interfaces setup by Samec et al. [67]. In fact, 

although 1/2φ∆ cannot be easily obtained from voltammetry experiments, the finite 

difference simulations allow the determination of its value. It is the external applied potential 

in which the concentration at the interface of the limiting reactant and formed product are the 

same (considering all diffusion coefficients are the same).  When plotting this value instead 

of midE , they exactly agree with the results obtained from Eq. (36). These results validate 

both numerical simulations and theoretical equations. 

  The half-wave potential is expected to be a continuous function. Thus, in order to 

define the domain of each piece of Eq. (36), the right hand terms of Eqs. (29) and (34) are 

equalled. After simplifying and rearranging, the following expression is obtained: 
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O

W B
'

O init W a
Ox Ox B

D,B

B D,B
'

1

1

D
D

K
D c D c

r K

α
α

 
 =



+
+


                                                                                (37) 

which can be expressed as: 

O init W init
Ox Ox B,totD c D c=                   (38) 

thus, the criterion to select Eqs. (29) or (34) to calculate 1/2φ∆ is defined as specified in Eq. 

(36).  

  The convenience of defining the half-wave potential in this way is illustrated when 

experimental conditions are gradually modified from an excess of one species towards an 

excess of the other. Adequate experimental conditions for illustrative chemical systems were 

selected to achieve this, and results are shown in Fig. 3. In these two panels, it is shown that 

1/2φ∆  represents the maximum between ( )S W S
O 1/2 O O 1/2φ φ φ− ∆ ∆ ∆   and 

( )S W W
O O 1/2 O 1/2φ φ φ− ∆ ∆ ∆  , meaning the minimum between the two possible changes in Gibbs 

free energy, and exactly follows the trend in midE . This confirms, firstly, that the initial 

concentrations define whether the FTP or the ET process limits the charge transfer, and 

secondly, that 1/2φ∆ , as defined above, can be straightforwardly estimated from cyclic 

voltammetry experiments by measuring peak potentials for a wide variety of experimental 

conditions.  

Although the break points in both plots of Fig. 3, would only be of academic 

interest, they can be easily calculated as follows: 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

( )+ +

O
O init W' ' W a W' '
Ox Ox D,B B D,BWa,HB a,HB

W a O init
B Ox Ox

1 1

log

D
D c K rK D c K K

D
pH

D c D c

   
  + − +          = −  

− 
 
  

          (39) 

 

 4.2 Effect of ion pairing on the half-wave potential   

  Only ion pairs formed in the organic phase were considered in the model, since 

dielectric constants in organic solvents can be much lower than in water [62,69–71]. Three 

ion pairs were identified as the most relevant: the first is formed by the ions in the organic 

supporting electrolyte: KY , and the others are formed by each of these ions and the 

electrochemical reaction products: KRed and HBY . There is no need to take into account 

the formation of HBRed ion pair, since the thick film setup prevents the diffusion layers of 

these ions from overlapping [59].  

  The organic supporting electrolyte concentration becomes a critical variable when 

ion pairs are involved in the electrochemical process. In fact, performing experiments with 

different concentrations of supporting electrolyte is a very straightforward strategy to 

evaluate ion pair formation [26]. Fig. 4a and Fig. 4b show the effect of ion pairing on the 

half-wave potential for different sets of formation constants. Fig. 4a corresponds to 

conditions for which the formation of KY  ion pair is negligible, while Fig. 4b corresponds 

to conditions for which KY  is present. As shown by the orange lines in both plots, when no 

ion pairs are formed, or only KY  presents a significant formation constant, no variation of 
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1/2φ∆  is observed, since the supporting electrolyte does not directly affect the 

electrochemical reaction.  

  The slope of the curves in Figs. 4a and 4b for high supporting electrolyte 

concentrations can be directly inferred by means of the analysis of the expression for 1/2φ∆  

(Eq. (36)). By rearranging Eqs. (30) and (35), they can be reduced to:   

( )( )' O ' O
KRed1/2 SE SE SEHBY SE1 1ln

RT
constant

F
K c K cφ α α ∆ = + ++                (40) 

where the constant parameter is independent of O
SEc  and ion pair formation constants. This 

shows that the effective formation constant of KRed and HBY ion pairs have the exact same 

effect on 1/2φ∆ , independently on the initial concentrations of Ox and HBX. As the argument 

of the logarithm in Eq. (40) is larger than unity, this influence always favours the FPT-ET 

reaction, shifting 1/2φ∆ towards values that are more positive. This effect is analogous to the 

facilitated ion transfer commonly described in ITIES and the electrochemical-chemical 

mechanism described for electron transfer reactions combined in the same experimental 

setup [38]. 

