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ABSTRACT: We report on Langmuir−Blodgett (LB) films made
with emeraldine salt polyaniline (PAni-ES) and organophilic
montmorillonite clay mineral (OMt), where synergy between the
components was reached to yield an enhanced performance in
detecting trace levels of cadmium (Cd2+), lead (Pb2+) and copper
(Cu2+). Detection was carried out using square wave anodic stripping
(SWAS) voltammetry with indium tin oxide (ITO) electrodes
modified with LB films of PAni-ES/OMt nanocomposite, whose data
were compared to those obtained with electrodes coated with neat
PAni-ES and neat OMt LB films. The enhanced performance in the nanocomposite may be attributed to the stabilizing and
ordering effect promoted by OMt in PAni-ES Langmuir films, which then led to more homogeneous LB films. According to X-
ray diffraction data, the stacking of OMt layers was preserved in the LB films and therefore the PAni-ES chains did not cause clay
mineral exfoliation. Instead, OMt affected the polaronic state of PAni-ES as indicated in UV−vis, Raman and FTIR spectra, also
consistent with the changes observed for the Langmuir films. Taken together these results do indicate that semiconducting
polymers and clay minerals may be combined for enhancing the electrical properties of nanostructures for sensing and related
applications.
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■ INTRODUCTION

Nanocomposites made with semiconducting polymer matri-
ces1−5 have been used in various applications, where the
properties from polymers are combined with those of inorganic
materials, e.g., clay mineral, for devices such as chemical sensors
and biosensors.6−11 The conducting properties of such polymers
favor catalytic activity, thus increasing sensitivity, while the ability
of clay minerals to exchange cations allows for detection of
cationic species, including metal cations and organic molecules
(e.g., water pollutants and drugs).6−8 These nanocomposites
may be fabricated in several ways,1−5,9,12−14 with the most
straightforward approach being chemical polymerization in the
presence of the clay mineral. Other methods to fabricate such
nanocomposites are the Langmuir−Blodgett (LB)15−17 and self-
assembly techniques,5 including the layer-by-layer (LbL)
technique.
LB films have been produced from clay minerals for various

purposes, following pioneering work where organoclay com-
plexes dispersed in a volatile organic solvent were spread at the
air−water interface.16,17 Fujimoro et al.,18 for instance, reported

on LB films where good miscibility could be achieved with a clay
mineral and biodegradable polymers (e.g., poly(L-lactide),
PLLA), while sensors for oxygen were fabricated with LB films
containing an amphiphilic cationic iridium(III) complex and
montmorillonite clay.19 Still, with regard to sensing, Fraser et
al.20 used vermiculite clay gels with large interlayer spacing as
chiral amplifiers to determine the adsorption of alanine, lysine,
and histidine by chiral high-performance liquid chromatography
(HPLC). Maghear et al.21 modified glass carbon electrodes with
a clay mineral to detect heavy metals such as Cu, Pb, and Cd.
Detection of metal traces was possible, because of the cationic
exchange with the clay minerals.
In this paper, we report on LB films made with polyaniline in

the emeraldine salt form (PAni-ES) and the organophilic
montmorillonite clay mineral (OMt). The interaction between
PAni-ES and OMt was investigated with various methods for the
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Langmuir films and LB films, while adsorption and film
morphology were studied with surface plasmon resonance
(SPR) and atomic force microscopy (AFM). LB films from the
neat materials and the nanocomposites were used to modify
electrodes to detect traces of metals that are important for
environmental control.

