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We report on effects from incorporating gold nanoparticles (AuNPs) into Langmuir-Blodgett (LB) films of
emeraldine salt polyaniline (PAni-ES) and organophilic montmorillonite clay (OMt). The synergistic elec-
trocatalytic effect induced by AuNPs led to an enhanced performance in detecting trace levels of cadmium
(Cd?*), lead (Pb?*) and copper (Cu®*) ions. Detection was carried out using square wave anodic stripping
(SWAS) voltammetry using ITO electrodes modified with LB films made with three supramolecular archi-
tectures: PAni-ES/AuNPs, OMt/AuNPs and OMt/AuNPs/PAni-ES, and compared to LB films without AuNPs.
The incorporation of AuNPs induced secondary doping of PAni-ES, inferred from FTIR, Raman and UV-vis.
absorption spectroscopies. The PAni-ES chains probably became more extended and could intercalate
into the OMt galleries, causing an increased interlayer spacing according to X-ray diffraction data. These
results demonstrate the possible control of film properties by exploiting molecular-level interactions in
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multicomponent nanostructured films.
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1. Introduction

The combination of two or more materials in a single device
structure has become popular since synergy may be achieved in
the materials properties, particularly when they are assembled
in nanostructures [1-5]. In a number of applications, metallic
nanoparticles are added to organic molecules to yield hybrids,
with assembly via film-fabrication methods that allow for con-
trol of the molecular architecture, such as the Layer-by-Layer (LbL)
and Langmuir-Blodgett (LB) techniques [6-10]. Gold nanoparticles
(AuNPs), in particular, have had their catalytic activity and opti-
cal properties exploited in sensors, biosensors and electrochromic
devices [8,10-16]. When stabilized or protected by a shell of
thiolate ligands, AuNPs display good stability against aggrega-
tion, which enables exploration of their size-dependent properties,
including quantum effects [12,17-19]. The influence of AuNPs on
LB films of various materials has been reported in several instances.
Tanami et al. [20] produced LB multilayers of PAni-ES and AuNPs
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where a composite was already formed at the air/water inter-
face by electrostatic interaction between the negatively charged
AuNPs dispersed in the water subphase and the positively charged
PAni-ES molecules in the Langmuir film. The catalytic activity of
these LB films depended on the AuNPs density, according to atomic
force microscopy (AFM) and voltammetric analyses. Guptaetal. [7]
controlled the assembly of hydrophobized AuNPs at the air/water
interface by varying interfacial tension. Zou et al. [21] modified
glass carbon electrodes with LB films of PAni-ES and AuNPs, which
were used as voltammetric sensors for detecting epinephrene and
uric acid. The incorporation of AuNPs increased the film catalytic
activity. Medina-Plaza et al. [6,9] reported the synergistic electro-
catalytic effect in sensors made of LB films with co-deposited AuNPs
and phthalocyanine, where the coating with LB films led to a shift
in reduction potential in the less positive direction, in compari-
son with the bare ITO electrode. The increased catalytic properties
of the electrodes allowed for distinguishing between different dis-
sociated protons of polyprotic acids. Furthermore, the presence of
AuNPs led to an increased sensitivity toward organic acids and phe-
nolic acids found in wines, reaching detection limits in the order of
wmol L-1. Garcia-Hernandéz et al. [22] investigated nanocomposite
films of polypyrrole and AuNPs deposited on platinum and stainless
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steel 316 L disks. The films were obtained by in situ polymerization
with AuNPs being incorporated either by electrooxidation and elec-
trodeposition. Regardless of the fabrication method, the impedance
data pointed to an increased conductivity and voltammetric signal
in the presence of AuNps in the polymer matrix. While detecting
catechol, the films deposited on platinum exhibited lower LODs
compared to films deposited onto stainless steel 316 L disks, owing
to synergy between AuNPs and platinum that facilitates electron
transfer and improves electrocatalytic properties.