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

supporting electrolyte is dissociated, SE 1α = , and this expression is reduced to: 

( )( )' O ' O
KRed1/2 SE HBY SE1ln 1

RT
constant

F
K c K cφ  ∆ = + + +              (41) 

From it, the slopes of the curves in Fig. 4a can be rationalized: the blue line, for which only 

the formation of KRed ion pair is significant, presents a linear region for which the slope is 
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59 mV per decade. In this situation, only the factor ' O
KRed SE1 K c+  in Eq. (41) is different from 

unity and thus the factor RT F yields the observed slope. This effect is the same for the 

other individual ion pair, HBY, (not shown in the plot). When both ion pairs are present, 

their effects accumulate, yielding a linear slope of 118 mV per decade present in the red line 

of Fig. 4a. 

  On the other hand, when the supporting electrolyte is not fully dissociated, the 

limiting behaviour of SEα  as o
SEc increases was shown in previous work to be 

( )
1

' o 2
SE ESE SK cα

−
=  [26]. By replacing this expression in Eq. (41), the following limiting 

equation can be found: 

( ) ( )
' 1 1'

o oKRed HBY2 2
SE SE' '

SE SE

1/2 1 1ln
K K

c
RT

constant
F

c
K K

φ
  
  + +
  


 
 ∆ = +
 
   

            (42) 

In this expression, the exponent of o
SEc is halved with respect to Eq. (40), which explains 

that in Fig. 4b, the slopes of the curves are also halved with respect to their analogues in Fig. 

4a, i.e. 29.5 mV for only one ion pair (blue line) and 59 mV for both ion pairs at the same 

time (red line). This great shift in 1/2φ∆  is explained by the substantial change in SEα , as 

shown in Fig. 4c, which translates into a lower proportion of K+ and Y- ions available for ion 

pairing. 

  The magnitude of the ion pair formation constants also plays an important role in 

defining 1/2φ∆ . Fig. 5 compares three different sets of non-negligible constants. In all cases, 

the linear sections present a slope of 59 mV, as discussed above. The first line, in red, shows 
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the same data as the red line in Fig. 4b. Taking this situation as a reference, when the ion 

pair formation constant that corresponds to one of the products is increased, the same 

behavior occurs at lower supporting electrolyte concentrations. Conversely, when the 

supporting electrolyte ion pair formation constant is increased, the inverse effect is observed. 

1/2φ∆  greatly decreases in this case because the dissociated fraction decreases (Fig. 5b). The 

analysis presented above yields two important conclusions: firstly, in order to assess the 

formation of ion pairs in the organic phase it is important to carry out experiments for 

different concentrations of supporting electrolyte. Secondly, in the thick-film configuration, 

it is impossible to discern from 1/2φ∆ determinations alone, whether the product in the S|L 

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 realistic activity coefficients together with the ion 

pairing effects reviewed above.  Fig. 6 compares 1/2φ∆  for ideal and non-ideal electrolyte 

solutions, for the same sets of ion pair formation constants as in Fig. 5a.  No significant 

differences in the shape of these plots were observed with changes in pH, besides the 

expected shift towards negative potentials as pH rises (data not shown). A great 

discrepancy between a system that behaves ideally and non-ideal electrolyte solutions is 

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

noting that for typical values of ( )O
SElog 1.0c ≤ − , the difference in 1/2φ∆  for ideal and non-

ideal electrolytes is always less than 10 mV, which is a reasonably small difference. This 
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would allow, in principle, to disregard the effect of the activity coefficients on the half-

wave potential without substantial negative effects, as long as some care is taken in order to 

minimize this effect. 

