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The electrochemical behavior of the cationic polymer chitosan-gtmac (Ch-GTMAC), at the polarized
water/1,2-dichloroethane interface was studied. This polymer was obtained by nucleophilic reaction of
chitosan (Ch) with glycidyltrimethylammonium chloride groups (GTMAC). The voltammetric response
was found to be dependent on the concentration of the polymer, on pH of the aqueous phase, and on the
nature of the organic electrolyte. The results suggest a weak adsorption of the polymer coupled to the
transfer towards the organic phase. Desorption process is quasi-reversible, and there is not interaction
between adsorbents. From the analysis of desorption charge, it was possible to determine the substitution

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan, the main derivative of chitin, is an attractive linear
aminopolysaccharide, composed primarily of repeating units of 8-
(1—4)2-amino-2-deoxy-D-glucose (D-glucosamine). As an unique
natural alkali polysaccharide, chitosan has many potential applica-
tions including drug delivery, artificial skin, reinforced bone nail,
absorbable suture and wound dressing [1-9], due to its distinctive
properties, such as biodegradability, biocompatibility, non-toxicity,
antibacterial activity, wound healing acceleration ability[10-12].
However, compared with collagen and hyaluronic acid, its natural
materials counterparts, the widespread use of chitosan has been
restricted. The limited utility of chitosan, principally arises from
its insolubility at neutral or high pH values. So, many efforts were
made to increase the solubility of chitosan [6,13,14], and to enable
a broader application in a wide pH range.

In this work, we present the electrochemical behavior of chi-
tosan modified with glycidyltrimethylammonium chloride, GTMAC
a quaternary ammonium group, which confers a permanent posi-
tive charge to the polymer. This modification allows high solubility
in a wide pH range.

In the last years, the interfacial behavior of polyelectrolytes
at liquid/liquid interfaces has been studied by different authors.
Among these studies, cationic polymers have gain a lot of interest
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regarding both, their interaction with others molecules, and their
interfacial behavior [15-21]. Principal interest has been paid to the
study of the adsorption of biopolymers which includes: heparine
[22-24], proteins [25,26], insulin [27], haemoglobin [28-30], myo-
globin [31], cytochrome C and ribonuclease A, DNA and his complex
[28,30,32-34]. Another research topic is that focused on the study
of the interactions between polyelectrolytes and membrane com-
ponents such as phospholipid molecules adsorbed at liquid/liquid
interfaces [33,35] or nanoparticles [36].

The aim of the present paper is to study the interfacial
behavior of chitosan modified with glycidyltrimethylammonium
chloride (GTMAC) applying cyclic voltammetry at a water/1,2-
dichloroethane interface and analyzing the effect of pH and
concentration of all the species. As mentioned above, this modifi-
cation allows the solubilization of the polymer at neutral and high
pH values. Therefore an important topic is the determination of
the degree of substitution resulting from the modification. In this
sense we demonstrate that the result obtained from voltammet-
ric experiments enable us to infer the substitution degree of the
polymer chain with GTMAC.

2. Experimental
2.1. Materials
Chitosan, Ch (85% DA, LMW, Aldrich); glycidyltrimethylam-

monium chloride, GTMAC (Sigma Aldrich); tetrapentylammonium
bromide, TPnABr (Fluka); tetraphenylarsonium chloride, TPhAsCl
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Scheme 1. Synthesis of quaternized chitosan Ch-GTMAC.

(Sigma); sodium dicarbollylcobaltate (NaDCC, Strem Chemicals);
potassium tetrakis (4-chlorophenyl) borate (KTCIPhB, Aldrich);
LiCl (Merck p.a.); HCI (Merck p.a.); LiOH (Merck pa) were used with-
out further purification. Ultrapure water (MilliQ RiOs 16, Millipore)
was used to prepared aqueous solutions.

