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a  b  s  t  r  a  c  t

The  electrochemical  behaviour  of  the  cationic  polymer  Eudragit® E100  at the  polarized  water/1,2-
dichloroethane  interface  was  studied.  The  voltammetric  response  was  found  to  be  dependent  on  the
pH of  the  aqueous  phase  solution,  on  the  nature  of  the  organic  electrolyte,  and  it was  also  time  depend-
ent  during  multi-cyclic  voltammetry  experiments.  The  results  suggest  that  a  diffusion  process  coupled
vailable online 2 November 2013

eywords:
udragit® E100
olyelectrolytes
iquid/liquid interfaces
lectrochemistry

to  an  adsorption  or re-arrangement  of E100  molecules  at the interface  is  taking  place.  From  the  analysis
of  the  desorption  process,  it was  determined  the  presence  of a strong  attractive  interaction  between  the
adsorbed  species  at the  interface  and  the  lateral  interaction  parameter  was  calculated.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Polymethacrylates are polymers widely used for pharmaceuti-
al applications, and are worldwide known in the industry under
he trade name Eudragit®. They are copolymers derived from
crylic esters and methacrylic acid, whose physicochemical prop-
rties are determined by their functional groups.

The use of different types of Eudragit for controlled release of
rugs has been known for several years. Some of them are poly-
ations (Eudragit types E, RL, RS, NE) and other are polyanions
Eudragit L, S). The formers have positively charged groups such
s: dimethylamino groups in Eudragit® type E, or quaternary amino
roups in Eudragit® type RL, RS, and NE. The polyanions have car-
oxyl groups negatively charged for both Eudragit types, L and S
1,2].

Eudragit E100 polymer is a cationic copolymer based on
-dimethylaminoethyl methacrylate, methylmethacrylate and n-
utylmethacrylate. Its chemical structure is shown in Scheme 1.

his polymer is soluble in weakly acidic buffers (to about pH 5.00),
hile its deprotonated form is soluble in organic solvents like iso-
ropanol, acetone, methylene chloride, ethanol, methanol, it has

∗ Corresponding author. Tel.: +54 351 4334169 80, fax: +54 351 4334188.
E-mail addresses: mjudi@fcq.unc.edu.ar, mabelyudi@gmail.com (L.M. Yudi).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.10.156
low viscosity and good adhesion [3] and does not require addition
of plasticizers, due to its high elasticity.

E100 is widely used in oral and topical formulations and is con-
sidered non-toxic, non-irritating, and essentially safe in humans
[4,5]. It has been evaluated the performance of solid dispersions
containing Eudragit and different drugs such as divalproex sodium
[6], albendazole [7], piroxicam [8], lidocaine [9]. This polyelec-
trolyte has also been used for drug delivery systems in various
transdermal systems [10].

It has also been shown that E100 interacts with negatively
charged proteins, membranes and viral DNA, causing lysis of mem-
branes and thus exerting antiviral and antifungal action [11,12]. For
these reasons, the study of surface properties of these substances on
diverse interfaces, employed for modeling biological membranes,
has been a topic of growing interest. Among them we  can mention
the solid/liquid, the air/water and the liquid/liquid interfaces.

Recently, the interfacial behavior of several polyelectrolytes
at liquid/liquid interfaces has been studied by different authors
[13–20] and much attention has been paid to the investigation
of biopolymers adsorption including a polysaccharide heparin
[21–25], the proteins protamine [26–29], insulin [30], hemoglobin

[31,32], myoglobin [33], mellitin [34], cytochrome c and ribonucle-
ase A [29,35].

In order to contribute to the understanding of E100 surface
activity, in the present paper we  present the electrochemical

dx.doi.org/10.1016/j.electacta.2013.10.156
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2013.10.156&domain=pdf
mailto:mjudi@fcq.unc.edu.ar
mailto:mabelyudi@gmail.com
dx.doi.org/10.1016/j.electacta.2013.10.156
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Scheme 1. Chem

ehavior of E100 at the polarized aqueous/organic interface. The
tudy has been carried out employing cyclic voltammetry and elec-
rochemical impedance spectroscopy and the mechanism proposed
or the polymer transfer includes interfacial adsorption and diffu-
ion processes. It is also shown that the adsorbed species exerts a
trong attractive interaction between them.

