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Hydrodynamic forced conditions applied to the aqueous or the organic phase during a potential sweep can be
used to elucidate themechanisms of ion transfer across liquid|liquid interfaces. The aim of this study is to confirm
experimentally the previous proposed global mechanisms of facilitated proton transfer via water autoprotolysis
and to extend them, controlling themass transport.We show that proton transfer assisted by quinidine viawater
autoprotolysis is an interesting example, where the ion transfer reaction occurs with the formation of different
products in each phase, i.e., protonated weak base in the organic phase and the hydroxide ion in the aqueous
phase. Furthermore, one of the reactants (water) is always in excess with respect to the other one (neutral
weak base). These features provide unique characteristics to facilitated proton transfer via water autoprotolysis
to be explored by applying forced hydrodynamic conditions.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The transfer of protonated species across liquid|liquid interfaces is
reported in several experimental works in the literature. In many of
these studies, the transfer of weak acids and bases has been found to de-
pend on the pH of the aqueous phase and on their partition coefficient
[1–35]. A theoretical approach formodeling the facilitated proton trans-
fer or protonatable species transfer was developed by Girault and
coworkers [12] and Sawada and Osakai [16]. In a previous series of pa-
pers [25,29,36,37], we have derived the general equations for a model
of ion transfer reactions across the oil|water interface assisted by a neu-
tral weak base. Those analyses were focused on studying the effect of
water autoprotolysis on the transfer processes by comparing implicitly
or explicitly buffered solution with unbuffered solution models. In
some conditions, as in strongly buffered solutions, it must be taken
into account that the autoprotolysis reaction may not be relevant, but
in other cases, the omission of this reaction might affect the shape of
voltammograms, and, relevantly, some transfer reaction may not even
occur [36]. In a second approach of this model [25], we solved the equa-
tions for the protonatable species transfer using explicit finite differ-
ence. This method allows obtaining information of the diffusion layer.
In addition, it is possible to assign different diffusion coefficients for
each species involved in the transfer mechanism. The model was cor-
roborated by experimental results obtained from the quinine transfer
across the H2O|1,2-dichloroethane interface, and the involved ion
transfer mechanism was analyzed in terms of the current-potential
and theoretical concentration profiles [25]. Finally, we have presented
an extension of our last model in which a buffered solution with multi-
ple acid–base equilibria was explicitly considered [29]. The observed re-
sults show the importance of the water autoprotolysis reaction in this
model. In the other hand, this model was solved using explicit finite dif-
ference with exponentially expanding space grid [38]. The reported
equations allow simulating the system under different conditions. We
have analyzed pH changes and buffer capacity at the interface and in
the diffusion layer during the potential scan sweep. This model was
also corroborated with the experimental results found for the quinine
transfer across the H2O|1,2-dichloroethane interface in the presence of
phosphate buffer for different buffer capacities of the aqueous phase
[29]. Recently, we developed the equations for the half-wave potential
of facilitated proton transfer or protonated species transfer across
liquid|liquid interfaces, including ion pairing. The main equation that
wasdeveloped in this research allows simulatingdifferent chemical sys-
tems (hydrophilic and hydrophobic neutral bases, multiple protonated
species, ion-pair formation in the organic phase) [39].

The electrochemical study of ion transfer at the interface between
two immiscible electrolyte solutions (ITIES) has allowed the determina-
tion of relevant thermodynamic and transport parameters, provided the
ion transfer processes measured are limited by mass diffusion. For the
study of kinetic parameters and mechanistic information, the mass
transfer rate must be increased. Different experimental approaches
have been employed in order to obtain a high mass-transport rate
[40–54]. In particular, imposition of a convective flow to increase the
mass-transport has also been reported [47–54]. An alternative approach
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to the study of liquid|liquid extraction processes involves the rotating
diffusion cell (RDC), introduced by Albery and co-workers [55–57]
and modified by Manzanares et al. [58] and Kralj and Dryfe [59] in
order to study the simple and facilitated ion transfer reactions by exter-
nal polarization. Fujii et al. [60] performedmeasurements of ion transfer
reaction at a rotating liquid membrane disk electrode (LMDE) and a ro-
tating liquid membrane ring–liquid membrane disk electrode (LMRE–
LMDE).

