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Self-assembly and pH response of electroactive
liquid core–tetra(aniline) shell microcapsules†

Wei Lv,a Jiangtao Feng,a Wei Yan*ab and Charl F. J. Faul*c

We developed a simple one-pot method to fabricate electroactive tetra(aniline)-based microcapsules,

which exhibit a wide range of pH response by self-assembly. In this procedure, the microcapsules are

prepared by the facile dialysis-induced self-assembly of tetra(aniline), TANI, doped with acetic acid (HAc),

onto the oil-in-water droplet interface. The chemical structure of the shell is characterized by FT-IR and

UV-Vis spectroscopy. The electrochemical properties, self-assembly and pH response of microcapsule

dispersions are further investigated by cyclic voltammetry, optical and electron microscopy, dynamic

light scattering and aqueous electrophoresis. The size of the microcapsules increases gradually from 1.25

mm to 2.93 mm when the concentration of HAc changes from 12 M to 14 M and higher (to become

glacial acetic acid). Furthermore, we show that aggregation and stability of the microcapsules can be

controlled through changes in pH. This strategy appears to be a general scheme for producing other

oligo(aniline)-based microcapsules.
Introduction

Polymer-shell microcapsules with liquid cores have enjoyed
considerable success in the applications of active ingredient
encapsulation, ranging from food and avour protection,1 drug
delivery and cell encapsulation2 to energy storage.3 The encap-
sulating techniques and properties of different microcapsules
are mainly dependent on the specic shell material with the
desired release prole.4 An interesting area of research within
the eld of encapsulation focuses on the preparation of
microcapsules with a conductive polymer shell.5 Compared
with the common shell materials such as carbohydrates, lipids,
and proteins, the attractive advantages of conducting micro-
capsules are their tuneable optoelectronic properties and
capacities of conducting bioelectrical signals, which provides
the opportunity to efficiently deliver active ingredients only with
electrical stimuli.5b,c

As a new class of nanostructured organic (semi)conductors,
oligo(aniline)s have drawn increasing academic interest
recently. This interest mainly stems from the fact that they: (1)
retain the unique redox properties of the polymeric analogue
poly(aniline), PANI, and possess relatively high conductivity,6
ngineering, Xi'an Jiaotong University, Xi'

ail.xjtu.edu.cn

in Power Engineering, Xi'an Jiaotong

S8 1TS, Bristol, UK. E-mail: charl.faul@

ESI) available: Characterization, part of
icrocapsules prepared using different
behavior. See DOI: 10.1039/c4tb00398e

0–4725
(2) possess a well-dened chemical structure and provide
molecular engineering possibilities for designing oligo(aniline)-
based organic (semi)conductors with dened functionalities
and properties,7 and (3) exhibit good solubility and excellent
processability.8 These attractive advantages of the general class
of oligo(aniline) materials have led to increasing interest in
developing materials and further applications for these oligo-
mers, including our efforts here to fabricate microcapsules with
electroactive shells from the important model compound for
PANI, phenyl/amine end-capped tetra(aniline) (TANI). Recently,
a number of reports have indicated that oligo(aniline)s, as a
class of p-conjugated molecules, can self-assemble into well-
dened nanostructures and hierarchical microstructures by
intermolecular interactions, such as hydrogen bonds, p–p

stacking, ionic interactions and hydrophobic interactions.9

Specically, electroactive microcapsules have previously
been prepared by self-assembly of TANI-based amphiphilic tri-
block copolymers in solution. Electroactive and acid-responsive
vesicles were prepared by self-assembly of the triblock copoly-
mer, (ANI)4-b-PEO600-b-(ANI)4, synthesized by coupling TANI,
PEO600 and tolylene-2,4-diisocyanate in aqueous solution.10 A
further electrically switchable vesicle system was prepared by
redox-responsive self-assembly of an amphiphilic compound
consisting of TANI and oligoEO10 synthesized by amidation of a
leucoemeraldine base (LEB) TANI block with oligo(ethylene
glycol) monocarboxylic acid.5b Unfortunately, the synthesis of
copolymer vesicles requires complex procedures, and the
attachment of large structural (i.e., functionless) blocks dilutes
the electroactive functionality within the bulk material, which is
a distinct disadvantage for applications requiring a high density
of electroactivity.6
This journal is © The Royal Society of Chemistry 2014
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Here we present a new strategy for producing electroactive
liquid core–TANI shell structures in one pot, through a solvent-
exchange process in which amphiphilic TANI adsorbs onto the
oil–water interface and self-assembles into well-dened shells
by strong intermolecular interactions. The size of the micro-
capsules is dependent on the concentration of acetic acid (HAc)
used in the preparation. The aggregation behaviour and
stability of the microcapsules can be controlled through
changes in pH.