. Experimental

.1. Materials and electrochemical cells

Eudragit® E100, aminoacrylmethacrylate copolymer, with an
verage molecular weight (MW)  of 150 kDa, was  a gift from Etil-
arma S.A. (Buenos Aires, Argentina) and was used without further
urification.

The base electrolyte solutions were 1.0 × 10−2 M LiCl
Merck p.a.) in ultrapure water (Milli-Q RiOs 16, Millipore)
nd 1.0 × 10−2 M tetraphenylarsonium dicarbollylcobaltate
TPhAsDCC) or 1.0 × 10−2 M tetrapentylammonium tetrakis
4-chlorophenyl) borate (TPnATClPhB) in 1,2-dichloroethane
DCE, Dorwil p.a.). TPhAsDCC and TPnATClPhB were prepared
y metathesis of tetraphenylarsonium chloride (TPhAsCl, Sigma)
nd sodium dicarbollylcobaltate (NaDCC, Strem Chemicals) or
etrapentylammonium bromide (TPnABr, Fluka) and potassium
etrakis (4-chlorophenyl) borate (KTClPhB, Sigma-Aldrich), respec-
ively. The precipitates were recrystallized from water: acetone

ixtures and then dried in an oven at 30 ◦C for two days.
All experiments were performed in a four-electrode system

sing a conventional glass cell of 0.18 or 0.83 cm2 interfacial area for
oltammetric or electrochemical impedance spectroscopy experi-
ents, respectively. In both cases, two platinum wires were used

s counter-electrodes and the reference electrodes were Ag/AgCl,
hich were located in opposing phases, and controlled the applied
otential across the liquid–liquid interface. The reference elec-
rode in contact with the organic solution was  immersed in an
queous solution of 1.0 × 10−2 M TPhAsCl or 1.0 × 10−2 M TPnABr
1.0 × 10−2 M LiCl.

.2. Methods

.2.1. Cyclic voltammetry
Cyclic voltammetry and potential pulse experiments were car-

ied out using a four-electrode potentiostat, which automatically
liminates the IR drop by means of a periodic current-interruption
echnique [36]. A wave potential generator (PPR1 Hi-Teck Instru-

ents, UK) and a 10 bit Computer Boards acquisition card

onnected to a personal computer were also employed.

The potential values E reported in the voltammograms are the
pplied potentials between the two Ag | AgCl reference electrodes
hich are related to the Galvani potential difference (�w

o ϕ) across
ructure of E100.

the interface by: E = (�w
o ϕ) + �Eref, where �Eref depends on the

reference electrodes and the reference solutions employed.
For cyclic voltammetry experiments, the polymer was  added

to the aqueous phase to final concentrations within the range
between 0.020% and 0.100% w/v (equivalent to 1.33 × 10−6 and
6.67 × 10−6 M,  respectively). Due to the presence of tertiary amines
in these polymers, pH value determines the amount of protonated
groups, so that, the pH of the aqueous phase was varied between
1.92 and 8.15 by addition of HCl (Merck p.a.) or LiOH (Merck pa),
with the aim of analyzing the effect of the charge in the interfacial
behavior of this polymer.

2.2.2. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy experiments were

carried out employing an Autolab potentiostat connected to a
personal computer. An ac perturbation of amplitude 0.010 V and
frequency scanned between 0.03 Hz to 3 kHz was applied to the
interface at two  different dc potential values, Edc = 0.450 and
0.550 V. The collected data were fitted with several equivalent cir-
cuits, with the help of ZPLOT/ZVIEW software (Scribner Associates
Inc.).

When performing Electrochemical Impedance Spectroscopy
experiments, the polymer was  added to the aqueous phase at con-
centration 0.020% w/v and pH = 3.00. The impedance spectra were
recorded in the absence and presence of E100 in aqueous phase,
before and after applying successive potential sweeps to the inter-
face.