■ EXPERIMENTAL SECTION
The organophilic montmorillonite clay mineral (OMt) was purchased
from Cloiset Southern Clays and prepared following procedures
established by Kotov et al.16 The dispersion of OMt was obtained by
sonication in a butanol−benzene mixture (1:1, v/v). The PAni-ES
solution was prepared as described by Riul et al.,22 with 1.0 mg of
polyaniline emeraldine base (PAni-EB) being doped with 1.3 mg of
camphorsulfonic acid (CSA) and dissolved in 1.0 mL ofm-cresol and 9.0
mL of chloroform.
Langmuir and LB films were fabricated with a Langmuir trough

(Model KSV 2000). The Langmuir films were obtained by spreading
PAni-ES solution or OMt dispersion on the surface of water purified by a
Millipore system (resistivity of 18.2 MΩ cm, pH adjusted to 2.5 with
HCl). After spreading 50 μL of OMt dispersion, 40min were allowed for
solvent evaporation. For the PAni-ES solution, 750 μL were dispensed
onto the water surface, with 15 min being allowed for solvent
evaporation. To obtain the nanocomposite, OMt and PAni-ES were
co-spread at the air/water interface. The surface pressure was measured
with a Wilhelmy plate and film compression was performed with two
movable barriers at a rate of 10.0 mm min−1. The Langmuir films were
transferred onto quartz, silicon, and ITO to produce Z-type LB films
with three types of architecture: (i) containing only PAni-ES, (ii) only
OMt, and (iii) the nanocomposite of PAni-ES/OMt. Transfer was
performed at a fixed surface pressure of 30.0 to 40.0 mN m−1, which is
sufficiently high to ensure a condensed state, but avoiding collapse. An
interval of 30 min was used between two dipping procedures, with a
dipping rate of 1.5 mm min−1 for all cases.
The quality of LB deposition was inferred from the transfer ratio and

the films were characterized by spectroscopy and microscopy analysis.
For LB films deposited on quartz substrates, the ultraviolet−visible
(UV-vis) spectra were taken with a Genisys Thermo Scientific
Spectrometer (Model 6). FTIR and Raman spectra were obtained
with LB films deposited on silicon substrates, using a Thermo Nicolet
spectrometer, model Nexus 470, and a micro-Raman Renishaw
spectrograph, model in-Via, equipped with a 1800 grooves/mm grating,
a CCD detector, a 633-nm laser, and a Leica microscope (50× lens
objective lens collecting spectra with ca. 1 μm2 spatial resolution), with
collection time of 10 s and the spectral resolution of ca. 4 cm−1. X-ray
diffraction (XRD) experiments were made with a Bruker diffractometer
(Model D8 Discovery; Cu Kα, λ = 0.154 nm) for 20-layer LB films
deposited on silicon substrates. The spectra were taken with a 0.05 step,
an exposure time of 3 s, a voltage of 40 kV, and a current of 30 mA. The
basal distances were calculated from the peak position using the Bragg
equation. Surface plasmon resonance (SPR) measurements were
performed with a SPR BioNaves model SPR Navi 200 and 670 nm
laser, with films deposited onto Au plates. The surface topography of the
samples was studied with atomic force microscopy (AFM) (Model XE-
100, Park Systems) operating in the noncontact mode and using silicon
cantilevers whose nominal radius was 5.0 nm. An area of 3.0 μm × 3.0
μm was scanned at a resolution of 522 × 512 points. From the AFM
images, the surface roughness was quantified using the root-mean-
square (rms) roughness.
The sensors were evaluated using a potentiostat/galvanostat (Model

PGSTAT 30), coupled to the electrochemical cell, with measurements
by square wave anodic stripping voltammetry (SWASV). The
voltammetry analysis was made with a saturated calomel reference
electrode (SCE) and a platinum counterelectrode with an area of 1.0
cm2, an electrolytic 0.1 mol L−1 HCl solution with deposition potential
for the species to be adsorbed of −1.0 V, an accumulation time of 300 s,
an amplitude of 50 mV, and a frequency of 15 Hz. The LB films were
deposited on ITO substrates for detecting Pb2+, Cd2+ and Cu2+ metals
ions from PbCl2, CdCl2·H2O, and CuCl2·2H2O salts in several

concentrations. The area of the working electrode coated with LB
films was 1.5 cm2.