Hydrodynamic voltammetry was also reported at ITIES, using an
RDC configuration. The voltammetry arises from laminar flow, induced
separately in the organic and aqueous phases of the ITIES. The ITIES have
been stabilized by a polyester track-etched membrane material. This
methodology has been used to determine reaction mechanisms and ki-
netic parameters for reactions involving liquid|liquid interfaces [59].
Then, this alternative procedurewas extended to the study of facilitated
ion transfer across the water|1,2-dichloroethane interface [61]. Recent-
ly, Dryfe et al. [62] presented a novel method, which employed an or-
ganic membrane fitted on the liquid|liquid interface and therefore, it
allowed rotation of the interface, for the determination of the diffusion
coefficient of weakly ionized species. The limiting current as a function
of rotating rate was measured in this RDC based configuration [63] and
the Levich equation was used to determine the diffusion coefficient
values.

On the other hand, Wilke et al. [64] have proposed an alternative
methodology consisting in alternately stirring the aqueous or organic
phase during the potential sweep to elucidate ion transfer mechanisms
across ITIES. In this experimental setup, the convective flux in onephase
produced an asymmetry of the diffusion field, that is, a selective de-
crease in the thickness of the diffusion layer on one side of the interface.
This allows distinguishing the direction of the ion transfer. Thismethod-
ology has been used to elucidate the mechanism of the electrochemical
transfer of different ionized species [28,64–66]. Recently, we presented
the general equations for a model that describes ion transfer reactions
across the oil|water interface assisted by a neutral ligand, under forced
hydrodynamic conditions. Analysis was mainly focused on the effect
ofmechanical stirring of the aqueous or organic phase during the poten-
tial sweep, and its influence on the limiting diffusion currents [67].

In this paper, we present an experimental analysis of the effect of
forced hydrodynamic conditions applied to each phase of the system
on the current-potential profiles. This analysis is focused on proton
transfer assisted by quinidine via water autoprotolysis. The aim of
these studies is to confirm experimentally previous proposed global
mechanisms [25,29,36,37] and to extend them with a controlled mass
transport.
2. Experimental

The electrochemical experiments were performed in a four-
electrode system using a conventional glass cell of interfacial area
0.18 cm2. Two platinum wires were used as counter-electrodes and
the reference electrodes were Ag|AgCl|Cl−. The reference electrode in
contact with the organic solution was immersed in an aqueous solution
of 1.0 × 10−2 M tetrapentylammonium bromide (TPnABr) (Aldrich)
and 1.0 × 10−2 M LiCl (J.T. Baker, p.a.).

The potential values (E) reported are the applied potentials, which

include Δw
o ϕ

o0
tr;TPnAþ ¼ −0:361 V for the transfer of the reference ion

TPnA+ [68]. The base electrolyte is LiCl (J.T. Baker, p.a.) 1.0 × 10−2 M
in ultrapure water and 1.0 × 10−2 M tetrapentylammonium tetrakis
(4-chlorophenyl) borate (TPnATCl-PB) in 1,2-dichloroethane (1,2-
DCE) (Dorwil, p.a.). TPnATCl-PB was prepared as described in [69].
Quinidine hydrochloride monohydrate (Sigma) was dissolved in
the aqueous phase and the pH values were adjusted using concen-
trated LiHO (Anedra, p.a.). All reagents and solvents were used as
received.
Quinidine is an organic anti-arrhythmic drug whose neutral species
(B) is poorly soluble in aqueous solutions but it can form soluble singly
protonated (HB+) or doubly protonated (H2B2+) species in acidic
aqueous solution [10,11]. The acid–base equilibrium constants of quin-
idine in aqueous solutions are pKa,1

w = 4.43 ± 0.02 and pKa,2
w = 8.66 ±

0.02 whereas their values in the organic phase are pKa,1
o = 9.7 ± 0.2

and pKa,2
o = 14.2 ± 0.2 [10,11]. The formal potential transfer

values of singly-charged quinidine and doubly-charged quinidine at
the H2O|1,2-DCE interface are equal to Δw

o ϕ
0ʹ
HBþ ¼ 0:080� 0:009 V

and Δw
o ϕ

0ʹ
H2B

2þ ¼ 0:162� 0:04 V, respectively [10,11]. Finally, the parti-

tion coefficient of the neutral form of the quinidine at the H2O|1,2-DCE
interface is equal to 2.50 ± 0.04 [10,11].