In this study, we aim at developing new materials (composite)
where molecular control is key for enhanced sensing performance.
In spite of the variety of contributions in the literature, monitoring
of the environment still poses challenges that are worth pursuing.
Sensing is sometimes made with films containing mercury or using
mercury electrodes, which are not environmentally friendly and
may be harmful to human health. Carbon paste electrodes have
been used, with little or no impact to the environment, but the
amount of material used is much larger than in nanostructured
films. Therefore, exploring Langmuir-Blodgett (LB) films of tailored
materials, such as the clays used here, may offer suitable sensi-
tivity in addition to being environmentally friendly. Furthermore,
clays promote cationic change with metal ions while interaction of
gold nanoparticles and PAni-ES may increase electrical conductiv-
ity, thus enhancing electron transfer and electrocatalytic effects. In
an earlier work we reported on synergistic effects between polyani-
line emeraldine salt (PAni-ES) and organophilic montmorillonite
clay mineral (OMt) in LB films [23], where molecular-level inter-
actions were observed already in Langmuir films at the air/water
interface. When deposited on indium tin oxide (ITO) substrates,
these films served as sensing units to detect different metallic ions
simultaneously, using electrochemical methods. Because this type
of sensing may be further enhanced if metallic nanoparticles are
incorporated [9,16,21,24], in this work we studied the influence
of AuNPs into Langmuir monolayers and then LB films of PAni-ES
and OMt. Significant effects could be determined by resorting to
different experimental techniques to characterize the films. Most
importantly, the incorporation of AuNPs indeed improved the per-
formance of sensing devices in detecting trace levels of cadmium
(Cd?*), lead (Pb2*) and copper (Cu?*) ions.

2. Experimental
2.1. Instrumentation

A Teflon® Langmuir trough model KSV 2000 was used for the
fabrication of Langmuir and LB films. The quality of LB deposi-
tion was inferred from the transfer ratio (TR), defined as the ratio
between the area of Langmuir film removed from the air-water
interface, which is given by the displacement of the barriers to keep
the surface pressure constant during LB layer deposition, and the
substrate area coated by the deposited layer. The films were charac-
terized by UV-vis absorption spectroscopy and microscopy analysis
for LB films deposited onto quartz substrates. UV-vis absorption
spectra were taken with a Genisys Thermo Scientific Spectrom-
eter, model 6. FTIR and Raman spectra were obtained with LB
films deposited onto silicon substrates, using a Thermo Nicolet
spectrometer, model Nexus 470, and a micro-Raman Renishaw
spectrograph, model in-Via, equipped with 1800 grooves/mm grat-
ing, CCD detector, 633 nm laser and a Leica microscope (50x lens
objective lens collecting spectra with ca. 1 wm? spatial resolution),
with collection time of 10s and spectral resolution of ca. 4cm™!.
X-ray diffraction (XRD) experiments were made with a PanAna-
lytical diffractometer (CuKe, A =0.154 nm) model ‘X’ PertPro, for
20-layer LB films deposited onto silicon substrates. The spectra
were taken with 0.05 step, exposure time of 3 s, voltage of 45 kV

and current of 30 mA. The basal distances were calculated from
the peak position using the Bragg equation. Surface Plasmon Res-
onance (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, XE-100, Park Systems) operating in
the non-contact mode and using silicon cantilevers whose nomi-
nal radius was 5.0 nm. An area of 10.0 wm x 10.0 wm was scanned
at a resolution of 512 x 512 points. From the AFM images, the sur-
face roughness was quantified using the root-mean-square (RMS)
roughness. The voltammetry analysis was made with a saturated
calomel reference electrode (SCE) and a platinum counter elec-
trode with area of 1.0cm? with the LB films deposited on ITO
substrate and covering an area of the working electrode of 1.5 cm?2.
A Potentiostat/Galvanostat, model PGSTAT 30, was coupled to the
electrochemical cell, with measurements by square wave anodic
stripping (SWAS) voltammetry. The analysis was made in an elec-
trolyte containing three metal ions, Cu?*, Pb2* and Cd?*, obtained
from PbCl,, CdCl,-H,0 and CuCl,-2H,O0 salts in several concentra-
tions.

2.2. Materials

Tetrachloroauric acid (HAuCly), sodium 2-mercaptoethane sul-
fonate acid (MES) (HSCH,CH,SO3sNa) and sodium borohydride
(NaBH4) were purchased from Sigma-Aldrich. The organophilic
montmorillonite clay mineral (OMt) was acquired from Cloisite®
Southern Clays.