 The abrupt change in 1/2φ∆  observed as ( )O
SElog c  increases above −1.0 can be 

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

coefficients as described by Eqs. (5)-(7). To calculate ion activity coefficients Eqs. (1) and 

(2), considering , ,a b bα α α+ −= =  was used. For neutral ion pairs, a different expression, 

Eq. (3) was selected [26]. The particular parameters used in Fig. 6, for which intr 0V V< , 

imply that o
KYγ  decreases as ionic strength (given by O

SEc ) increases, while O

K
γ +  and O

Y
γ −

remain bounded. In consequence, the factor ( ) 1O O
KYK Y

Oγ γ γ+ −

−
 in the expression for '

SEK  grows 

and the dissociated fraction of supporting electrolyte sharply decreases as ( )O
SElog c  

increases, greatly limiting the formation of KRed and HBY ion pairs. Thus, 1/2φ∆  reverts to 

values expected for much smaller supporting electrolyte concentration under ideal 

conditions.  

 

4.4 Validation of the model from experimental results 

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

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

electrolyte in the organic phase of ( )O
SElog 1.45c = − , and a bufferized aqueous phase 

between pH 3.5 0.1= ±  (acetate buffer) and pH 6.7 0.1= ± (phosphate buffer) were 
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employed. These experiments, shown in Fig. 7, clearly verify that midE  remains constant at 

low pH values for two different volume ratios. Conversely, at high pH values, a shift 

towards negative values is observed as the volume ratio increases. Reproducibility was 

assessed with five repetitions of the same experiment (Fig. B1 Supplementary Material).  

To show the complete landscape, two different volume ratios were chosen: 1r = .00 and 

0.125r = , and several voltammetric experiments were performed at different pH values of 

the aqueous phase.  Figs. 8a and 8b show midE  from electrochemical experiments as a 

function of pH plotted as hollow points. These values were determined from cyclic 

voltammetry (CV) and square wave voltammetry (SWV) as detailed in Table B1 in the 

Supplementary Material. In continuous lines in the same figures, results obtained from the 

theory (Eq. (36)), without taking into account IP or NIES are shown. These values were 

adjusted to the experimental data only by the addition of an offset. The offset parameter can 

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

'S
O

oφ∆ ) which is unknown, the reference electrode potential difference and possibly IP effect.  

Data obtained from CV and SWV show the same tendency, and are in very good agreement 

with the theoretical results. Consequently, experiments confirm that midE  depends on 

volume ratio and pH as predicted by the proposed model. 

  Finally, it should be mentioned that all experimental current-potential profiles 

presented here show a peak-to-peak potential difference of around or less than 100 mV 

which is close to the characteristic peak-to-peak potential difference of 90 mV previously 

predicted from simulations [38,39], this is an additional indication of the good agreement 

between the model and the experiments for FPT-ET reactions. 
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  5. Conclusion 

Analytical expressions for ( )S W S
O 1/2 O O 1/2φ φ φ∆ ∆ ∆−  and ( )S W W

O O 1/2 O 1/2φ φ φ∆ ∆−∆  were 

developed for the thick-film setup. It was shown that these magnitudes are relevant in 

experiments, since they are directly correlated to the mid-peak potential in cyclic 

voltammetry and the peak potential in square-wave voltammetry. The effects of ion pairing 

and non ideality of the electrolyte solutions were explicitly incorporated into these 

expressions. This allows showing that in order to assess the formation of ion pairs in the 

system, it is important to carry out experiments for different concentrations of organic 

supporting electrolyte, which facilitates the charge transfer processes.  However, this does 

not allow to distinguish which of the ions in the supporting electrolyte is responsible for 

this effect. On the other hand, it was shown that non-ideality of electrolyte solutions has a 

lower impact on the half-wave potential for typical experimental conditions. Experimental 

data from cyclic voltammetry and square wave voltammetry show exactly the same trend 

and are in good agreement with those obtained from analytical expressions. In addition, 

these results match perfectly with those obtained by finite difference simulations. In this 

manner, the integrated theoretical-experimental approach provides some experimental 

guidelines related to the range of validity of thermodynamic parameters, acquired from 

electrochemical experiments, including the effect of ion pairing and non-ideal electrolyte 

solutions. 
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Figure captions 

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

 

Fig.2: Half-wave potential, 1/2φ∆  (full lines), and mid-peak potential, midE (open circles), 

as a function of pH at different organic to aqueous volume ratios for the thick-film setup. 