Tetraphenylarsonium dicarbollylcobaltate (TPhAsDCC) and
tetrapentylammonium tetrakis (4-chlorophenyl) borate (TPnAT-
CIPhB) solutions, in 1,2-dichloroethane (DCE, Dorwil p.a.), were
prepared by metathesis of TPhAsCl and NaDCC or TPnABr and
KTCIPhB, respectively. The precipitates were recrystallized from
water: acetone mixtures and then dried in an oven at 30°C for two
days.

2.2. Preparation of the polymer Ch-GTMAC

Chitosan (500 mg) was dispersed in distilled water (10 ml), and
then GTMAC was added in a molar ratio 3:1 (moles of GTMAC per
each mols of amine group in Ch). Reaction was performed under
nitrogen purging at 70°C for 10 h. After the reaction, the solution
was poured into acetone/ethanol (50/50, v/v). The product was
filtered and dried in vacuum [37]. The product Ch-GTMAC was char-
acterized by Fourier Transform Infrared (FT-IR) spectra, employing
a Nicolet Avatar 360 FT-IR spectrometer and H! NMR employing
a Bruker 500 MHz spectrometer. The results obtained from these
techniques confirm a covalent union between GTMAC and Ch.

2.3. Voltammetric measurements

The voltammetric experiments were performed in a
four-electrode system using a conventional glass cell of
0.18 cm? interfacial area. Two platinum wires were used as
counter-electrodes and the reference electrodes were Ag/AgCl.
The reference electrode in contact with the organic solution was
immersed in an aqueous solution of 1.0 x 10~2 M tetraphenylar-
sonium chloride or 1.0 x 10-2 M tetrapentylammonium bromide
and 1.0 x 10~2 M LiCl.

The base electrolyte solutions were 1.0x10-2M LiCl
in ultrapure water and 1.0x1072M tetraphenylarsonium
dicarbollylcobaltate (TPhAsDCC) or 1.0x10"2M tetrapenty-
lammonium tetrakis (4-chlorophenyl) borate (TPnATCIPhB) in
1,2-dichloroethane.

Cyclic voltammetry was performed using a four-—electrode
potentiostat, which automatically eliminates the IR drop by
means of a periodic current-interruption technique.[38] A Hi-
Teck Instruments waveform-generator and a 10 bit Computer
Boards acquisition card connected to a personal computer were
also employed.

The potential values E reported in the voltammograms are the
applied potentials between the two Ag | AgCl reference electrodes
which are related to the Galvani potential difference (A} ¢) across
the interface by,

E =(A¥¢)+ AE.swhere AEs depends on the reference elec-
trodes and the reference solutions employed.

For cyclic voltammetry experiments, the polymer Ch-GTMAC
was added to the aqueous phase at concentrations between 0.01%
w/v and 0.10% w/v. Due to the presence of primary amines in these
polymers, pH value determines the amount of protonated groups,
so that, the pH of the aqueous phase was varied between 2.4 and
9.6 by addition of HCI or LiOH solutions, with the aim of analyzing
the effect of the charge in the interfacial behavior of this polymer.

The electrochemical cell used was as follows:

Ag AgCl TPhAsCI or TPhAsDCC or LiCl AgCl Ag
TPnABr+LiCl TPnATCIPhB 1x102M+
1x102M 1x102M Ch-GTMAC x
(w') (0) B wlv(w)

3. Results and Discussion

3.1. Synthesis and characterization of Ch- GTMAC

Ch-GTMAC was obtained following a reported methodology
(Scheme 1) [37]. The amine groups of chitosan react with epoxy
group of GTMAC by nucleophilic attack and ring opening. Both,
amine and hydroxyl groups of chitosan, can act like nuclephile
in the reaction, but the first group is better nucleophilic than the
other. The product was characterized by FT-IR spectroscopy and
TH-NMR. The FT-IR spectrum of product shows a new signal at
1484 cm~! corresponding to methyl groups of GTMAC. In addition,
the intensity of the band at 1590 cm~!, corresponding to amine
groups of Ch, decreases respect to the band of carbonyl groups of
polymer. In the "TH-NMR spectrum of the product, the bonding of
GTMAC to Ch was evident for the appearing of the characteristic
peak at 3.1 ppm corresponding to methyl groups of GTMAC. From
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Fig. 1. Cyclic voltammograms for different Ch-GTMAC concentration at the
water/1,2-dichloroethane interface. Aqueous phase composition: 1.0 x 102 M
LiCl+x % w/v Ch-GTMAC: (=) 0.02%; (—) 0.05% and () 0.10%. Organic phase com-
position: 1.0 x 102 M TPATCIPhB. v=0.005V s~!, pH=7.3.