2.3. Procedures

Gold nanoparticles (AuNPs) were obtained using the method
described by Gofberg and Mandler [25], where the synthesis
involves reduction of HAuCl, by slowly adding NaBH,4 in the pres-
ence of the MES ligand. The MES ligand is responsible for the
improved stabilization of Au nanoparticles in the colloidal suspen-
sion, since it has two reactive groups: while the thiol group (—SH)
is able to form a strong covalent bond to Au nanoparticles, the sul-
fonic group (SO3 ™) facilitates interaction with other molecules. In
the synthesis, 0.0394 g of HAuCl, and 0.0164 g were dissolved in
36.0 mL of water/acetic acid (final pH 3) and stirred for 10 min at
room temperature. The reduction of nanoparticles was obtained
by addition of 7.6 mg NaBH,4 dissolved in 10.0 mL of deionized
water, with the solution slowly becoming deep purple and stirred
for 2 h. The AuNPs were precipitated by addition of acetonitrile
(ACN); after precipitation and decantation of ACN the sample was
rinsed twice with 5.0 mL of ethanol and decanted. Then, the sam-
ple was suspended in an aqueous solution, pH 2.5. The colloid of
gold nanoparticles was characterized by UV-vis absorption spec-
troscopy, with total reduction of gold salt showing the plasmonic
band at 525 nm. The shape and size of these nanoparticles were
consistent with the literature [25] characterized by transmission
electronic microscopy (TEM), with an average diameter of 3.2 nm.
It is noteworthy that these nanoparticles have a negative surface
charge due to the sulfonic group (SO3~Na*) at the end of the thiol
structure [26]. Further details of this characterization are discussed
in Supplementary information.

OMt was prepared following procedures established by Kotov
et al. [27] The dispersion of OMt was obtained by sonication in a
butanol-benzene mixture (1:1, v/v). The PAni-ES solution was pre-
pared as described by Riul et al. [28], with 1.0 mg of polyaniline
emeraldine base (PAni-EB) being doped with 1.3 mg of camphor-
sulfonic acid (CSA) and dissolved in 1.0 mL of m-cresol and 9.0 mL
of chloroform.

The Langmuir films were produced by co-spreading PAni-ES
solution and/or OMt dispersion with different concentrations of
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Fig. 1. Idealized supramolecular architectures of Langmuir films and their respective LB films deposited as (A) PAni-ES/AuNPs, (B) OMt/AuNPs and (C) OMt/AuNPs/PAni-ES.

AuNPs on aqueous subphases containing purified water by a
Millipore® system (resistivity 18.2 M cm) with pH adjusted to
2.5 with HCl. After spreading 50 L of OMt (MW =2892.48 g mol~1)
dispersion, 40 min were allowed for solvent evaporation. For the
PAni-ES (MW =362.0 gmol~!) solution, 750 wL were spread onto
the water surface, with 15 min being allowed for solvent evapora-
tion. The surface pressure was measured with a Wilhelmy plate
and film compression was symmetrically performed with two
movable barriers at a rate of 10.0mmmin~'. The Langmuir films
were transferred onto quartz, silicon and ITO to produce Z-type LB
films with three types of supramolecular architectures: (i) PAni-
ES/AuNPs, (ii) OMt/AuNPs and (iii) OMt/AuNPs/PAni-ES. The LB
deposition was performed at 30.0mN m~! for PAni-ES/AuNPs and
OMt/AuNPs/PAni-ES, and at 40.0mNm~! for OMt/AuNPs, which
was sufficiently high to ensure a condensed state, but avoiding
collapse. An interval of 30 min was used in between two dipping
procedures, with a dipping rate of 1.5 mmmin~! for all cases. The
Z-type LB film means that the deposition occurs only when the
substrate is removed from the aqueous subphase (upstroke). The
transfer ratio (TR) for these three LB films was in average 0.85 for
PAni-ES/AuNPs, 0.95 for OMt/AuNPs and 0.90 for the nanocompos-
ite OMt/AuNPs/PAni-ES. Fig. 1 shows the idealized supramolecular
architectures for the Langmuir films and their respective LB films.

3. Results and discussion

The incorporation of increasing amounts of AuNPs in the sub-
phase caused a shift in the m-A isotherms of PAni-ES/OMt, in
addition to increasing the collapse pressure, as shown in Fig. 2(A).
The increase in extrapolated area for the condensed phaseis clearin
Fig. 2(B), while Fig. 2(C) shows a non-additive behavior for adding
PAni-ES to OMt, owing to molecular-level interactions discussed in
detail by de Barros et al. [23]