Experimental
Synthesis

N-Phenyl-1,4-phenylenediamine was purchased from Aldrich
Chemical Co. Ltd., and other chemicals were from Tianli
Chemical Reagent Co. Ltd. All chemicals were used as received.
The synthesis of TANI was performed by a modication of the
procedure reported in ref. 11. In a typical synthesis, ferric
chloride hexahydrate (2.70 g, 10.0 mmol) dissolved in HCl (10
mL, 0.1 M) was quickly poured into a solution of the hydro-
chloride salt of N-phenyl-1,4-phenylenediamine (dianiline salt,
2.56 g, 10 mmol) suspended in HCl solution (50 mL, 0.1 M).
Aer vigorous mechanical stirring for 2 h, the product was
collected by centrifugation and washed with 0.1 M HCl repeat-
edly until the supernatant became clear. The precipitate was
puried by Soxhlet extraction with acetone for 12 h to remove
any residual dianiline salt. The resulting precipitate was then
treated with a mixture of ammonium hydroxide solution (2 M,
50 mL) and acetone (300 mL) for 30 min. The acetone was then
removed under reduced pressure. The precipitate was collected
by centrifugation and dried in a vacuum oven at 50 �C for 48 h.
Characterization of the product is shown in the ESI, Fig. S1.†

Preparation of the electroactive microcapsules

In a typical preparation, 2.0 mg of ne TANI powder was
dispersed in 4.0 mL of glacial acetic acid and then mixed with
1.0 mL of n-octane. The mixture was shaken for 30 seconds and
centrifuged at 4000 rpm for 5 min. The supernatant was
collected and placed into a dialysis bag (3500 MW cutoff, Vis-
kase). The sealed bag was suspended within a 1 L beaker con-
taining deionized water under stirring to allow the acid to
diffuse out of the dialysis bag. The deionized water was replaced
every 3 h for 9 h to quickly remove the excess acid until the pH of
the deionized water stabilized at 7. The observed small amount
of n-octane oil suspended at the top of the dialysis bag can be
recycled. Calculations (based on average sizes, volumes and wall
thicknesses) indicated that the solid content of microcapsules
was 6.7 wt%.

Preparation of the microcapsule-modied carbon paste
electrode (CPE)

The modied CPE was prepared by thoroughly mixing high
purity (99.98%) graphite powder, silicone oil and microcapsule
powder in a ratio of 60 : 30 : 10 (w/w) in an agate mortar, using a
pestle to obtain a homogeneous paste. A portion of the homo-
geneous paste was packed into a graphite rod and inserted into
This journal is © The Royal Society of Chemistry 2014
a glass tube with F ¼ 5 � 1 mm. A copper wire xed to the
graphite rod and inserted into the glass tube served to establish
electrical contact with the external circuit.
Characterization

The formed microcapsules were observed using a L2020 Optical
microscope (OM) with a high-resolution optical CCD camera in
transmitted illumination mode. A calibration grid with 10 mm
spacing was photographed to calculate magnications. Samples
for SEM studies were prepared by depositing 1 to 2 drops of the
dispersion onto a piece of concave slide covered with a cover
slip. The samples were vacuum freeze dried to prevent the
deformation of the spherical shape. SEM images were taken
with a JEOL JSM-6700 Field Emission Scanning Electron
Microscope. Transmission electron microscopy (TEM) was
performed on a JEM model 2100 electron microscope. The
samples were prepared by drop-casting 1 to 2 drops of the
microcapsule dispersion onto the carbon-coated copper grids
and allowed to dry in air. Cyclic voltammetry (CV) was per-
formed on a CHI 660D electrochemical work station with a
conventional three electrode cell, using Ag/Ag+ as the reference
electrode and Pt foil as the counter electrode. The prepared
microcapsule-modied CPE was used as the working electrode.
CV investigations were carried out in 1.0 M H2SO4 solutions
(degassed for 30 minutes with high purity N2) in the range from
�0.2 to 1.0 V at a scan rate of 50 mV s�1. Dynamic light scat-
tering (DLS) and zeta potential measurements were carried out
by using a Malvern Zetasize Nano ZS90 apparatus. FT-IR spectra
of the dried samples were obtained on a Bruker, TENSOR37
infrared spectrometer with KBr pellets. Matrix-assisted laser
desorption ionization time-of-ight mass spectrometry analysis
(MALDI-TOF MS) was performed on an Applied Biosystems
4700 Proteomics Analyzer. UV-Vis spectra were recorded on an
Agilent 8453 instrument.
Results and discussion

