
Contents lists available at ScienceDirect

Electrochemistry Communications

journal homepage: www.elsevier.com/locate/elecom

Electrochemistry at the liquid–liquid interface rediscovers interfacial
polycondensation of nylon-6,6
Karolina Kowalewskaa, Karolina Sipaa, Andrzej Leniarta, Sławomira Skrzypeka, Lukasz Poltoraka,⁎

a Department of Inorganic and Analytical Chemistry, Electroanalysis and Electrochemistry Group, Faculty of Chemistry, University of Lodz, Tamka 12, 91-403 Lodz,
Poland

A R T I C L E I N F O

Keywords:
Interfacial polycondensation
ITIES
Miniaturization
Molecular sieving
Polyamide
Interfacial modification

A B S T R A C T

The interfacial polymerization of nylon-6,6 is studied at the polarized liquid–liquid interface. The optimal
conditions (concentration of reagents in a biphasic system, pH of the water phase, voltammetric cycling) are
used to modify the interface, supported by a microcapillary, giving a platform with molecular sieving properties.

1. Introduction

The beauty of the liquid–liquid interface (LLI) lies in its asymmetric
properties, which allow the separation of reagents based on their affi-
nity to one or other of the immiscible solvents. This two-phase system
provides a unique environment for the preparation of nano/micro-
structured materials that are difficult or impossible to prepare using
other methodologies. The LLI modification can be performed either ex
situ (the modifier is added to one of the phases) or in situ (interfacial
decoration follows an interfacial reaction) [1]. In either case, the
modifier remains at the interface as the condition for interfacial free
energy reduction has to be met. The numerous examples of the reac-
tions that can occur at the LLI are nicely summarized in an elegant
review by Piradashvili et al. [2]. The interfacial polycondensation re-
actions between diamines and diacid chlorides provide an extremely
simple way of producing polyamide at the LLI [3]. This reaction, first
reported in 1935, not only found commercial success but is also known
as a very nice undergraduate experiment – “the nylon rope trick”. Other
examples placing synthetic chemistry at the LLI may be achieved with
the help of “click chemistry”, including copper-catalyzed azide–alkyne
reactions (e.g. for glycol nanocapsules entrapping oily core creations
[4]) or thiol–ene polyaddition (e.g. for the synthesis of chitosan nano-
capsules [5]).

Another property of the LLI, frequently coupled to interfacial
modification, is the relative ease of operating on different scales, ran-
ging from macroscopic and planar systems down to configurations
based on nanodroplets. When placed in a container, the immiscible

liquids simply separate to form a continuous and defect-free layer with
dimensions defined by its support. Droplets, in turn, can be produced by
means of a high energy supply (e.g. sonication) [6], a membrane-based
approach [7] or microfluidics [8]. One of the immiscible liquids can be
placed in a confined space such as a single nano/micropore or an array
of such pores, giving alternative configurations for LLI studies [9–12].
Finally, the LLI can be enriched by another gas or solid phase, forming a
multiphase junction. The latter scenario is especially interesting when
solid electrodes are employed. Within such a three-phase junction, in-
terdependent electrochemical and chemical reactions can lead to very
localized deposition of materials [13–17].

An electrified LLI or interface between two immiscible electrolyte
solutions (ITIES) offers electrochemical control during the interfacial
modification process. In this respect, a few scenarios can be considered.
In the first, a deposit can be formed upon reaction between reactants
separated by the LLI (with either one or both having ionic chemical
functionality within their structures) where interfacial transfer can be
forced via the application of an external potential difference. This
methodology was applied to decorate LLI with silica films after
adopting a templated sol-gel process [18–21]. LLI polarization may also
be used to create floating films of proteins [22–24] or multi-charged
species [25,26] electrochemically adsorbed to the soft junction after
complex formation with the hydrophobic ions of the organic phase
background electrolyte. Finally, the LLI is an environment where het-
erogeneous redox reactions can proceed. As such, it can be decorated
with metallic NPs via the reduction of metal precursors dissolved in one
phase (e.g. chloro complexes of Pt or Pd hosted by the water phase)
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using the electrons from electron donors present in the second phase
(e.g. ferrocene derivatives dissolved in the organic solvent) [27–30]. A
few examples exist where an electrochemically controlled interfacial
electron transfer reaction is used to trigger interfacial polymerization of
e.g. polythiophenes [31] or polypyrrole [32,33].

2. Methods and materials

All of the methods, materials and equipment used in this work are
described in Section 1 of the electronic Supporting information.

3. Results and discussion

In this work, for the first time, we have used electrochemical control
to study nylon-6,6 polycondensation at the polarized water – 1,2-di-
chloroethane interface. Fig. 1A shows the ion transfer voltammogram
(ITV) recorded in the macroscopic electrochemical cell formed upon
contacting 110 µM 1,6-diaminohexane (1,6-DAH) dissolved in 10 mM
HCl (pH ≈ 2) with 5 mM organic electrolyte solution (for details refer
to Supporting information, Section 1.1) dissolved in 1,2-di-
chloroethane.