acid-basic titration, 1.99 x 10~3 mol of GTMAC per gram of polymer,
was estimated.

3.2. Electrochemical behaviour of Ch-GTMAC

Fig. 1 shows the voltammetric profiles obtained when Ch-
GTMAC was present in the aqueous phase at different concentration
values and pH 7.20. The behavior is completely different to the
obtained with native chitosan, in which case no electrochemical
response is observed in the potential window employed (data not
shown). It can be clearly noted an asymmetry in the general shape
of the voltammetric profiles. The transfer process in the positive
wave corresponds to the transfer of the polymer from the aqueous
to the organic side of the interface, where it remains adsorbed via
ion pair formation with anions present in the organic phase (DCC~
or TCIPhB™~) In the reverse scan a narrow peak is observed, which is
characteristic of a desorption process, corresponding to the return
of the polymer to the aqueous phase. During the forward scan,
the peak potential is almost constant, for all the concentration of
the polymer analyzed. On opposite, a peak potential shift, towards
more negative values as concentration increases, is evident during
the reverse scan. This behavior is associated to different adsorption
configuration for the polymer in the organic side of the interface,
which depends on the amount of polymer adsorbed. The adsorption
process in the organic side is facilitated by the ion pair formation
with the anions of electrolyte present in the organic phase, as will
be analyzed in the next section.

Fig. 2, shows the voltammograms resulting from reversing the
sweep at successively more positive switching potentials, E). As
it can be noted, the negative peak current increases with E,,
reinforcing the hypothesis of adsorption of the polymer in the
organic phase. Also, the extent of adsorption depends on the
amount of the hydrophobic anion accumulated at the organic side
of the interface, which increase with E,. Nevertheless, for E, val-
ues higher than 0.800V, the peak current for the desorption process
remains constant, so a saturation of adsorption sites at the interface
can be postulated. Similar behavior was obtained for all Ch-GTMAC
concentration and pH values analized.

The value of the ratio ip™/ip™ is considerably larger than unit, i.e.,
the ratio expected for a simple diffusion-controlled charge transfer
reaction. The enhanced peak current ratio could be ascribed to the
coupling of polyelectrolyte transfer with adsorption of this species
at the organic side of the interface. During the positive scan the
polymer transferred accumulates nears the interface rather than
diffuses away into the bulk of the organic phase, and during the
reverse scan it is stripped into the aqueous phase. [25,27,39]
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Fig. 2. Cyclic voltammograms for Ch-GTMAC at the water/1,2-dichloroethane inter-
face, reversing the scan at successively more positive potentials, E\. Aqueous phase
composition: 1.0 x 102 M LiCl+0.050% w/v Ch-GTMAC. Organic phase composi-
tion: 1.0 x 1072 M TPATCIPhB. v=0.010 Vs, pH 2.4.

3.3. Effect of the pH

The structure of Ch-GTMAC, contains two different positive
charges, a primary amine in the chitosan chain and a quaternary
amine in the GTMAC group. For this reason the total charge in
the polymer depends on the pH of the aqueous phase. With the
aim to study the pH effect on the electrochemical response, sev-
eral concentrations of polymer were added to the aqueous phase
at different pH values within the range 2.3 - 10.2. Voltammetric
profiles obtained for 0.02% w/v of Ch-GTMAC at different pH values
are shown in Fig. 3. It’s important to remark two interesting points.
While pH increase, the peak potential for the main positive process
(P*)) shifts to lower values, due to the increasing hydrophobicity
of the polyelectrolyte by deprotonation of the primary amines. On
the other hand, at higher pH values a second peak appears at lower
potential values, P*y;, corresponding to a different transfer process
of the polymer to the organic phase. The free energy for this process
is clearly lower than that corresponding to P*}.