■ RESULTS AND DISCUSSION
The incorporation of OMt confers stability to the PAni-ES
Langmuir film, whose collapse pressure is relatively low, as
indicated in Figure 1A. Also shown is the fact that, upon

increasing the relative concentration of OMt, the collapse
pressure and the area per repeating unit increased, even
surpassing the area measured for neat OMt. Figure 1B illustrates
such behavior, which deviates strongly from the additivity rule for
mixed Langmuir films. Therefore, one might infer that significant
molecular-level interactions could take place between OMt and
PAni-ES, perhaps with polymer chains being inserted into the
OMt interlamellar spaces. However, X-ray diffraction (XRD)
experiments to be reported indicate that this insertion does not
occur (the OMt interlamellar structure is kept), and the changes
in area may be associated with changes in the structure of the
OMt layers. The stability induced by OMt was also inferred from
the visual observation of stripes near the barriers for neat PAni-
ES films, which were not observed in the mixed PAni-ES/OMt
films. Furthermore, the composite PAni-ES/OMt film could be
compressed several times, with only a small shift toward smaller
areas, whereas for PAni-ES, this repeated compression−
expansion procedure led to larger shifts toward lower areas per
repeating unit.
Langmuir films of neat PAni-ES, OMt, and PAni-ES/OMt

could be transferred onto solid substrates to form Z-type LB
films, where deposition occurs only when the substrate is
removed from the aqueous subphase with pH adjusted to 2.5.
Film growth, as determined by measuring the UV-vis spectra
shown in Figure 2, was exponential for PAni-ES, probably with
preferential adsorption on sites where there is already adsorbed
polymer. Figure 2A brings the spectra for 10 layers adsorbed
sequentially, featuring three bands assigned to PAni at 300, 400,
and 750 nm, which correspond respectively to the π−π*
transition, the antiligand (π*) transition for the polaronic band,
and the polaronic state due to CSA doping.23 The spectra for the
OMt LB films are shown in Figure 2B, characterized by a band at
250 nm due to a charge transfer transition on Fe−OH groups.24

The intensity of this band increases practically linearly, as
indicated in Figure 2B. Also linear is the increase in intensity of

Figure 1. (A) Surface pressure isotherms for Langmuir films made with
neat PAni-ES, neat OMt, and nanocomposites with distinct PAni-ES/
OMt relative concentrations. (B) Extrapolated area for the various
Langmuir films versus volume samples of PAni-ES mixture with OMt.
This extrapolated area was obtained by prolonging the isotherm at small
areas (condensed film) down to zero pressure, the value of the area
being taken as the intercept with the abscissa. The solid line represents
the expected dependence, should the additivity rule for immiscible
components be obeyed.
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the polaronic band at 739 nm for the PAni-ES/OMt LB films,
whose spectra are displayed in Figure 2C. The band due to OMt
is masked by the PAni-ES band at 292 nm, assigned to the π−π*
transition. Note that the bands of PAni-ES in the mixed film are
shifted in comparison to those in the neat LB films, consistent
with molecular level interaction pointed by π−A isotherms.
Film growth was also monitored with SPR measurements,

whose data for the sequential adsorption of layers in LB films
deposited onto gold are given in Figure 3. A shift in the SPR
signal toward increasing angle is observed for the PAni-ES LB
film in Figure 3A when the number of layers increased as the film
became more optically absorptive.25 The lowering of the SPR
signal in the regions between 40° and 42° and between 48° and
50° is associated with increasing disorder in the LB film. In

contrast, the mixed PAni-ES/OMt LB film in Figure 3C displays
no sign of disordering, and there is only a shift in the angle due to
increasing optical absorption as the film gets thicker. For the neat
OMt LB film in Figure 3B, a shift in the angle also takes place and
disordering is not very clear. In summary, the incorporation of
OMt led to mixed LB films containing PAni-ES, which are better
ordered than the neat PAni-ES LB films, which is consistent with
the AFM images to be shown next.
The stability induced by incorporation of OMt made the LB

films from the PAni-ES/OMt composite to be considerably more
homogeneous than the LB films from the neat compounds, as
can be seen in the AFM images in Figure 4. The root-mean-
square (RMS) roughness, for instance, was 2.8 and 9.1 nm for
PAni-ES and OMt clay mineral, respectively, but only 1.6 nm for
the PAni-ES/OMt LB film. The largest roughness for the LB film
made with OMt is due to the large aggregates that may be
visualized in Figure 4B. Hence, there is a clear dispersion of the
OMt clay mineral into the PAni-ES matrix in the mixed LB film.
In order to understand why PANi-ES had such strong effects

on the structuring of the LB films containing OMt, we
characterized the films with three other methods, namely, X-
ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, and Raman spectroscopy. The XRD patterns in