For the simulations with weak base is in excess: a
B 0.1Mc = , init 0.0001Moxc =  (▬) 0.1r =

and (▬) 10r = . For the redox probe in excess a
B 0.0001Mc = , init 0.1Moxc = (▬) 0.1r = and 

(▬) 10r = . Other simulation parameters: +
W

a,HB
p 8.00K = , D,B 1000K = , +

w
o HB

0.100Vφ∆ =o , 

+
w
o H

0.550Vφ∆ =o  all diffusion coefficients equal to -5 2 -11×10 cm s . 

 

Fig.3: Comparative dependence of mid-peak potential obtained from finite element 
simulations (●) and half-wave potential obtained from theoretical equations as a function of 

pH. 1/2φ∆ (▬); ( )S W S
O 1/2 O O 1/2φ φ φ− ∆ ∆ ∆  according to Eq.(29) (▬); ( )S W W

O O 1/2 O 1/2φ φ φ− ∆ ∆ ∆ 

according to Eq.(34) (▬). (a) a
B 0.1Mc = , init 0.001Moxc = , 31 10r = × ; (b) a

B 0.001Mc = , 
init 0.1Moxc = , 31 10r −= × . All other simulation parameters are the same as in Fig. 2.   

 

Fig.4: Effect of supporting electrolyte concentration in the organic phase on the global half-
wave potential when ion pairing is considered. Panel (a) corresponds to a negligible KY ion 

pair formation constant ( 8
SE 2 10K −= × ), while for panel (b), 3

SE 2 10K = × . Simulation 

parameters: 8
HBY 1 10K −= ×  and 8

KRed 1 10K −= × (▬), 8
HBY 1 10K −= ×  and 3

KRed 1 10K = × (▬), 
3

HBY 1 10K = ×  and 3
KRed 1 10K = × (▬). Other simulation parameters: +

W

a,HB
p 8.36K = , 

D,B 125K = , +
w
o HB

0.100Vφ∆ =o , +
w
o H

0.550Vφ∆ =o  all diffusion coefficients equal to 

-5 2 -11×10 cm s . 
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Panel (c): Supporting electrolyte concentration dependence of KY dissociation degree (SEα
), corresponding to simulations in panel (b). 

 

Fig.5: (a) Effect of supporting electrolyte concentration in the organic phase on the global 

half-wave potential when ion pairing is considered. Simulation parameters: 3
SE 2 10K = ×  

and ' 3
KRed 1 10K = × (▬), 3

SE 2 10K = ×  and ' 5
KRed 1 10K = × (▬), 5

SE 2 10K = ×  and 
' 3
KRed 1 10K = × (▬). All other parameters are the same as in Fig. 4. (b) Supporting 

electrolyte concentration dependence of KY dissociated fraction. 3
SE 2 10K = ×  (▬),

5
SE 2 10K = × (▬). 

 

Fig.6: Effect of supporting electrolyte concentration in the organic phase on the global half-
wave potential when both IP and NIES are considered. Dashed lines correspond to the same 

lines as in Fig. 5a. Continuous lines simulation parameters: 3
SE 2 10K = ×  and 

' 3
KRed 1 10K = × (▬), 3

SE 2 10K = ×  and ' 5
KRed 1 10K = × (▬), 5

SE 2 10K = ×  and ' 3
KRed 1 10K = ×

(▬). w 78.38ε = [42], 1,2 DCE 10.36ε − = [72], 3
w 0.99704g cmσ = [42], 3

1,2 DCE 1.2458gcmσ − =

[72], 1
T,1,2 DCE 0.846GPaκ −

− = [55], intr 3 1
KY 380cm mol−=V , 0 3 1

KY 450cm mol−=V , 

intr intr 3 1
HBY KRed 250cm molV V −= = and 0 0 3 1

HBY KRed 280cm molV V −= = [47,52,54,73,74]. All other 

parameters are the same as in Fig. 4. 