Two characteristic signals were recorded and correspond to the
interfacial transfer of the charged 1,6-DAH from the aqueous to the
organic phase – the positive peak current – and its back transfer from

the organic to the aqueous phase, recorded as the negative peak cur-
rent. The signal originating from the 1,6-DAH appears at around 0.75 V
and is partially overlaid with the interfacial transfer of H+ limiting the
potential window on the more positive potential side. Electrochemical
characterization of the 1,6-DAH revealed that (i) the corresponding
ionic currents can be detected from concentrations as low as 1 µM (see
Fig. S1A); (ii) the ratio of the forward and reverse peak current ap-
proaches unity, indicating a reversible simple ion-transfer reaction; (iii)
the peak-to-peak separation is equal to about 30 mV (within the lower
concentration range), which agrees well with the anticipated charge
z = 2 for pH = 2; (iv) the diffusion coefficient of the 1,6-DAH calcu-
lated using the Randles-Sevcik equation is equal to 2.3 · 10−6 cm2·s−1

and agrees well with the value given in the literature – 1.2 ·
10−6 cm2·s−1 [34] (for details see the Supporting information, Section
2.2). Fig. 1B shows the relation between the half-wave potential of ion
transfer for the 1,6-DAH and the pH of the aqueous phase (Britton-
Robinson buffer), which is correlated with the fraction of different 1,6-
DAH species present in the water phase at different pH values.

The latter data (Fig. 1B in red) were plotted using pKa1 = 10.8 and
pKa2 = 11.9 (for details, see Section 2.3 in the Supporting information)
[35]. As expected, up to pH 8–9 the potential of 1,6-DAH ion transfer
remains largely unaffected as nearly 100% of 1,6-DAH species are fully
protonated (each molecule holds two positively charged amine groups –

Fig. 1. A Ion transfer voltammogram (ITV) recorded in the presence of 110 µM
1,6-DAH in the water phase (pH≈ 2, scan rate 10 mV·s−1). The direction of the
1,6-DAH ion transfer is also shown schematically and is attributed to the cor-
responding signal. B The marked points (the line joining them is only a guide
for the eye) represent the half-wave potential for the interfacial ion transfer of
1,6-DAH, extracted from voltammograms recorded at different pH values. The
red lines represent the distribution diagram of all possible 1,6-DAH species.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. A ITVs recorded with 5 mM 1,6-DHA in the aqueous phase (dotted blue
curve); with 5 mM adipoyl chloride (AC) in the organic phase (solid red curve);
and with 5 mM 1,6-DHA in the aqueous phase and 5 mM AC in the organic
phase (dot-dash black curve) at a pH equal to 12. The inset shows the vol-
tammogram recorded with 5 mM AC dissolved in the organic phase and the pH
of the aqueous phase equal to 2. B Proposed mechanism of electrochemically-
assisted polyamide formation. A description of the reactions labelled (i) to (v) is
given in the text. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. A – A schematic representation of an experimental protocol involving (i) fabrication of a microscopic ITIES (supported with a piece of silica capillary tubing;
the SEM photo shows the capillary embedded in plastic casing), (ii) electrochemical modification of the microscopic ITIES with nylon-6,6; (iii) electrochemical
characterization of the modified microscopic ITIES in the presence of TMA+ and TBA+. The ITVs show the currents corresponding to the TMA+ (B) and TBA+ (C)
initially present in the aqueous phase before and after modification. D and E (also insets) show SEM micrographics of a fused silica microcapillary before and after
modification, respectively.
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1,6-DAM2+). A further increase in pH, especially in the pH range from 9
to 13, causes significant fluctuations in the fraction of non- (1,6-DAH0),
mono- (1,6-DAM+) and 1,6-DAH2+ species. This is also reflected in the
position and intensity of the positive and negative peaks attributed to
1,6-DAH ion transfer (see ITVs in Fig. S3). The tentative rule says that
the potential of ion transfer can be directly attributed to the hydro-
philicity of the molecule under investigation. That is, more hydrophilic
cations require a higher portion of the potential applied to the LLI to
trigger their interfacial transfer [36]. Consequently, as the concentra-
tion of 1,6-DAH+ and 1,6-DAH0 species (both being slightly more hy-
drophobic than 1,6-DAH2+) increase, we have observed dropping peak
currents and a shift in the transfer potential towards lower potential
values. For further experiments involving interfacial polycondensation
of nylon-6,6 we have fixed the pH of the aqueous phase at 12, under
which conditions 1,6-DAH species exist as the 1,6-DAH0 and 1,6-DAH+