Figure 2.UV-vis spectra for LB films deposited on quartz plates with up
to 10 layers of (A) PAni-ES, (B) OMt, and (C) PAni-ES/OMt. The
insets depict film growth with plots of absorbance versus number of
layers deposited. Absorbance was recorded at (A) 750 nm for PAni-ES,
(B) 245 nm for OMt, and (C) 739 nm for PAni-ES/OMt.

Figure 3. SPR curves with the impinging laser at 670 nm for LB films:
(A) PAni-ES, (B) OMt, and (C) PAni-ES/OMt, deposited onto Au
plates.
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Figure 5 indicate that the stacking of the OMt layers is preserved
in the mixed PAni-ES/OMt LB film. This is inferred by

comparing the diffractogram for OMt in powder with that of the
mixed LB film. All the patterns feature peaks at 4.93° and 19.96°,
with the first one corresponding to the basal spacing for the
organophilic clay mineral, from which an interlamellar spacing of
1.79 nm was calculated using the Bragg equation. Therefore, the
spacing is not affected when OMt is deposited in the form of LB
films, either on its own or mixed with PAni-ES. The lower
intensity and broadening of the 4.93° peak observed in the LB
films should be ascribed to some disorder in the stacking of the
clay layers. For the mixed LB film, in particular, PAni-ES chains
should be outside the clay layers, just intercalating between OMt
stacks.
The strong deviation from the additivity rule for the areas in

the surface pressure isotherms of the mixed Langmuir films and
the band shift in the UV-vis spectra of the mixed LB films
appeared to point to strongmolecular-level interactions, but such
intimate contact between the film components is unlikely based
on the XRD patterns. This apparent conflict can be resolved with
FTIR and Raman spectroscopy, since molecular-level inter-

actions should give rise to distinctive changes in the spectra for
the mixed LB films in comparison to the superimposition of the
spectra of the neat compounds. Figure 6 shows the FTIR spectra

for 50-layer LB films of PAni-ES, OMt andmixed PAni-ES/OMt,
whose main peaks are assigned in Table 1. The assignments do
indicate that the transfer of PAni-ES and OMt occurred in their
respective films, as their main peaks were observed. The
spectrum for the PAni-ES/OMt reveals the decrease in the
polaronic peaks at 1162 and 1310 cm−1, assigned to N=Q=N and
N−B−N modes, and at 1250 cm−1, assigned to an in-plane
bending vibration of Q=N+H−B and B−N+H−B (where Q
corresponds to quinoid rings and B corresponds to benzenoid
rings).26,27 These changes are directly related to the PAni
polaronic state and could be ascribed to some degree of
deprotonation, since the PAni-ES chains are in contact with the
OMt layers, consistent with π−A isotherms and UV-vis data.
Also consistent with the FTIR results, the Raman spectra in

Figure 7 show differences between the spectrum for the PAni-ES
LB film and that of the PAni-ES/OMt LB film. Peak assignment
is given in Table 2. The spectrum for the OMt neat LB film is
only due to the silicon substrate, as indicated in the inset. The
discernible differences are again in the polaronic state at 1335
cm−1,27−29 which is less pronounced in the mixed film, and the
shift of the peak from 1640 cm−1 (PAni-ES) to 1650 cm−1 (PAni-

Figure 4. Atomic force microscopy (AFM) images for single-layer LB films deposited onto quartz plates: (A) PAni-ES, (B) OMt clay mineral, and (C)
PAni-ES/OMt nanocomposite.

Figure 5. XRD patterns for OMt powder and 20-layer LB films of OMt
and PAni-ES/OMt deposited on silicon plates.

Figure 6. FTIR spectra for 50-layer LB films of PAni-ES, OMt, and
PAni-ES/OMt deposited onto silicon substrates.
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ES/OMt), because of cross-linking.30 In summary, the
incorporation of OMt tends to deprotonate some PAni-ES in
mixed LB films.