Apart from the shift in area per repeating unit with the addi-
tion of AuNPs, as expected since the Langmuir films incorporate
the nanoparticles, one cannot infer which type of interaction was
involved. We have attempted to determine such interactions by
characterizing the deposited LB films, with the transfer of Lang-
muir films of PAni-ES/AuNPs, OMt/AuNPs and OMt/AuNPs/PAni-ES
onto solid substrates. Fig. 3(A) shows the UV-vis absorption spectra
of Z-type LB films of PAni-ES film and AuNPs, featuring three bands
assigned to PAni-ES at 300, 400 and 830 nm, which correspond
respectively to the -7 transition, the anti-ligand (7*) transition
in the polaronic band and the polaronic state due to CSA doping
[29]. Compared to the polaronic band without AuNPs at 750 nm
[23], the band shift to 830 nm suggests secondary doping, which
may occur due to interaction of sulfonic groups (SO3~) from the
thiol ligands encapsulating the gold nanoparticles [26]. Absorption
increased linearly with the number of layers in the LB films, i.e. the
same amount of material was deposited in each transfer step. The
spectra for the OMt/AuNPs LB film in Fig. 3(B) display a band at
250 nm assigned to a charge transfer transition on Fe-OH groups
from OMt [30]. The interactions between AuNPs and OMt favor
adsorption with linear growth with the number of bilayers and

Table 1
Thickness obtained from SPR data and roughness by AFM analysis for 5-layer LB
films with and without AuNPs.

LB films Thickness (nm) RMS (nm)
PAni-ES 4.74+0.1 2.8
PAni-ES/AuNPs 39+03 2.7
OMt 33+0.3 9.2
OMt/AuNPs 0.67 +£0.01 4.5
OMt/PAni-ES 22+02 1.6
OMt/AuNPs/PAni-ES 3.0+0.1 23

better reproducibility than neat OMt clay LB films observed from
the UV-vis characterization. The spectra for OMt/AuNPs/PAni-ES
LB film in Fig. 3(C) are dominated by bands of PAni-ES, with the
OMt band being masked by the PAni-ES band at 300 nm. Note that
the polaronic bands are shifted to 800 nm in comparison to the
LB films of OMt/PAni-ES without AuNPs (740 nm [23]). The expo-
nential growth for this LB film may be associated with preferential
adsorption of PAni-ES and AuNPs based on the stronger interactions
between these materials (see further discussion about this issue
when the FTIR and Raman data are analyzed). Because of encapsu-
lation by the thiol, the plasmonic band of AuNPs at 525 nm is not
apparent in either LB films.

Film growth onto gold plates was also monitored with SPR,
whose data are given in Fig. 4. A shift in the SPR signal toward
increasing angle is observed for the PAni-ES/AuNPs LB film in
Fig. 4(A), indicating an improved ordering induced by AuNPs. The
influence of AuNPs can be compared with the neat OMt LB film
in de Barros et al. [23], resulting in the ordering improved for the
OMt/AuNPs LB film in Fig. 4(B). Film thickness increased linearly
with the number of deposited layers, consistent with the UV-vis
absorption data. For the mixed LB films of OMt/AuNPs/PAni-ES in
Fig. 4(C), there was also stronger ordering induced by the AuNPs.
Film thickness increased exponentially with the number of layers.

Incorporation of AuNPs caused the LB film thickness to decrease
for PAni-ES and OMt, as indicated in Table 1. Since the AuNPs are
capped with a charged group (SOs3~), one could expected such
charges to interact with the PAni-ES chain, thus leading to coiled
polymer structures that should increase film thickness. However,
the UV-vis spectra (and the FTIR and Raman spectra to be pre-
sented later on) did indicate that AuNPs induced further secondary
doping in PAni-ES, which may have caused the chains to be more
extended. As for the OMt/AuNPs/PAni-ES LB films, on the other
hand, the insertion of AuNPs led to an increased thickness, as the
more extended PAni-ES chains could be intercalated into the OMt
galleries (see the XRD analysis below), which was not observed for
the OMt/PAni-ES [23]. Also shown in Table 1 are the film roughness
values obtained from AFM images; roughness increases with film
thickness. Fig. 5 shows AFM images of 1-layer LB films, where incor-
poration of AuNPs made PAni-ES films more homogeneous, but the
roughness of OMt/AuNP/PAni-ES was higher than for OMt/PAni-ES
owing to OMt exfoliation.

In order to understand why AuNPs have such strong effects on
the properties of PAni-ES and their influence on the structuring
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ES/AuNPs, (B) OMt/AuNPs and (C) OMt/AuNPs/PAni-ES, deposited onto Au plates.

Table 2
Comparison of basal spacing values calculated for the LB films with and without
AuNPs.