The as-synthesized TANI powder was dissolved in glacial acetic
acid and then mixed with n-octane. A dispersion of microcap-
sules with TANI as the shell can be formed by dialyzing the
mixture against deionized water. Optical microscopy (Fig. 1a) of
the resulting dispersion conrmed that microcapsules were
formed during the dialysis process. The average diameter of the
microcapsules, as determined by measuring 87 particles by
SEM, is 2.49 mm � 0.36 mm (Fig. 1c). This size is slightly smaller
than that of hydrodynamic radius determined from DLS (2.9
mm) (Fig. 1b). The broken microcapsules observed in SEM
images are evidence for their hollow nature (Fig. 1c as an
example). This is further proven by the strong contrast between
the dark edge and the pale center in the TEM image (Fig. 1d).
The walls of the microcapsules are approximately 50 nm thick.
Most of the dry microcapsules (Fig. 1c and d, S2, S6† and 10) are
broken (i.e., with one large hole) or have indentations on the
surface. The formation of such broken structures may result
from solvent evaporation during the vacuum freeze-drying
process.12,13
J. Mater. Chem. B, 2014, 2, 4720–4725 | 4721
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Fig. 1 Typical optical micrograph (a), particle size distribution (b), SEM
micrograph (c) and TEM micrograph (d) of the final microcapsules.
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TANI as the shell component, which is partly in the HAc-
doped emeraldine salt (ES) state, is demonstrated by FT-IR and
UV-Vis spectra. In Fig. 2, the FT-IR spectra from 1600 to 800
cm�1 of the nal microcapsules show similar proles to those
observed for the as-synthesized TANI. The main peaks at 1599
and 1510 cm�1 correspond to C]C stretching vibrations of
quinone and benzene rings, respectively. The other bands at
1309, 1167 and 823 cm�1 can be assigned to the C–N stretching
vibration of a secondary aromatic amine, the aromatic C–H in-
plane bending modes, and the C–H out-of-plane bending
vibrations of 1,4-aromatic substituted benzene rings, respec-
tively. These peaks are well distinguished in the spectrum of
oligo(aniline)s in their emeraldine base (EB) state.14 However,
the dramatic decrease in the ratio of the peak from 1599 to 1510
Fig. 2 FT-IR spectra of the as-synthesized TANI powder, the final
microcapsules and pure HAc-doped TANI. The characteristic
stretching vibrations of HAc-doped TANI-ES are located at 1570
cm�1(gC]C for quinoid rings), 1493 cm�1 (gC]C for benzenoid
rings), 1308 cm�1 (p-electron delocalization), 1243 cm�1 (gC–N+c) and
1152 cm�1 (g-NH+]).

4722 | J. Mater. Chem. B, 2014, 2, 4720–4725
cm�1 emerges in the spectrum of nal microcapsules, indi-
cating the presence of doped TANI-ES (see Fig. S3†).7a Moreover,
a relatively strong band at 1662 cm�1 observed in the spectrum
is also linked to the carboxylic anions as the dopant counter-
ions (see below).15

As shown in Fig. 3 (inset), the nal blue microcapsule
dispersion (b) turns violet when exposed to a base (a) and
green when exposed to an acid (c), indicating that the well-
known doping/dedoping behaviour of TANI occurs, also in the
capsules.16 This phenomenon is in agreement with the unique
acid–base doping–dedoping properties of TANI. From the UV-
Vis spectra, the characteristic absorption maximum observed
at 311 nm and 595 nm are ascribed to p–p* transitions of the
benzene ring and the benzenoid to quiniod (pB–pQ) excitonic
transition in TANI-EB (Fig. 3a),7a,9 respectively. Moreover, the
main bands at 303, 423 and 786 nm are attributed to the p–

p*, polaron–p*, and p–polaron band transitions, respec-
tively. These characteristic absorption peaks are typical for
TANI-ES (Fig. 3c).7 As for the UV-Vis spectra of the nal
microcapsules (Fig. 3b), it exhibits four main peaks located at
317, 421, 595 and 769 nm, among which two bands at 421 and
769 nm are two characteristic absorption peaks in TANI-ES
and two peaks at 317 and 595 nm are typical for TANI-EB.
From these data, it can be seen that the TANI moieties
forming the shell are composed of both TANI-EB and TANI-ES
oxidation states.
Electrochemical properties of microcapsules