3. Results and discussion

3.1. Cyclic voltammetry

Fig. 1a and b shows the voltammetric profiles obtained when
E100 was  added to the aqueous phase at a concentration value
equal to 0.100% w/v at pH = 3.00 and 5.00, respectively. It is
worthwhile to remark the asymmetry in the general shape of the
voltammetric profiles, with a broad forward peak and a compara-
tively much narrower reverse peak. Taking into account that these
processes are not observed in the absence of E100, they can be
attributed to the transfer of the cationic polyelectrolyte from the
aqueous to the organic phase and the return of the polycation to
the aqueous phase, respectively

Concerning to the positive peak, a linear behavior of peak cur-
rent, Ip(+), with the square root of sweep rate, v1/2, was obtained
at low pH values (shown in the inset graph in Fig. 1a), while a
linear dependence of Ip(+) with sweep rate, v, was observed at pH

5.00, (inset in Fig. 1b). These results are indicating the presence of
a diffusion process at low pH values and an activation-controlled
interfacial adsorption mechanism at higher pH values. So that, it is
evident that diffusion or adsorption processes of the polymer at the
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Fig. 1. Cyclic voltammograms for E100 at the water/1,2-dichloroethane interface.
Aqueous phase composition: 1.0 × 10−2 M LiCl +0.100% w/v E100, (a) pH = 3.00 and
(b) pH = 5.00. Organic phase composition: 1.0 × 10−2 M TPhAsDCC. v = 0.010, 0.025,
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Fig. 2. (a) Cyclic voltammograms for E100 at the water/1, 2-dichloroethane inter-
face recorded at different pH values: (1) 1.92; (2) 4.99; (3) 7.50; (4) 8.15. (b) Variation
of  Ip(+) (�), Ip(−) (�), Ep(+) (©) and Ep(−) (�) with pH value. Aqueous phase com-

and Ip(−), as well as peak potential values, Ep(+) and Ep(−), as a
function of pH. It can be clearly observed that these parameters
.050, 0.075, 0.100 and 0.150 V s−1.

nterface are taking place, and these two mechanisms are strongly
ependent on the amount of positive charge in the structure of this
olycation: when the charge on the polymer is high it is completely
issolved in aqueous phase and the diffusion process predominates,
hile as the positive charge decreases, the adsorption process pre-

ails.
On the other hand, during the negative sweep, there is a sharp

urrent peak, whose relationship Ip(−)  vs. v1/2 is clearly not linear.
ased on the peak shape, its dependence on the scan rate and the
hift towards more negative potentials with increasing the scan
ate, we postulate that this negative peak may  be associated with
n activation-controlled interfacial desorption mechanism.

Summing up, the evidences described above allow postulating
hat the transfer of E100, initially present in the aqueous bulk phase
r adsorbed at the interface (depending on pH), to the organic
hase takes place, during the positive scan, according to diffusion
r activated-controlled process, respectively. Once the polymer is
resent at the organic side, it is adsorbed at the interface, probably
ia association with the anion of the organic electrolyte. When the
otential sweep is reversed the desorption process and the retur-

ing of E100 to the aqueous phase occur, explaining in this way
he general characteristics of the negative peak. Similar behavior
position: 1.0 × 10−2 M LiCl +0.100% w/v E100, pH: from 1.92 to 8.15. Organic phase
composition: 1.0 × 10−2 M TPhAsDCC. v  = 0.050 V s−1.

was observed for polyquaternium 10 at the water/1,2-DCE interface
[18].

3.1.1. Effect of the pH
As described in Section 1, the structure of polymer E100 contains

tertiary amines, which can acquire positive charge by protonation.
With the aim to analyze the effect of pH in the electrochemical
response, E100, at concentration 0.100% w/v, was added to aque-
ous phases with different pH values within the range 1.92–8.15.
The voltammograms obtained are shown in Fig. 2a. As it can be
observed, at low pH values (voltammograms 1 and 2), the transfer
process on the positive scan occurs approximately at E = 0.600 V,
while the process in the negative scan is around to E = 0.400 V. When
the pH increased (voltammograms 3) the shape of the i/E profile
is drastically changed, evidencing a decrease in the peak current
for both, positive and negative, processes together with a shift of
peak potential towards lower values. At pH values greater than 7.50,
the above mentioned transfer processes almost disappear (voltam-
mograms 4).

Fig. 2b summarizes the variation of peak current values, Ip(+)
remain practically unchanged up to a pH value equal to 6.05, after
which an abrupt decay is evident.
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rolytes. Aqueous phase composition: 1.0 × 10−2 M LiCl +0.100% w/v  E100, pH = 3.00.
rganic phase composition: (· · ·)  1.0 × 10−2 M TPhAsDCC; ( ) 1.0 × 10−2 M TPnAT-
lPhB.