The dependence of the peak current (I,*) for P*; and P*y, on
scan rate was analyzed with the purpose to characterize both pro-
cess. A linear relationship of I,* with sweep rate was observed for
P*|;, while a linear behavior of peak current with the square root of
scan rate was obtained for P*| at all pH values studied. Figs. 4a and
4b show the I,* dependence with scan rate for both processes at
different pH values. These results suggest an activation-controlled
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Fig.3. Cyclicvoltammograms for Ch-GTMAC at the water/1, 2-dichloroethane inter-
face at pH=(—) 2.4; (=) 5.5; (—) 8.2. Aqueous phase composition: 1.0 x 102 M
LiCl+0.02% w/v Ch-GTMAC. Organic phase composition: 1.0 x 10-2 M TPATCIPhB.
v=0.050V s~
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Fig. 4. Values of Ip* for the transfer process P*; and P*; with v or v'/2 at different
pH values: a) P*; () pH 2.4; (®) pH 4.5; (A) pH 5.5. b) P*;; (A) pH 5.5; (®) pH 7.3;
(O) pH 9.6. Aqueous phase composition: 1.0 x 102 M LiCl+0.02% w/v Ch-GTMAC.
Organic phase composition: 1.0 x 10-2 M TPATCIPhB.

interfacial adsorption mechanism for P*y;, and a diffusion process
for P*|. The electrochemical behavior observed indicates that, at
high pH values, Ch-GTMAC can be present not only dissolved in
solution but also adsorbed at the aqueous side of the interface,
previous to the electrochemical transfer. Once the polarization is
applied to the interface a mixed transfer mechanism of the poly-
electrolyte to the organic side of the interface occurs, a direct
diffusional transfer of the polymer from the bulk of the aqueous
phase, and the transfer of the adsorbed Ch-GTMAC molecules from
the aqueous to the organic side of the interface. In the reverse scan,
a sharp peak can be observed at all pH values studied (P~), cor-
responding to desorption of the polymer from the organic side of
the interface to the aqueous phase, as has been explained in previ-
ous section. This statement assumes that all Ch-GTMAC molecules,
transferred through processes P*; or P*j, are adsorbed at the
organic side of the interface after the transfer. Slight shifts of Ep~ to
more negative values take place as the pH increases, in accordance
with the higher hydrophobic nature of the polymer due to the loss
of positive charge resulting from the amine deprotonation. More
hydrophobic is the polymer more energy is necessary to transfer
to the aqueous phase. Similar behavior was observed employing
high Ch-GTMAC concentration values. However, as the Ch-GTMAC
concentration increases, the second process appears at lower pH
values (result not shown).

Summing up, the results allow postulating the following reac-
tions for Ch-GTMAC transfer in the positive scan:
Ch — GTMACZ!

(w,ads,dis)

+ nTCIPhB,, — Ch - GTJW\C(TCIPh)E;)Ef("”+

0,ads)
And, in the reverse scan:

Ch — GTMAC(TCIPhB)® ™+ Ch — GTMAC*+

n(o,ads) (w,dis

y T nTClPhB(’O)

Were the subscripts ads or dis refer to adsorbed or dissolved
Ch-GTMAC molecules.
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Fig.5. Cyclicvoltammograms for Ch-GTMAC at v=0.050 Vs~! using different organic
electrolytes. Aqueous phase composition: 1.0 x 10-2 M LiCl+0.05% w/v Ch-GTMAC,
pH=5.5. Organic phase composition: (—) 1.0 x 10-2 M TPhAsDCC; (—) 1.0 x 102 M
TPATCIPhB.