Detecting Metal Ions with the LB Films. The electro-
chemical activity of the LB films produced can be exploited to
detect metal ions using SWAS voltammetry, whose mechanism
of detection is depicted in Figure 8, where the preconcentration
as well as the stripping steps are shown.

Figures 9A−C respectively show SWAS voltammograms for
PAni-ES, OMt, and PAni-ES/OMt LB films deposited onto ITO
electrodes in electrolyte solutions containing distinct concen-
trations of three metal ions. All the modified electrodes could
distinguish between the three metal ions, as indicated by the
oxidation peaks marked in the figures. A more clear distinction
was achieved with the OMt LB film, probably because there was
no interference of the oxidation peak assigned to PAni in its
emeraldine salt conducting form at ca. −0.5 V for the PAni-
containing electrodes. The increasing currents with the metal
concentration for this peak points to chelation of the metal ions
with PAni.31 The potentials at which the peaks occurred for the
three metal ions varied with the electrode used, because the
ability to transfer electrons differs among the electrodes. The
current of the peaks increased with the metal concentration,
which allowed us to determine the sensitivity and limit of
detection (LOD) from the analytical curves shown in the insets
of Figures 9A−C. These values are given in Table 3.

Table 1. Assignment of FTIR Bands for LB Films of PAni-ES, OMt, and PAni-ES/OMt

PAni-ES OMt PAni-ES/OMt

assignment
wavenumber

(cm−1) assignment
wavenumber

(cm−1) assignment
wavenumber

(cm−1)

CH deflection out of plane 816 Mg−O deformation 464 Mg−O deformation 464
Vibrational Mode, NQN 1162 Al−O deformation 522 Al−O deformation 522
Q=N+H−B or B−N+H−B stretch radical
cation

1250 Al−Fe−OH bending 880 Al−Fe−OH bending 880

Vibrational Mode, NBN in plane 1310 Al−Al−OH stretching 918 Al−Al−OH stretching 918
Si−O stretching 1050 Si−O stretching 1050

1126 1126
OH stretching 3635 OH stretching 3635

CC stretching (benzenoid ring) 1496 C−C stretching
(benzenoid)

1496

CC stretching (quinoid ring) 1585 C−C stretching (quinoid) 1585

Figure 7. Raman spectra for 20-monolayer LB films onto silicon: PAni-
ES (spectrum A, dark green trace) and PAni-ES/OMt (spectrum B, dark
red trace). The inset corresponds to the Raman spectra of the OMt LB
film and of a silicon substrate.

Table 2. Assignment of Raman Bands for LB Films of PAni-ES
and PAni-ES/OMta

PAni-ES PAni-ES/OMt

633
nm assignment

633
nm assignment

1640 stretching vibration of
benzene ring

1650 stretching vibration of
benzene ring

1600 C−C benzenoid ring
stretching

1600 C−C benzenoid ring
stretching

1486 C−N and CH−CH
stretching vibrations

1486 C−N and CH−CH
stretching vibrations

1400 C−N−C and CN stretch 1400 C−N−C and CN stretch
1335 cation radical (C−N+

stretching)
1335 cation radical (C−N+

stretching)
1180 C−H benzenoid 1180 C−H benzenoid
615 ring in plane deformation

benzene radical580 580 ring in plane deformation
benzene radical

aThe Raman scattering spectra were recorded using λ0 = 633 nm.