Concerning to the transfer process observed when polyelec-
rolytes are present in aqueous phase two mechanisms are
lausible during the positive scan: (a) transfer of the polymer
rom the aqueous to the organic phase followed by complex for-

ation with the organic anion, or (b) transfer of organic anion
rom the organic to the aqueous phase followed by association
ith the polyelectrolyte, according to the mechanism suggested

y MD  Scanlon et al., for the electrochemical behavior of lysozyme
t the water/1,2-dichloroethane [37]. The dependence of the elec-
rochemical response with the pH variation, shown in Fig. 2a and b,
uggests that option (a) is operative in this case, since the increase
f pH results in a decrease in the total charge of the polymer, which
eads, on one hand, to a decrease of the current, which is propor-
ional to the charge transferred and, on the other hand, to a decrease
n peak potential values associated with the increased hydropho-
icity of the polymer as its net charge is reduced. In this case, the
rocesses observed could not be attributed to the facilitated trans-
er of the organic anion, due to the presence of the polymer in
he aqueous phase (option b), since if this were the mechanism,
t should be noted an increase in Ep(+) values as pH increases.

Moreover, from the results shown in Fig. 2b a pKa value, for the
mino groups of the polymer, equal to 6.85 could be estimated from
he point of Ip(+) value equal to the half of the initial value, i.e., the
H at which protonated species fraction equals to that of neutral
pecies. This pKa value is close to 7.0–7.3, pKa corresponding to
-(diethylamino)ethyl metacrylate homopolymer (PDEA) [38].

.1.2. Effect of the organic electrolyte
Fig. 3 compares the voltammetric profiles obtained for 0.100%

/v E100 in aqueous phase and two different base electrolytes
n organic phase at a concentration 1.0 × 10−2 M: TPhAsDCC and
PnATClPhB. As it can be noted, the transfer of E100 occurs at differ-
nt potential values depending on the electrolyte present in organic
hase, being the lowest transfer potential obtained in the presence
f DCC−, so that the supporting electrolyte of the organic phase is
irectly related to the transfer of the polymer, probably, through the
ormation of ion pairs between the anion of the organic salt and the
ositive amine groups in E100 after the transfer of the polymer to

he organic phase. Therefore, E100 transfer is observed at a higher
otential when TClPhB− anion is used as supporting electrolyte of
he organic phase, whose accumulation at the interface occurs at
igher potentials than DCC−.
Fig. 4. Repetitive cyclic voltammograms applied to the interface at v = 0.050 V s−1.
Aqueous phase composition: 1.0 × 10−2 M LiCl +0.050% w/v E100, pH = 4.08. Organic
phase composition: 1.0 × 10−2 M TPhAsDCC.

This result demonstrates the involvement of the organic anion
in E100 transfer, confirming the hypothesis that the positively
charged polymer (dissolved or adsorbed) is electrochemically
transferred from the aqueous to the organic phase, followed by the
formation of ion pairs with the anion of the organic salt.

The above affirmation is similar to that concluded by Tro-
janék et al. [28] for protamine transfer at a liquid/liquid interface,
who observed that the peak potential depends on the nature of
the organic electrolyte. The authors attributed this effect to the
ion pair interactions between the protamine polycation and the
organic electrolyte anion, and found that the stability of the ion
pair decreases with increasing the size of the anion. Correlating
this prior information to our results, we can explain the differences
observed in the negative potential sweep when using either of the
organic anions. As can be noted in Fig. 3, during the reverse scan, the
negative peak observed in presence of TPnATClPhB is sharper than
the corresponding for TPhAsDCC, which would indicate a faster
desorption process for E100 when TPnATClPhB is used as organic
electrolyte, revealing a lower stability of the ion pair formed by the
anion TClPhB− and the amine groups of E100 at the organic side of
the interface. Nevertheless, the negative peak potential is the same
regardless of the nature of the organic electrolyte, confirming that
this process corresponds to the polymer desorption and its transfer
from the organic side of the interface to the aqueous phase.