3.4. Effect of the organic electrolyte

Fig. 5 compares the voltammetric profiles obtained for 0.050%
w/v Ch-GTMAC in the aqueous phase and two different base elec-
trolytes in the organic phase: TPhAsDCC and TPnATCIPhB at a
concentration 1.0 x 102 M. Both, the forward and reverse profiles
change with the nature of the hydrophobic anion in the organic
supporting electrolyte. It suggests that the voltammetric response
depends on the interaction between the cationic polymer and the
hydrophobic anion through the formation of ion pairs in the organic
side of the interface.

In contrast with the mechanism proposed in the previous sec-
tion for the anion TCIPhB-, in the case of DCC", a single process
at 0.670V is observed, which corresponds to a purely diffusional
controlled mechanism.

The above asseveration is similar to that concluded by other
authors, [27,34] for protamine and insulin 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 polycation and the organic
electrolyte anion, and found that the stability of the ion pair
decreases with increasing the size of the anion or the hydrophobic
character of the anion.

As can be noted in Fig. 5, during the reverse scan, the negative
peak observed in presence of TPnATCIPhB is sharper than the corre-
sponding for TPhAsDCC, which would indicate a faster desorption
process for Ch-GTMAC when TPnATCIPhB is used as organic elec-
trolyte, revealing a lower stability of the ion pair formed by the
anion TCIPhB~ and the amine groups of Ch-GTMAC at the organic
side of the interface. On the other hand, for DCC~ anions two pro-
cesses are observed, which would be attributed to the desorption
of two kinds of conformations of the complex formed at the inter-
face. Based on these results we can postulate a stronger interaction
between Ch-GTMAC and DCC~ anion compared to TCIPhB~ anion.
Indeed, the radii of DCC~ and TCIPhB~ anions reported in litera-
ture are 0.275 and 0.535 nm respectively [40,41], confirming the
hypothesis of a lower stability of the ion pair formed by the anion
TCIPhB~ respect to that formed by DCC-.

3.5. Potential step followed by negative linear sweep

With the aim of analyzing the desorption process; potential
steps followed by negative scans at different sweep rates were car-
ried out. Steps at E=0.850V were applied during different times,
AT, previous to the negative scan (see inset Fig. 6). As can be seen
in Fig. 6, the peak current increase with AT, as a consequence of
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Fig. 6. Negative profiles for Ch-GTMAC at the water/1,2-dichloroethane interface
recorded after holding the potential at E=0.850V during different pulse times AT:
0,10,30,50,75and 1205, v.)=0.010 Vs~'. Aqueous phase composition: 1.0 x 10-2 M
LiCl+0.020% w/v Ch-GTMAC, pH 4.5. Organic phase composition: 1.0 x 10~2 M TPAT-
CIPhB.

the amount of polymer adsorbed at the interface increases. Fig. 7
shows the lineal dependence of Ip~ with sweep rate, for several AT,
confirming the activation-controlled interfacial adsorption mech-
anisms proposed. On the other hand, the peak potential is constant
with the sweep rate, at all At values employed at all the pH values
studied, which indicate no lateral interaction between the adsorbed
molecules [42]. To carry out the analysis of charge desorption, Q(-),
we selected the conditions of low sweep rate to ensure a complete
desorption of Ch-GTMAC. The Q(-) values were calculated integrat-
ing the desorption peaks, during the negative scans at 0.010 Vs~1,
after holding the potential at E=0.850V during different times, at
all pH values studied. The results are shown in Fig. 8, as can be seen
the charge depends on the pH of the system. At pH= 6.5 a plateau is
observed corresponding to Q(-) equal to 125 wC. The same behavior
was observed in the range 5.3 < pH < 9.6. While at lower pH val-
ues, 2.4 and 3.7, the saturation charge is equal to 325 C. As it was
discussed in previous sections, the charge of the polymer depends
on pH of the aqueous phase. Considering the charge of the polymer
at the different pH values, it is possible to calculate a degree of sub-
stitution of primary amine groups in the Ch chain for GTMAC. At
high pH values, the charge obtained depends only on the quater-
nary amine groups in GTMAC, while at low pH values the charge
depends of both amine groups, not only the quaternary charged
amines in GTMAC but also the primary protonated amines (pK; ~