Figure 8.Mechanism behind detection of metal ions with the LB films,
for the case of the PAni-ES/OMt film. The HCl electrolyte solution
should contain one of the threemetal ions (Cu2+, Pb2+, and Cd2+), which
would adsorb on the modified electrode (A), to be reduced (B) and then
oxidized (C).
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In a direct comparison of the performance of the three
modified electrodes, one could have inferred that the OMt LB
film was superior, judging by the data in Table 3. However, the
peaks for this electrode in Figure 9B appear at E = −0.52, −0.13,
and +0.21 V for Cd2+, Pb2+, and Cu2+, respectively, which are
shifted considerably from the expected potentials from the
literature, which should be E° = −0.75 V for Cd2+, E° = −0.51 V
for Pb2+, and E° = +0.34 V for Cu2+.32 Furthermore, in subsidiary
experiments, we noted that the reproducibility of the electro-

chemical measurements under the same conditions for the OMt
LB film was not as good as for the PAni-ES/OMt and PAni-ES
LB films. We conclude that the electrode coated with the
nanocomposite, i.e. PAni-ES/OMt, is the most efficient in
detecting the three metal ions simultaneously because separation
is more efficient than for the PAni-ES LB film, which can be seen
by comparing Figure 9C with Figure 9A. There is no overlap for
the PAni-ES/OMt LB film with the peaks at−0.5 V and +0.45 V,
characteristic of PAni-ES, while the shift in the Pb2+ and Cu2+

peak is ascribed to chelate formation when the ions are adsorbed
on the electrode surface. In summary, this superior performance
for the PAni-ES/OMt LB film points to synergy between the
materials in this sensing task. The results can be compared to
similar response obtained with the materials immobilized by the
LbL technique reported by de Barros et al.33

■ CONCLUSION

The Langmuir−Blodgett (LB) technique has been proven
suitable to fabricate nanocomposites containing polyaniline
and OMt clay, where the latter imparted stability to PAni-ES
Langmuir films with which homogeneous LB films could be
obtained. The additivity rule was not obeyed for the mixed PAni-
ES/OMt Langmuir films, suggestion molecular-level interactions
leading to changes in the PAni-ES conformation chains, which
may be enveloping OMt layers. The X-ray diffraction data
showed preserved stacking of the OMt layers in the mixed PAni-
ES/OMt LB film. The molecular-level interactions was
confirmed with FTIR and Raman spectroscopies, with
incorporation of OMt affecting the polaronic state of the PAni-
ES chains, consistent with UV-vis data.
The combination of OMt and PAni-ES was such that

improved electrochemical properties could achieve in the
PAni-ES/OMt LB films, which then allowed modified ITO
electrodes to be used in detecting metal ions. Using SWAS
voltammetry, simultaneous detection of three metal ions was
made possible, with the lowest limit of detection being reached
for the electrode modified with PAni-ES/OMt LB films, thus
confirming the synergy between the two materials.

Figure 9. Square wave anodic stripping voltammograms for
simultaneous detection of Cu2+, Pb2+, and Cd2+ in HCl 0.1 mol L−1

with a deposition potential of −1.0 V, an accumulation time of 300 s, an
amplitude of 50 mV, and a frequency of 15 Hz: (A) PAni-ES LB films,
(B) OMt clay LB films, and (C) PAni-ES/OMt nanocomposite LB
films. All the films had 20 layers deposited onto ITO plates.

Table 3. Adsorbed Amounts onModified Surfaces of PAni-ES,
OMt, and PAni-ES/OMt LB Filmsa

analyte (metal
traces)

electrode
modified

potential
(V)

sensitivity
(μA μg L−1)

LOD
(μg L−1)

Cd2+ PAni-ES −1.0 0.9470 ± 0.0775 0.2455
Pb2+ PAni-ES −1.0 2.9392 ± 0.2183 0.2228
Cu2+ PAni-ES −1.0 1.2326 ± 0.0151 0.0367

Cd2+ OMt −1.0 16.6708 ± 1.1854 0.2133
Pb2+ OMt −1.0 10.4739 ± 1.4789 0.4236
Cu2+ OMt −1.0 45.8811 ± 3.1060 0.2031

Cd2+ PAni-ES/
OMt

−1.0 0.5632 ± 0.0494 0.2631

Pb2+ PAni-ES/
OMt

−1.0 0.5607 ± 0.0434 0.2324

Cu2+ PAni-ES/
OMt

−1.0 0.5716 ± 0.0402 0.2113

aThe sensitivity of the neat OMt sensing unit is higher, but its LOD is
not lower than for the PAni-ES/OMt LB film, because its
reproducibility is worse, which leads to larger dispersion in the data.
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