Cyclic voltammetrywas performed using a potentiostat which elim-
inates the IR drop automatically by means of a periodic current-
interruption technique [70]. A Hi-Tek Instruments waveform generator
and a data acquisition system were also employed.

Forced hydrodynamic conditions (FHCs) were performed with a
polytetrafluoroethylene (PTFE) cylinder analogue to a rotating-disk
electrode, controlled by a PINE disk rotator [64]. The experimental pro-
cedure consists to apply FHCs in one phase, while the other phase is in
quiescent conditions [64]. All the current-potential profiles are present-
ed as raw data (without mathematical post-processing).

All the voltammograms shown in this workweremeasuredwith so-
lutions in acid–base and partition equilibria [25,26,28,29,66]. Different
amounts of aqueous and organic phases were stirred until equilibrium
between them was reached (initial system). This was performed in a
stoppered flask for 1 h. The volume ratio (r) is defined as the ratio be-
tween the organic phase (Vo) and the aqueous phase (Vw) volumes.
We used for all the electrochemical experiments r = 0.30 (Vo =
6.0 mL and Vw = 20 mL). After equilibration, the electrochemical cell
was filled with an aliquot of 6 mL of the aqueous phase and 4 mL of
the organic phase. The aliquots were taken from the bulk of each
phase in contact, to assure that their intensive properties (i.e., species
concentrations) were the equilibrium properties. Thus, the electro-
chemical cell was composed by two equilibrated solutions with the
same properties as those of the initial system.

3. Results and discussion

The experimental system selected in this work is based on a hydro-
phobic weak base (quinidine), which presents different global charge
(ion) transfer mechanisms. These mechanisms depend of the initial
pH value or the initial species in each phase [25,29]. The chemical reac-
tions in each phase as well as the heterogeneous ion transfer reactions
involved in this system were already described [25,29,36,37]. These
mechanisms are summarized in Scheme1 for simple protonated species
transfer reaction (panel (a)) and facilitated proton transfer reactions by
a neutral weak base (B) present in the organic phase (panels (b) and
(c)). In particular, a facilitated proton transfer via water autoprotolysis
is schematized in panel (c).

The transfer behavior of quinidine was investigated by cyclic
voltammetry at the water|1,2-DCE interface and is shown in
this section. Fig. 1 shows the current-potential profiles obtained at
two different initial pH values in quiescent conditions. At pH 6.5, two
well defined ion transfer processes were observed. The first process
(PI) occurs at ca. 0.50 V and the second one (PII) at ca. 0.75 V. PI is asso-
ciated with singly protonated species transfer or facilitated proton
transfer according to the following global ion transfer mechanisms
[25,29,36,37]:

HBþ wð Þ⇌HBþ oð Þ RðIÞ

or

Hþ wð Þ þ B oð Þ⇌HBþ oð Þ RðIIÞ



Scheme 1. Schematic global mechanisms of assisted proton transfer for forward potential sweep. Simple protonated species transfer (a), facilitated proton transfer (b), and facilitated
proton transfer via water autoprotolysis (c).
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while PII corresponds to facilitated proton transfer via water auto-
protolysis [25,29,36,37]:

H2Oþ B oð Þ⇌HBþ oð Þ þ HO− wð Þ: RðIIIÞ

The potential difference of 0.25 V between the first and second pro-
cesses (PI and PII) measured at pH 6.5, is related to the extra energy re-
quired to breakdown water molecules to produce the protons involved
in the transfer of the singly-protonated species to the organic phase
[71]. At pH 9.7, a unique ion transfer process was observed for the for-
ward potential sweep, which corresponds to PII (R(III)). On the other
hand, two different ion transfer processes were observed in the back-
ward potential sweep. The electrochemical process at ca. 0.70 V corre-
sponds to PII, and the second current peak (0.45 V) is related to the
transfer of protonated species remained in the organic phase [25]. This
behavior is due to the high HO− mobility that diffuses into the bulk of
the aqueous phase, which is responsible of a depletion of the interfacial
amount of this ion. Then, the HO− concentration at the interface is
lower than the expected concentration and the backward reaction cor-
responding to (PII) occurs to a lower extent. Facilitated proton transfer
via water autoprotolysis is an interesting example where the ion trans-
fer reaction occurs with the formation of different products in each
phase, i.e., protonated weak base in the organic phase and the hydrox-
ide ion in the aqueous phase (see Scheme 1, panel (c)). Furthermore,
Fig. 1. Cyclic voltammograms for the transfer of quinidine at two different pH values.
Quiescent solutions at pH 6.5 (\\) and 9.7 (\\). Organic phase: TPnATCl-PB 1 × 10−2 M.
Aqueous phase: LiCl 1 × 10−2 M + 1 × 10−3 M of quinidine. r = 0.30; v = 0.050 V s−1.
one of the reactants (water) is always in excess with respect to the
other one (neutral weak base). These features provide unique charac-
teristics to facilitate proton transfer via water autoprotolysis to be ex-
plored by applying FHCs.