3.1.3. Effect of successive potentiodynamic cycles
Fig. 4 shows the result obtained when successive potentiody-

namic cycles are applied to the interface. In this experiment, E100
was present in the aqueous phase at a concentration 0.050% w/v
and the pH was  4.08, while the organic phase contained the organic
electrolyte TPhAsDCC at a concentration 1.0 × 10−2 M.  As it can be
observed, only the above described electrochemical process around
E = 0.530 V (p1(+)) on the forward scan during the first cycle and a
negative peak (p(−)) at E = 0.350 V, on the reverse scan, are evident.
These two  processes were assigned in Section 3.1 to the transfer
of E100 (adsorbed or dissolved, depending on pH) from the aque-
ous to the organic phase, followed by ion pair formation with the
organic anion and adsorption at the organic side of the interface

during the positive sweep, and the desorption of E100 returning to
aqueous phase during the reverse scan. Upon subsequent scans, a
new peak appears at E = 0.400 V (p2(+)) whose current increases
as the number of cycles performed increases, whereas the



3 ica Acta 115 (2014) 370– 377

p
s
o
t
t
n

c
p
s
c

p
d
o
i
F
w
i
n

p
e

p

p

p

c
a
f
s
i
D

p
t
m
d
a
T
d
i
f

p
v
o
i

o
t
v
f
v
t
m
s
d
h

0 2 4 6 8 10
-40

-30

-20

-10

0

10

20

30

Ip
 / 

μμA

Cycle number

a)

0 2 4 6 8 10 12 14 16
250

300

350

400

450

Ep
 / 

m
V

cycle number

b)

Fig. 5. (a) Variation of Ip with the number of cycles for the processes p2(+) (closed
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tion: 1.0 × 10−2 M LiCl +E100 0.050% w/v. (a) v  = 0.010 V s−1, (b) v = 0.050 V s−1 (�, �,
74 J.S. Riva et al. / Electrochim

re-existing peak p1(+) remains unchanged with successive
weeps. Interestingly, although two electrochemical processes are
bserved on the forward scan, only one peak, p(−),  is observed for
he reverse scan. However, the intensity of this peak increases with
he number of scans while the peak potential is shifted to more
egative values.

The new transfer process, p2(+), which occurs since the second
ycle, must correspond to a new species generated during the first
otential scan, and whose formation continues taking place in the
uccessive sweeps, leading to the increase in current values with
ycling.

It is important to remark that both the peak potential and the
eak current corresponding to the process p1(+) are held constant
uring successive cycles, which is in agreement with the behavior
f species that are transferred by a diffusion control mechanism as
t was stated above under these experimental conditions (pH < 5).
urthermore, the increase in current for the negative process p(−)
ith the number of cycles, indicates that both species transferred

n the positive sweep are desorbed at the same potential during the
egative sweep.

Taking into account these results, the transfer mechanism pro-
osed for this polyelectrolyte is summarized in the following
quations:

First cycle:

1(+) : Pz+
(w,ads,dis) + nDCC−

(o) → P(DCC)(z−n)+
n(o,ads) (1)

1(−) : P(DCC)(z−n)+
n(o,ads) → P(DCC)(z−x)+∗

x(w,ads,dis) + (n − x)DCC−
(o) (2)

Second and successive cycles:

2(+) : P(DCC)(z−x)+∗
z(w,ads,dis) → P(DCC−)(z−n)+

x(o,ads) (3)

That is, during the positive sweep of the first cycle, the positively
harged molecules of E100 (Pz+), dissolved in solution together with

 small fraction of Pz+ molecules adsorbed at the aqueous side inter-
ace, are transferred, (Eq. (1)). Once Pz+ molecules are at the organic
ide, their adsorption at the interface occurs via the formation of
on-pairs between positive groups of E100 and the organic anion,
CC−, as it was described above.

During the negative sweep the polymer returns to the aqueous
hase, however, the returning species are not completely equal to
he polymer initially transferred, Pz+. This may  be due to confor-

ational changes in the structure, or to the fact that during the
esorption process some molecules of the organic anion remain
ssociated to the polymer, thus generating the species P(DCC)(z−x)+*.
his new species, identified with an asterisk, may be present as
issolved in the aqueous phase or adsorbed in the aqueous side

nterface, and their transfer to the organic phase is the responsible
or the process p2(+) observed in the second and subsequent cycles.

Fig. 5a shows the variation of peak current for the processes
2(+) and p(−),  with the number of cycles performed, at different
alues of pH in the aqueous phase. It is observed that the increase
f cycles number produces always an increase in Ip,  which is more
mportant when the polymer charge is higher (low pH values).