20 (degree) Lamellar Spaces (nm)
LB film OMt 4.93 1.79
LB film OMt/AuNPs 5.00 1.76
LB film OMt/PAni-ES 4.93 1.79
LB film OMt/AuNPs/PAni-ES 4.87 1.81

2 Values extracted from de Barros et al. [23].

of stacks to the LB film containing OMt clay, we characterized the
films with three other methods, namely X-ray diffraction (XRD),
FTIR and Raman spectroscopy. The XRD patterns in Fig. 6 for
OMt/AuNPs and OMt/AuNPs/PAni-ES LB films illustrate the effects
of adding AuNPs. The peak at 4.93° for the neat OMt LB film [23] was
shifted to 5.00° and 4.87° for OMt/AuNPs and OMt/AuNPs/PAni-
ES, respectively. The interlayer spacing calculated using the Bragg
equation is 1.76 nm for OMt/AuNPs LB film and 1.81 nm for the
OMt/AuNPs/PAni-ES mixed LB film, to be compared with 1.79 nm
for the neat LB film of OMt (see Table 2). The increased interlayer
spacing is indicative of intercalation of PAni-ES extended chains in
the OMt galleries [31-33]. The decrease in interlayer spacing for
OMt in OMt/AuNPs LB film, on the other hand, is possibly caused
by changes in OMt stacking responsible for the large decrease in
layer thickness (see Table 1).

The band shift in the UV-vis spectra for the polaronic band of
PAni-ES in Fig. 3 pointed to molecular-level interactions of PAni-ES
and AuNPs, which was confirmed with FTIR and Raman spectro-
scopies. Fig. 7 shows the FTIR spectra in the transmittance mode
for 25-layer LB films of PAni-ES/AuNPs, OMt/AuNPs/PAni-ES and
OMt/AuNPs, also including the spectra of LB films of neat PAni-
ES and OMt for comparison. The main changes in the spectrum of
PAni-ES/AuNPs are the shift of the peaks at 1170 and 1316 cm™!
assigned to N=Q=N and N-B-N modes, and at 1248 cm~"! assigned
to an in-plane bending vibration of Q=N*H-B and B-N*H-B (Q cor-
responding to quinoid rings and B to benzenoid rings). [32-36] The
interaction between PAni-ES and AuNPs is revealed by the appear-
ance of the peak at 1118 cm™!, assigned to interaction between
sulfonic groups (SO3™) of the thiol ligand and PAni-ES, promoting
secondary doping in PAni-ES [17]. The latter was confirmed in the
Raman spectra with the shift of the polaronic band, as discussed
later on. The strong molecular interaction between PAni-ES and
AuNPs is also observed for all peaks attributed to PAni-ES in the
LB mixed film OMt/AuNPs/PAni-ES, which was not observed for
the OMt/PAni-ES LB film. Table 3 highlights the differences for the
peaks of PAni-ES and PAni-ES/OMt in the presence of AuNPs in LB
films.

Also consistent with the FTIR results, the Raman spectra in
Fig. 8 show differences between the spectra for PAni-ES/AuNPs
and OMt/AuNPs/PAni-ES LB films compared to the LB films without
AuNPs. The peak assignments are given in Table 4. The discernible
differences are again in the polaronic state of PAni-ES for the LB
film of PAni-ES/AuNPs and OMt/AuNPs/PAni-ES. For instance, the
peak at 1335cm! for PAni-ES and OMt/PAni-ES LB film is shifted
to 1339 and 1340 cm~! for PAni-ES/AuNPs and OMt/AuNPs/PAni-
ES, respectively. There was also significant change in the bands at
1639 and 1640 cm~! for PAni-ES/AuNPs and OMt/AuNPs/PAni-ES,
which appear at 1632 and 1650 cm~! for PAni-ES and OMt/PAni-ES
LB film. The OMt/AuNPs LB film does not show characteristic Raman
bands; there is only a decrease in the scattering background due to
the incorporation of AuNPs in OMt films.

The electrochemical activity of the LB films can be exploited
to detect metal ions using SWAS voltammetry. Figs. 9(A)-(C)
show SWAS voltammograms for PAni-ES/AuNPs, OMt/AuNPs
and OMt/AuNPs/PAni-ES LB films deposited onto ITO electrodes,
respectively. All the electrodes were able to distinguish between
the three metal ions, as indicated by the oxidation peaks. A more
clear distinction was achieved for separation peaks without the
overlap with the PAni-ES peaks, due to the presence of AuNPs in
the LB films, which also cause considerable increase in the current
intensity in the voltammograms. The peak current increased with
the metal concentration, which allowed us to determine the sen-
sitivity and limit of detection (LOD) from the analytical curves in
Fig. 10(A)-(C). These values are given in Table 5, where a compari-
sonis made with LB films of PAni-ES, OMt and PAni-ES/OMt without
AuNPs, and with LOD values in the literature obtained with differ-
ential pulse voltammetry (DPV). The LOD values obtained via cyclic
voltammetry with the LB films in this work are compared for the
different metal ions.