species in a ratio of about 1:1. A pH optimization study was performed
and is summarized in Section 2.4 of the Supporting information. Fig. 2A
shows a series of cyclic voltammograms recorded with 5 mM 1,6-DAH
in the water phase, 5 mM AC in the organic phase and with both re-
agents at 5 mM concentration in both the water and the organic phases.
Without a permanent charge or ionizable chemical functional group,
the AC is electrochemically inactive. The product of its hydrolysis,
adipic acid, although probably formed, does not give a signal within the
available potential window (ITVs recorded with and without 5 mM AC
in the organic phase with the pH of the aqueous phase set to 2 and 12
revealed no differences). A clear signal appears when only 5 mM 1,6-
DAH was present in the aqueous phase – Fig. 2A, blue dotted curve. In
this particular case, the positive current limiting the potential widow
starts increasing 195 mV earlier than the blank and originates from 1,6-
DAH+ transfer from the water to the organic phase. Further positive
polarization eventually triggers Na+ transfer from the water to the
organic phase. The most interesting situation occurs when both re-
agents are present in the biphasic system, i.e. 1,6-DAH in the water and
AC in the organic phase. First of all, the point at which the positive
current starts increasing is further shifted to lower potential values by
around 80 mV. Moreover, after just one voltammetric cycle film can be
clearly seen with the naked eye at the soft junction (see the photo in the
top right-hand corner of Fig. 2B). The material formed at the ITIES
contained several absorption bands characteristic of polyamides, as
shown using infra-red spectrometry (for details see Section 2.5 in the
Supporting information). The blank experiment set in a beaker revealed
that for identical conditions but without external polarization, nylon-
6,6 film is again formed, but requires more time (2–3 min). The pro-
posed mechanism of electrochemically controlled nylon-6,6 interfacial
polymerization is shown schematically in Fig. 2B. Here a number of
mutually interconnected reactions can occur. First of all, (i) the 1,6-
DAH0 can react with AC within the interfacial region giving polyamide
and hydrochloric acid which dissociates into H+ and Cl−. As the in-
terface is polarized using an external power source, (ii) H+ may be
transferred to either the organic or the aqueous phase. In the latter case,
especially within the interfacial region, (iii) the amine groups of the
1,6-DAH0 will be protonated, and hence, the resulting cations may
undergo an interfacial ion transfer reaction. (iv) We cannot exclude
protonated amine dissociation, especially in the mixed layer region,
giving rise to non-protonated amine groups available for reaction with
the acyl chloride functional groups and (v) H+ further acidifying the
aqueous phase layer adjacent to the LLI. All these reactions lead to the
formation of a probably partially positively-charged polyamide film
that may find applications in size- and charge-sieving-based molecular
separation.

To demonstrate the applicability of the developed procedure, we
have used electrochemical control to modify the microscopic LLI with
nylon-6,6 based films. Firstly, we prepared the microITIES using fused
silica capillaries with an internal diameter equal to 25 µm (the protocol
of microITIES preparation is described elsewhere) [37]. Electro-
chemical studies revealed that the location of the ITIES is at the pore

ingress and the diameter of the ITIES of 23.2 µm (see Supporting in-
formation Section 2.6) agrees very well with the pore diameter mea-
sured using SEM (24.8 µm – Fig. 3D). The protocol for the modification
of the microITIES with nylon-6,6 is depicted in Fig. 3A. Briefly, the
freshly prepared capillaries were filled with the organic phase con-
taining 5 mM AC. Next, these were immersed in a water phase con-
taining 5 mM 1,6-DAH. The electrodes and connections were fixed and
five voltammetric cycles were recorded. The SEM micrographs clearly
show that a deposit is present within the pore after the electrochemical
modification process (Fig. 3E), unlike the unmodified pore (Fig. 3D).

Next, the modified capillary was placed directly into a cell con-
taining either tetramethylammonium (TMA+) or tetrabutylammonium
(TBA+) cations. Fig. 3B and C show the ITVs recorded before and after
modification in the presence of the specified quaternary ammonium
cations in the water phase at a concentration equal to 60 µM. It is nicely
shown that the transfer of TBA+ is entirely blocked (signal appearing
on the negative side of the potential window in Fig. 3C) whereas the
faradaic current for TMA+ is reduced by 90%. The proposed platform
combines a very simple LLI miniaturization approach with an ITIES
modification protocol which is equally straightforward. As a whole, the
proposed configuration may find applications in sensing, selected mo-
lecular recovery or separation.

4. Conclusions

In this work we have shown that the interfacial deposition of
polyamide based films can be controlled using electrochemically trig-
gered ion transfer. Precise control of the pH is essential in this respect,
as protonation of the amine groups within 1,6-DAH inhibits the reaction
with the AC. The resulting polyamide films can be easily removed from
the interface, which is of the utmost importance for practical applica-
tions. Additionally, micropores with a diameter of 25 µm were used to
support the polarized LLI and were further modified under electro-
chemical control with the polyamide film. The resulting platform ex-
hibited size-sieving properties, being partially permeable to tetra-
methylammonium cations and entirely inhibiting the interfacial
transport of the tetrabutylammonium cation.
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