 

Fig.7: Experimental cyclic voltammograms at 10.100Vs− . Organic phase: TPADCC 0.038 

M and TCNQ 0.23 mM in 1,2-DCE. Aqueous phase: Acetate or phosphate buffer solution 
0.50 M and Tylosin A tartrate 3.0 mM. Experimental conditions: 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: Experimental data (hollow points) as a function of pH for r = 1.00 (▬) and r = 0.125 
(▬). All other experimental conditions are the same as in Fig. 7. Continuous lines represent 

the adjusted 1/2φ∆  according to Eq. (36) using: +
W

a,HB
p 7.73K = [75] and ( )D,Blog 3.1K =  [20] 

(a) Mid-peak potential from cyclic voltammetry and (b) Peak potential from square wave 
voltammetry.  
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Table 1: principal symbols used in this work. 

 

Symbol Meaning Units 

S
O 1/2( , )ic xα φ∆  

Concentration of the i species in phase α at x
position at the time when the potential at the S|L 
interface is equal to its half-wave potential. 

mM 

W
O 1/ 2( , )ic xα φ∆  

Concentration of the i species in phase α at x
position at the time when the potential at the L|L 
interface is equal to its half-wave potential. 

mM 

O

Red
(0, )c t−  

Concentration of the reduced species at the solid 
electrode surface (x=0) at any time.  

mM 

+

O

HB
( , )c L t  

Concentration of HB+ species at the L|L interface 
(x=L) at any time. 

mM 

init
Oxc  

Initial concentration of the oxidized species in 
the organic phase. 

mM 

O
Bc  

Initial concentration of the weak base in the 
organic phase (Eq.(25)). 

mM 

W
B,totc  Total concentration of weak base in the aqueous 

phase (Eq.(26)). 
mM 

a
Bc  

Analytical concentration of the weak base 
(Eq.(25) and Eq.(26)). 

mM 

init
B,totc  

Total initial concentration of  the weak base 
(Eq.(27)). 

mM 

O
SEc  

Concentration of the supporting electrolyte in the 
organic phase. 

mM 

O
speciesD  Diffusion coefficient of species in the organic phase  cm2s-1 
W
speciesD  Diffusion coefficient of species in the aqueous phase  cm2s-1 

Dα  Diffusion coefficient of HB+, B or HBY in phase α . cm2s-1 

D
 

Effective diffusion coefficient for Red- and KRed 
species. 

cm2s-1 

midE  Mid-peak potential. V 

+
'

a,HB
K α  

Apparent acid dissociation constant for species 
+HB in phase α  (Eq.(4)). 

Dimensionless 

'
SEK  

Apparent supporting electrolyte ion-pair 
equilibrium constant in the organic phase 
(Eq.(5)). 

Dimensionless 

'
KRedK  

Apparent ion-pair equilibrium constant in the 

organic phase between Red− species and the 
cation of the supporting electrolyte (Eq.(6)). 

Dimensionless 

'
HBYK  

Apparent ion-pair equilibrium constant in the 
organic phase between species and the anion of 
the supporting electrolyte (Eq.(7)). 

Dimensionless 

'
D,BK  

Apparent partition coefficient of the neutral 
species (Eq.(8)). 

Dimensionless 
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1

o wr V V −=  Organic to aqueous phase volume ratio Dimensionless 

SEα  
Degree of dissociation of the supporting 
electrolyte 

Dimensionless 

Bα  Degree of dissociation of the weak base. Dimensionless 

species
αγ  Activity coefficient of species in phaseα . Dimensionless 
S
O 1/ 2φ∆  Half-wave potential at the S|L interface. V 
W
O 1/ 2φ∆  Half-wave potential at the L|L interface. V 

'S
O

oφ∆  Formal standard reduction potential (Eq.(20)). V 

o'
spe

W
O ciesφ∆  

Formal standard transfer potential of species 
across the L|L interface. 

V 

( )W S
O O 1/2φ φ∆ ∆

 

Galvani potential difference at the L|L interface 
when the Galvani potential difference at the S|L 
interface is equal to SO 1/2φ∆ . 

V 

( )S W
O O 1/ 2φ φ∆ ∆  

Galvani potential difference at the S|L interface 
when the Galvani potential difference at the L|L 
interface is equal to W

O 1/ 2φ∆ . 

V 

1/2φ∆  Half-wave potential of the FPT-ET reactions 
(Eq.(36)). 

V 
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Highlights 
 
> Weak base facilitated proton transfer is analysed for thick film modified electrodes. 
 
> Analytical expressions for the half-wave potential are developed. 
 
> Ion pairing and non-ideal electrolyte solutions are explicitly incorporated into the 
model. 