CV data shown in Fig. 4 were obtained in 1.0 M sulfuric acid
solution with a scan rate of 50 mV s�1 in a three-electrode
electrochemical cell (as described in the Experimental
section). The CV curve obtained from the bare CPE electrode
exhibits no obvious peaks, while the CV curve of the micro-
capsules shows two stronger redox processes. The oxidation
peak at 0.321 V corresponds to the LEB to EB transition, while
the oxidation peak at 0.571 V shows the transition from the
Fig. 3 UV-Vis spectra of the final microcapsule dispersion with the
excess n-octane oil suspended as the top layer (b), dispersion obtained
by dialyzing as-prepared microcapsules with 1 M NH3$H2O (a) and 1 M
HCl (c). The inset is a photograph of the corresponding dispersions.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Cyclic voltammetry of bare CPE (a) andmicrocapsule-modified
CPE (b) in 1.0 M H2SO4.
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EB state to the pernigraniline base (PB) state, indicating that
the TANI-based microcapsules show redox activity similar to
that expected for simple TANI materials.17
Proposed formation mechanism of the electroactive TANI-
based microcapsules

Fig. 5 schematically shows a possible formation mechanism of
the microcapsules. TANI-EB is soluble in glacial acetic acid,
and can be doped in this environment at the same time. Some
of the formed TANI in the HAc-doped emeraldine salt state,
HAc–TANI-ES, precipitated from solution because of its lower
solubility in glacial acetic acid (see Fig. S4†). In our prepara-
tion process, the precipitate was removed and the homoge-
neous solution placed in the dialysis bag (now containing
TANI-EB, HAc–TANI-ES and n-octane oil dissolved in the
excess glacial acetic acid, Fig. 5a). During the dialysis process,
the excess glacial acetic acid was replaced with water, a non-
solvent for both HAc–TANI-ES and n-octane (which existed as
Fig. 5 Schematic of the electroactive liquid core–TANI shell micro-
capsule formation by phase separation induced self-assembly of TANI
at the oil–water interface.

This journal is © The Royal Society of Chemistry 2014
oil droplets in water). Moreover, HAc–TANI-ES showed
amphiphilic behavior (with hydrophilic –COOH groups from
HAc and the hydrophobic conjugated backbone), which
enabled HAc–TANI-ES to bridge the oil droplet–water inter-
face, reducing the total surface energy and acting as a
surfactant (Fig. 5b). In order to test this hypothesis, we
investigated the inuence of the dopant with hydrophilic
groups on the formation of microcapsules. Under the same
conditions microcapsules were also observed when propanoic
acid, b-naphthalene sulfonic acid and dodecylbenzene
sulfonic acid were used instead of HAc (see Fig. S5†). Driven by
p–p stacking interactions, TANI-ES molecules can interact
with each other to self-assemble into the shell of the micro-
capsules.8,10a In addition, as shown in Fig. 6, the pB–pQ

absorption of TANI-EB is red-shied by Dl ¼ 16 nm compared
with that of as-synthesized TANI. This change indicates that
the strong p–p stacking interaction is an important driving
force for TANI self-assembly into the observed shell structure
(Fig. 5c).9

Additionally, the electrostatic interactions introduced by
the dopants can also serve as a driving force for self-assem-
bly.7c,8 As shown in Fig. 2, a strong peak located at 1662 cm�1,
which can be assigned to the stretching vibrations of the
carbonyl group,14b exists in the FT-IR spectra of nal micro-
capsules. A likely explanation is that the carboxylic anions are
not only acting as dopant counter ions that reside near the
positively charged nitrogen atoms, but are also an integral
part of the microcapsules (which then also display the char-
acteristic stretching vibrations of carbonyl groups in the FT-
IR spectrum). Therefore, the assembly process in this case
might also be driven by the electrostatic interactions estab-
lished between the positively charged HAc-doped TANI
backbone and the excess negatively charged carboxylic
anions in a layer-by-layer manner, supported by the thickness
of the shell.
Fig. 6 UV-Vis spectra of (a) as-synthesized TANI dissolved in dimethyl
sulfoxide without the solvatochromism effect on the pB–pQ absorp-
tion peak, and (b) TANI as the shell in NH3$H2O-dedoped EB state
microcapsules.