According to the used experimental procedure, FHCs were applied
by stirring one phase while the other one remained in quiescent condi-
tions. Therefore, the species in the stirred solution behave under
diffusion-convective regime while only diffusion transport takes place
in the other phase [64].When FHCs are applied, the species are uniform-
ly distributed into the bulk solution and diffusional transport is modi-
fied by controlling the diffusion-layer thickness [72]. At higher stirring
frequencies, the diffusion layers are thinner in the stirred phase, thus
larger concentration gradients are produced causing observable chang-
es on the current-potential profiles. Fig. 2 shows the voltammograms
measured at pH 6.5 under FHCs applied to the organic phase. As it can
be observed, PI is not affected during the forward potential sweep, but
progressively diminishes during the backward potential sweep. This
result strongly indicates that the ion transfer process is controlled by
the diffusion of the species in the quiescent aqueous phase. In conse-
quence, PI corresponds mainly to a simple transfer mechanism of pro-
tonated weak base initially present in the aqueous phase as shown in
Scheme 1 (R(I)). In contrast, the shape of the electrochemical wave
and the current values of the second process, at ca. 0.75 V, are clearly
modified. The absence of negative current values in the backward po-
tential sweep measured at high stirring frequencies indicates that the
Fig. 2. Cyclic voltammograms for the transfer of quinidine at pH 6.5. Quiescent solution
(\\). Organic phase stirred at 300 rpm (\\), 500 rpm (\\), 700 rpm (\\), 1400 rpm (\\),
and 2200 rpm (\\). Organic phase: TPnATCl-PB 1 × 10−2 M. Aqueous phase: LiCl
1 × 10−2 M + 1 × 10−3 M of quinidine. r = 0.30; v = 0.050 V s−1.

Image of Scheme 1
Image of Fig. 1
Image of Fig. 2


Fig. 4. Cyclic voltammograms for the transfer of quinidine at pH 9.7. Quiescent solution
(\\). Organic phase stirred at 500 rpm (\\), 700 rpm (\\), 900 rpm (\\), 1200 rpm (\\),
1600 rpm (\\), and 2000 rpm (\\). r = 0.30; v = 0.050 V s−1.
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net cation flux is mainly from the aqueous to the organic phase. Hence,
PII corresponds to a facilitated proton transfer process (R(III)). More-
over, noting that this process takes place at a higher potential than PI,
this ion transfer process requires an extra energy in agreement with
the proton facilitated transfer via water autoprotolysis reaction
(Scheme 1, panel (c) and R(III)) [36]. When water autoprotolysis reac-
tion occurs, the electrochemically generated HO− ions diffuse from
the interface into the bulk of the aqueous phase, and these neutralize
the protonated weak base.