Fig. 5b shows the effect of the sweep rate, the pH and the number
f cycles on Ep for the processes p2(+) and p(−). As it can be noted
he peak potential for p2(+) remains almost constant for both pH
alues (1.02 and 4.08) provided that the potential sweeps are per-
ormed at low scan rate, but it shifts slightly towards more positive
alues when the cycles are carried out at a higher sweep rate. For
he desorption process, it can be observed that Ep shifts towards
ore negative potentials after successive cycles, indicating that a
tabilization of the adsorbed species was produced, retarding their
esorption. This effect is more noticeable at higher pH values and
igher sweep rates, denoting that the desorption process is slow.
©,  �) or v = 0.010 V s−1, (�, �, �,�).

3.1.4. Potential step followed by negative linear sweep
To analyze the effect of the sweep rate in the negative scan,

v(−), under controlled interfacial conditions, potential steps at
Estep = 0.580 and 0.640 V were applied to the interface during dif-
ferent times, ��, prior to desorption during the negative scan.
The voltammograms obtained (negative sweeps) show a shift in
the peak potential towards negative values as ��  increases and,
therefore, the amount of polymer adsorbed at the interface (data
not shown). This result would indicate an attractive interaction
between the adsorbed species.

Fig. 6 compares the effect of ��  on the negative peak potential,
Ep(−), for two  different values of Estep and v(−) = 0.010 or 0.050 V s−1

.

As mentioned above, Ep(−) shifts towards more negative potentials

with increasing ��, indicating that the desorption process becomes
irreversible by increasing the amount of adsorbed polymer or that
attractive interactions exist between the adsorbed molecules. This
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Table 1
f values calculated for different concentrations of E100 and different scan rates.

cE100 (% w/v) v (V s−1) f

0.02 0.01 −3.73
0.02 0.05 −6.84
orming a potential step at Estep = 0.580 V (©, �) or 0.640 V (�). v = 0.010 V s−1 (©,  �)
r 0.050 V s−1 (�). Aqueous phase: 1.0 × 10−2 M LiCl +E100 M 0.020% w/v. Organic
hase composition: 1.0 × 10−2 M TPhAsDCC.

ffect becomes more important when Estep and v(−) increase, as
ccurring in quasi-reversible adsorption/desorption processes.

Taking into account the above considerations, we  select the
onditions v(−) = 0.010 V s−1 to carry out an analysis of the desorp-
ion charge, q(−), since this low v value ensures the complete
esorption during the negative scan. In this way, q(−) values were
alculated by integrating the desorption peak, during the negative
weep recorded at v(−) = 0.010 V s−1, after holding the interfacial
otential at Estep = 0.580 or 0.640 V during different times, ��.  The
esults are shown in Fig. 7 where it can be clearly observed the
resence of a plateau and three inflection points, highlighted with
orizontal dotted lines, under conditions of Estep = 0.580. The q(−)
alue corresponding to the first plateau is approximately equal to
2.5 �C, and it probably occurs due to the saturation of the avail-
ble adsorption sites at the interface. Then, the charge increases
gain to reach another constant value, or inflection point, at approx-

mately 80.0 �C, and this behavior is repeated again for q = 120
nd 160 �C. The fact that the charge is stabilized always at val-
es multiples of 40 �C may  be due to the formation of multilayers
hen the polymer is adsorbed. If an average molecular area equal
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ig. 7. Charge values corresponding to desorption process of E100, q(−), as a
unction of step time, ��. Estep = 0.580 V (♦) or 0.640 V (�). Aqueous phase:
.0  × 10−2 M LiCl +E100 0.020% w/v. Organic phase composition: 1.0 × 10−2 M
PhAsDCC. v = 0.010 V s−1.
0.05  0.01 −4.73
0.05  0.05 −6.73

to 7000 Å  for E100 is considered, which was  determined from
pressure-molecular area isotherms at a water/air interface (data
not shown), and taking into account the total charge per molecule
in the polymer (n = 571), a theoretical charge value correspond-
ing to a monolayer of E100, equal to 23.5 �C, can be calculated.
This value, lower than that obtained from voltammetric results,
indicates that the area occupied by the polymer at the polarized liq-
uid/liquid interface is lower than at the water/air interface, which
can be explained taking into account the neutralization of charged
amino groups, by DCC− anions at the organic side of the interface,
which reduces electrostatic repulsions, allowing a more efficient
packaging.