J. Mater. Chem. B, 2014, 2, 4720–4725 | 4723
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Size control of the microcapsules

The size of the microcapsules can be readily tuned using
different concentrations of HAc during their preparation (see
Fig. 7 and S6†). When 10 M HAc is used, hardly any microcap-
sules are observed, which might be due to insufficient HAc–
TANI-ES dissolved in the homogeneous phase to form the shell.
When 12 M HAc is used, microcapsules with an average diam-
eter of 1.28 mm are well dispersed in solution. The average
diameter of microcapsules furthermore increased with
increased acidity. As the HAc concentrations reach 14 M and
higher (to become glacial acetic acid when containing no/
minimal water), the average diameter of microcapsules
increases gradually from 2.44 mm to 2.93 mm. This interesting
phenomenon might be attributed to the fact that the higher the
HAc concentration, the more oil phase dissolves in the HAc
solution. As the amount of oil phase increases, the number of
oil–water droplets increases, which leads to a greater chance of
collision between two or more droplets to form larger droplets.18
Microcapsules with pH response

Beyond the size control discussed in the previous section, the
aggregation behaviour of microcapsules presented in this study
are sensitive to pH. As can be seen from Fig. 8, pristine stable
Fig. 7 Optical micrographs and particle size distributions of micro-
capsules prepared using 12 M HAc (a), 14 M HAc (b) and glacial acetic
acid (c) (scale bar ¼ 10 mm).

Fig. 8 Optical micrographs of pH-dependent microcapsules at
different pH values (adjusted by 0.1 M HCl or 0.1 M NaOH) 1 h after
preparation (scale bar ¼ 10 mm).

4724 | J. Mater. Chem. B, 2014, 2, 4720–4725
microcapsules agglomerate when the pH decreases from 4.8 to
0.8 (addition of HCl) or increases from 4.8 to 13.3 (addition of
NaOH). When H2SO4 (0.1 M) is used to adjust the pH,
agglomerates are also formed (see Fig. S7†). A likely explanation
is that the amine groups, found in the chemical structure of the
TANI shell, are readily protonated below pH 8.19 Above pH 8 the
amine groups are deprotonated, the electrostatic repulsion
within the microcapsule particles is weakened, and the particles
become unstable. The instability of microcapsules at low pH
may be due to the higher ionic strength, causing the electrical
double layer around the microcapsules to become more
compressed.20 Aqueous electrophoresis was carried out to
conrm the above hypothesis (see Fig. 9). On the one hand, the
microcapsules exhibit signicant cationic character below pH 9,
with the maximum zeta potential observed at around pH 5. On
the other hand, the zeta potential decreases with an increase in
the conductivity of microcapsule dispersions below pH 5. A
likely explanation is that with the decrease in pH with a strong
acid such as HCl or H2SO4, HAc is displaced as a dopant from
the TANI shell. This process leads to disruption of the assembly
of the TANI molecules and thus destabilization of the capsules
(as observed). A further consequence is the release of HAc into
the solution (leading to increased ion concentrations, and
consequently higher conductivities). However, these postula-
tions are currently under investigation in our laboratories, with
the aim of clarifying the nature and origin of these observed
changes. These results are in reasonable agreement with the
pH-responsive phenomena shown in Fig. 8, and S9.† Thus,
stability control of these electroactive microcapsules can be
achieved by tuning the pH, which will open up a large range of
applications such as polyelectrolyte brushes21 and ‘armoured’
microcapsules.22

As shown in Fig. 10, microcapsules with diverse organic
cores (including octane, heptane, hexane and petroleum ether)
can also be prepared by the same method (see also Fig. S9†).
These results show that the microcapsules prepared by this
simple method have great potential to serve as vehicles for
encapsulating hydrophobic (functional) molecules.
Fig. 9 Zeta potential and conductivity vs. pH curves obtained for the
suspension of electroactive microcapsules.

This journal is © The Royal Society of Chemistry 2014
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Fig. 10 SEM images of TANI microcapsules with n-octane (a), n-
heptane (b), n-hexane (c) and petroleum ether (d) as the core.
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Conclusions

In summary, we have presented a novel one-pot approach to
fabricate electroactive liquid core–TANI shell microcapsules
suited for encapsulating hydrophobic materials. The size of the
microcapsules can be controlled by simple pH changes, with
agglomeration of microcapsules triggered when the pH is too
low or too high. We believe that such stimulus-responsive
microcapsules have potential applications in the broad area of
active ingredient delivery, polyelectrolyte brushes, and ‘arm-
oured’ microcapsules, the areas we are currently exploring with
materials other than hydrophobic oils. We are furthermore
expanding this approach to other oligo(aniline)-based mate-
rials, as shown with the aniline dimer (N-phenyl-1,4-phenyl-
enediamine) utilising the same method (see Fig. S10†). Further
TANI-based materials with complex architectures and aniline
oligomers with longer conjugation pathways are currently also
under investigation towards the development of further
addressable encapsulation approaches.
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