Successive potential sweeps provide great information about the
global ion transfer mechanism. In particular, in the second potential
sweep, the current depends on the electrogenerated species at the in-
terface in the previous sweep. Fig. 3a) compares the first and second
voltammograms of the system described in Fig. 2. As expected, the cur-
rent peak of PI decreases at the forward second cycle, because the pro-
tonated weak base was consumed by the neutralization reaction with
the electrochemically generated HO− ions in the aqueous phase. On
the other hand, the shape of the current-potential profile and the
current value of PII are not changed during the cycling because the
diffusion-layer thickness in the organic phase remains constant. It is im-
portant to note that, the shape and the current values of the voltammo-
grams obtained in quiescent solutions are not changed during the
cycling (data not shown). Moreover, second cycles measured at differ-
ent stirring frequencies indicate that PI current peaks decreasewhen in-
creasing the stirring frequencies, because the neutralization reaction
spreads over longer distance from the aqueous side of the interface
Fig. 3. Cyclic voltammograms for the transfer of quinidine at pH 6.5. a) First (\\) and
second cycle (\\) experiments. Organic phase stirred at 2200 rpm. b) Second cycles of
quiescent solutions (\\) and organic phase stirred at 300 rpm (\\); 700 rpm (\\);
2200 rpm (\\). Organic phase: TPnATCl-PB 1 × 10−2 M. Aqueous phase: LiCl 1 ×
10−2 M + 1 × 10−3 M of quinidine. r = 0.30; v = 0.050 V s−1.
(Fig. 3b)). At higher stirring frequencies, the diffusion-layer thickness
decreases; thus, a larger amount of singly-charged quinidine is trans-
ferred together with a stronger HO− production at the interface. These
HO− ions diffuse from the interface to the bulk of the aqueous phase
(quiescent solution) and neutralize the HB+ species which are moving
from the bulk of the phase to the interface. Moreover, this behavior
was also observed for the third cycle (data not shown).

Fig. 4 depicts the effect to apply FHCs to the organic phase at pH 9.7.
In this case, a unique ion transfer process can be observed for the for-
ward potential sweep that corresponds to PII, because the HB+ concen-
tration in the aqueous phase is negligible. As explained above, the
application of FHCs decreases the diffusion-layer thickness and the pro-
tonated species are uniformly distributed in the organic phase. In conse-
quence, an increment in the current values in the forward potential
sweep is observed when the stirring frequencies are increased. Thus,
the interfacial pH increases. In the backward potential sweep, the
second current peak (0.45 V) decreases, because the singly protonated
species that remained in the organic phase are uniformly distributed.

Fig. 5 shows cyclic voltammograms measured at pH 9.7 with FHCs
applied to the aqueous phase. The profiles slightly change in the for-
ward potential sweep. On the contrary, the backward potential sweep
shows an important diminution in the current values of PII when the
stirring frequencies increase, with the concomitant appearance of a
new ion transfer process at ca. 0.45 V. Under these applied FHCs, the
HO− ions are uniformly distributed in the aqueous phase. Therefore,
Fig. 5. Cyclic voltammograms for the transfer of quinidine at pH 9.7. Quiescent solution
(\\). Aqueous phase stirred at 300 rpm (\\); 500 rpm (\\); 900 rpm (\\); 1200 rpm (\\);
and 1600 rpm (\\). Organic phase: TPnATCl-PB 1 × 10−2 M. Aqueous phase:
LiCl 1 × 10−2 M + 1 × 10−3 M of quinidine. r = 0.30; v = 0.050 V s−1.

Image of Fig. 5
Image of Fig. 4
Image of Fig. 3


Fig. 6. First (\\), second (\\) and third (\\) potential sweeps of cyclic voltammograms for
the transfer of quinidine at pH 9.7. Aqueous phase stirred at 300 rpm. Organic phase:
TPnATCl-PB 1 × 10−2 M. Aqueous phase: LiCl 1 × 10−2 M + 1 × 10−3 M of quinidine.
r = 0.30; v = 0.075 V s−1.
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the backward reaction of PII cannot occurwithoutHO− ions at the inter-
face. This change in the backward ion transfer reaction occurs because
HB+ is stable in the organic phase at this potential range (PII). Fig. 6
compares three potential cycles measured with FHCs applied to aque-
ous phase. The current peaks of PI increase in the forward potential
sweep of the successive cycles, because HB+, in the aqueous side of
the interface, can be transferred in this potential range. Moreover, the
current peaks of PII decrease in the forward potential sweep of the suc-
cessive cycles.

4. Conclusions

Global proton transfer mechanisms at liquid|liquid interface can be
easily evaluated by cyclic voltammetry combined with forced hydrody-
namic conditions applied to each phase. Besides, the ion transfer mech-
anism can be modified by controlling the mass transport in each phase.
This simple experimental procedure allows confirming the proposed
proton transfer mechanism via water autoprotolysis (R(III)). The HO−

ions electrochemically generated at the interface can be used as a reac-
tant in several coupled chemical reactions like nanoparticle synthesis
and nucleophilic substitutions. These chemical reactions can be exter-
nally tuned by the applied potential and the forced hydrodynamic con-
ditions in each or both phases opening a wide range of possibilities in
new synthetic routes.
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