On another hand, a quite different response is obtained when
Estep = 0.640 V. In this case, the desorption charge increases con-
tinuously, probably due to the fact that, at these higher potential
values, the polymer continuously adsorbs without giving rise to the
formation of successive layers of adsorption.

As mentioned above, the variation of Ep(−) with ��  and
v(−) suggests an attractive interaction between the adsorbates,
thus explaining the shift of Ep(−) towards more negative val-
ues, with increasing both experimental variables. So that, the
Roginsky–Zeldovich isotherm, which relates interfacial coverage
(�) with log ��  [39–41]:

� = k + 2.3
˛f

log ��  (4)

is relevant in this case. In Eq. (4), f is the lateral interaction parame-
ter, which represents the variation of the free energy of adsorption
with respect to the variation of � and  ̨ is the charge transfer coeffi-
cient. Values of f > 0 indicate that �G0

ads
increases with the coverage,

i.e., the adsorption process is inhibited at high coverages, existing
repulsion between adsorbate molecules. On the other hand, val-
ues of f < 0, indicate that the adsorption process is facilitated by the
attractive interactions between the adsorbed molecules. The inter-
facial coverage, �, is defined as the ratio between the amount of
adsorbed species, mAds, and those necessary for a monolayer for-
mation, m*. When charged species are involved, mAds and m* are
transformed into qAds and q*, respectively, and � is defined by the
following equation:

� = qAds

q∗ (5)

Therefore, � values were calculated by dividing the charge values
corresponding to the desorption process, for each ��,  by the charge
value for a monolayer formation, i.e., q* = 42.5 �C for Estep = 0.580 V
and v(−) = 0.010 V s−1. The resulting � values were plotted versus
log ��, obtaining a linear relationship, according to equation (4)
(data not shown). Thus, the parameter f was  evaluated from the
slope of � vs. log ��  graphics, and the results obtained for two
E100 concentrations and two  different v(−) are listed in Table 1.

The values of f < 0 indicate a strong attraction between the
adsorbed species at the interface and a stabilization with ��,
explaining hence the reason for which the desorption process is
slow. These attractive intermolecular forces are due to van der

Waals interactions between permanent dipoles in E100 molecules.
As it can also be noted in Table 1, the f values for both polymer
concentrations, are quite similar, while those obtained for differ-
ent v(−) are markedly distinct. This fact reveals that the desorption
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Fig. 8. (a) Bode plots, log |Z| (close symbols) and phase angle � (open symbols),
vs. log f, obtained in absence of E100 at Edc = 0.450 V (©,  �) and in presence of
0.020% w/v  E100 at Edc = 0.530 V (�, �) or Edc = 0.450 V after performing four succes-
sive potentiodinamic cycles (�, �). Fitting results are shown in solid line. Aqueous
phase composition: 1.0 × 10−2 M LiCl +0.020% w/v E100. Organic phase composi-
tion: 1.0 × 10−2 M TPhAsDCC. (b)–(d) Equivalent circuits employed to fit EIS results.
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ircuit elements: solution resistance R1; constant phase elements CPE1 and CPE2
orresponding to double layer capacity and Warburg impedance, respectively;
harge transfer resistance R2.

rocess is incomplete at high scan rates, leading to overestimated
alues of f, typical of a slow process.

.2. Electrochemical impedance spectroscopy (EIS)

With the aim of completing the characterization of the inter-
acial processes p1(+) and p2(+) and in order to corroborate
he proposed mechanism, impedance spectra were recorded at
dc = Ep1(+) and Ep2(+) in a frequency range, f, between 0.03 and
000 Hz.

Fig. 8a shows the typical Bode graphs, recorded in the absence
nd the presence of E100. The experimental results were fitted
mploying the equivalent circuits schematized in Fig. 8b–d, and
he best fitting obtained between the theoretical and experimental
ata, in each case, was selected to explain the results. A constant
hase element (CPE), instead of pure capacitance and/or Warburg

mpedance, was introduced in all of the circuits. The impedance of
 constant phase element is defined as [42,43]:

CPE = [Q (jωn)−1] with − 1 ≤ n ≤ 1 (6)

here ZCPE (� cm2) is the impedance, the constant Q (�−1 sn cm−2)
s a combination of properties related to both the interface and the
lectroactive species and is independent of frequency. The expo-
ent n is related to the slope of log |Z| vs. log f Bode plot, i.e., to the
hase angle, �, by the relation n = 2�/	, and j = (−1)0.5.