2.0x10™ — 1 1 1 1 1

1.6x10™*

1.2x10™*

~
o

— 8.0x10°

4.0x10°

0.0

0.00 0.02 0.04 0.06 0.08 0.10
v/Vs'
Fig.7. Values of Ip (-) for Ch-GTMAC desorption obtained at different T values. Aque-

ous phase: 1.0 x 1072 LiCl M+ Ch-GTMAC 0.05% w/v, 7: (R) 0; (®) 10; (a) 30. Organic
phase: 1.0 x 10-2M TPATCIPhB. pH: 4.5.
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Fig. 8. Plot of Q(-) values vs AT, calculated from voltammograms in Fig. 6 for the
process in the negative sweep, at different pH values: (B) pH 2.4; (®) pH 6.5.

6.5) in Ch, which has not been substituted by GTMAC molecules. So
that the percentage of substituted amines can be calculated relat-
ing both Q(-) values (125 .C/325 .C). In this way, the percentage
obtained was 38.5%, which is similar to the values obtained for
other methodology like acid base titration (41% of substitution). The
small difference observed can be explained considering the effect of
ion binding which can modify the effective charge of the polyelec-
trolyte in solution. Therefore, this voltammetric technique allows
the calculation of the substitution degree of a polymer for reactions
involving ionizable groups.

In addition, a characterization of the desorption process was
possible analyzing the results obtained at different pulse times
and pH values. Fig. 9 shows the variation of Ep", the half peak
width AEp, and the pseudo-capacitance, Cp, obtained by the quo-
tient of I,~ and v, with log v. From comparing the results obtained
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Fig.9. Plots ofa) Cp; b) AE,; and c) E,~ values vs log v showing the quasireversible
behavior of desorption process at different time pulse: (W) 0 and (®) 10 s. Aque-
ous phase: 1.0 x 10~2 LiCl M+Ch-GTMAC 0.05% w/v. Organic phase: 1.0 x 10~2M
TPATCIPhB. pH 5.5.
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with theoretical predictions [42], it is possible to conclude that the
desorption process is quasireversible.

4. Conclusions

The results obtained in this paper allow us to postulate a
mechanism of adsorption/diffusion control for the transfer of the
polyelectrolyte Ch-GTMAC at the water/1,2-DCE interface. Impor-
tant differences were observed when pH of the aqueous phase or
concentration of the polymer were changed. The variation of peak
current Ip* with sweep rate revealed a mixed activation and diffu-
sion control, the first one occurs at high pH values and high polymer
concentration, while the diffusion transfer occurs at all the condi-
tions studied. Also, it was possible to postulate the adsorption of
transferred molecules at the organic side of the interface facilitated
by the ion pair formation with the anion of the supporting elec-
trolyte of the organic solvent. The analysis of the desorption process
of the polymer, allowed the determination of a quasi-reversible
mechanism, and it is possible to conclude that no lateral interac-
tion, between molecules of polymer adsorbed at the interface, takes
place. From the analysis of the charge with pH, it was possible to
calculate the degree of substitution of the primary amine groups
of Ch with GTMAC groups. In this case we obtain a 38.5% of substi-
tution which is similar to that obtained from acid-based titration.
So, this electrochemical method allows inferring in the degree of
substitution when ionized groups are involved in the reaction.

The solubility of Ch-GTMAC makes a material potentially appli-
cable in different therapies to be used as carriers for controlled
release of drugs. The methodology presented in this study repre-
sents a valuable alternative to evaluate the perfomance of these
materials in interfaces with different hydrophilic/hydrophobic
characteristics.
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