The spectra recorded at Edc = 0.450 V (Ep2(+)), in the absence
f the polymer, was best fitted employing the equivalent circuit
hown in Fig. 8b, containing a resistance R1 = (1937 ± 9) �,  cor-
esponding to the solution resistance, in series with a CPE, with

 value of n = 0.7787 ± 0.0002, corresponding to the double layer
apacity, with a value Cdl = (2.46 ± 0.02) ×1 0−5 F.

The impedance spectra obtained when E100 is present in the
queous phase, are dependent on the Edc applied. At Edc = 0.550 V
Ep1(+)), the Bode plots were best fitted with the equivalent circuit
hown in Fig. 8c, in which the resistor R1 = (1355 ± 3)  ̋ corre-

ponds to the solution resistance, and the components in parallel,
epresent two processes occurring simultaneously: on the one
and, the CPE1 with a coefficient value n = 0.86 ± 0.06, corresponds
o double layer capacity, with a value Cdl = (6.5 ±0.2) × 10−5 F;
cta 115 (2014) 370– 377

while the elements R2 = (1.0 ± 0.4) × 103 � and CPE2, with a value
of n = 0.44 ± 0.02, represent the charge transfer resistance and the
Warburg impedance, respectively, indicating the presence of a dif-
fusion process, which agrees with the results obtained by cyclic
voltammetry. Finally, the impedance spectra obtained in presence
of E100 at Edc = 0.450 V (Ep2(+)), after performing four successive
potential cycles, to ensure the occurrence of process p2(+), were
best fitted employing the circuit shown in Fig. 8d. As in the previ-
ous cases, R1 represents the solution resistance, R1 = (1399 ± 8) �
and CPE1, with a coefficient value of n = 0.797 ± 0.005 corresponds
to double layer capacity, Cdl = (6.8 ± 0.2) × 10−5 F. The element R2,
in parallel, is due to the charge transfer resistance. The presence
of R2 and the absence of the Warburg impedance in this equiva-
lent circuit may  be associated with an interfacial transfer process
of adsorbed molecules, not controlled by diffusion.

Finally, it is worthwhile noting that Cdl values obtained in the
presence of the polymer are higher than those in its absence, cer-
tainly due to the increase of interfacial charge, and also evidenced in
the voltammograms in Fig. 1 by the increase in background current
on reverse scans at potentials values previous to the corresponding
to desorption of the polymer.

4. Conclusions

The results obtained enable to postulate a mechanism of adsorp-
tion/diffusion control for the transfer of the polyelectrolyte E100 at
the water/1,2-DCE interface. Important differences were observed
between the first and the subsequent potential sweep in the
voltammograms. During the first cycle, a single positive current
peak, and its corresponding negative one, were observed, whose
Ep(+) and Ip(+) decreased as the pH of aqueous phase increased. This
dependence suggests that polymer molecules are transferred from
the aqueous to the organic phase, and the variation of Ip(+) with v
revealed that diffusion or adsorption processes of the polymer at
the interface can take place, depending on the pH of the aqueous
phase. Once E100 is transferred to the organic side, it adsorbs at
the interface via formation of ion pairs with the anions DCC− and
the desorption process takes place during the negative sweep. On
another hand, a second process, previous to the transfer controlled
by diffusion, appears during the second and successive potential
scans, attributable to the transfer of some species, which were not
present during the first cycle. It was  concluded that this kind of
species could be due to conformation changes in E100 molecules,
due to the adsorption–desorption process, or to the retaining of
DCC− ions in the positive sites of the polyelectrolyte after the
desorption process. This new conformation of the polymer favors
its spontaneous adsorption at the interface producing, from the sec-
ond cycle, a pre-peak attributable to the transfer of these adsorbed
species. This process is favored by increasing the number of cycles
and decreasing pH. Even in this case, a single peak, attributable to
the desorption of the polymer, is observed in the reverse scan. The
analysis of the desorption process, allowed the determination of
the lateral interaction parameter.

In this way, the combination of cyclic voltammetry and EIS at
liquid/liquid interfaces, demonstrated to be a valid tool to evaluate
the state of polymers at these interfaces.
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