In a direct comparison of the performance of the three modified
electrodes, one could infer that the OMt/AuNPs/PAni-ES LB film was
superior, judging by the data in Table 5. In all cases the peaks for
different electrodes in Fig. 9(A)-(C) appearat E=—-0.6 V,E=-0.45V
and E=—0.26V for Cd%*, Pb2* and Cu?* ions, respectively, which
are shifted considerably from the expected potentials from the lit-
erature and when compared to the LB films of PAni-ES and OMt
without AuNPs, which should be E°=—0.75V for Cd?*, E°=—0.51V
for Pb2* and E° =+0.34V for Cu?* [23,42-45]. We conclude that the
electrode coated with OMt/AuNPs/PAni-ES is the most efficient in
detecting the three metal ions simultaneously because separation
is more efficient and the limit of detection (LOD) (determined from
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Assignment

PAni-ES

Wavenumber (cm~1)

LB filmPAni-ES LB filmPAni-ES/AuNPs

LB filmOMt/PAni-ES

LB filmOMt/AuNPs/PAni-ES

Secondary doping C—N—S03~
Vibrational mode, N=Q=N in the plane

QN*H—B or B—N*H—B stretching radical cation

Vibrational mode, N=B=N in the plane
C=C stretching (benzenoid ring)
C=C stretching (quinoid ring)

- 1118
1162 1170
1250 1298
1310 1316
1496 1500
1586 1592

1118
1170
1248
1316
1500
1592

2 Values extracted from de Barros et al. [23].

Table 4

Assignment of Raman bands for the LB films within and without of AuNPs.

Assignment

PAni-ES

Wavenumber (cm~')

LB filmPAni-ES LB filmPAni-ES/AuNPs

4LB filmOMt/PAni-ES

LB filmOMt/AuNPs/PAni-ES

Cation radical stretching C—N*
Stretching of benzene ring

1335
1640

1340
1650

1335
1650

1340
1650

2 Values extracted from de Barroset al. [23].
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Fig. 5. AFM images for 1-layer LB films deposited onto quartz plates. (A) PAni-ES/AuNPs, (B) OMt/AuNPs and (C) OMt/AuNPs/PAni-ES nanocomposite. The roughness of the

quartz plates was calculated as 0.8 nm.

Table 5

Adsorbed amounts on modified surfaces of PAni-ES/AuNPs, OMt/AuNPs and OMt/AuNPs/PAni-ES compared to LB films of PAni-ES, OMt, OMt/PAni-ES without AuNPs [23].
For the sake of comparison, also included were the LOD values for metal ion detection from different methods (CV and DPV).

Analyte (metallic Electrode Sensitivity for Sensitivity LOD (mgL1) Electrode LOD (mgL1) Comparison of LOD
ions) Modified individual metal (WAcm=—2mgL') Modified with other
ions (without AuNPs) methods (mgL-1)
(nAcm 2 mgL1)
Cyclic Differential pulse
voltammetry voltammetry
(VO) (DPV)
Ccd* PAni-ES/AuNPs 270+2 27242 0.02 PAni-ES 0.2 0.4 0.3 [37]
Pb?* 33.1+0.1 34.1+02 0.02 0.2 0.2 0.03 [37]
Cu®* 3.8+0.07 3.74+0.07 0.05 0.04 101 0.4 [38]
cd* OMt/AuNPs 27242 27942 0.02 OMt 0.2 0.5 0.1[39]
Pb%* 55.8+0.7 56.2+0.7 0.04 04 03 0.4 [39]
Cu®* 7.8+0.2 8.1+0.2 0.07 0.2 77 0.2 [39]
cd* OMt/AuNPs/PAni-ES 307.1+0.5 307.5+0.5 0.005 OMt/ PAni-ES 0.2 0.2 0.09 [40]
Pb%* 767 +£1 767.4+£1.6 0.006 0.2 0.1 0.02 [40]
Cu?* 34.1+0.1 33.9+0.1 0.009 0.2 34 0.9[41]
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Fig. 6. XRD patterns for 25-layer LB films of OMt/AuNPs/PAni-ES and OMt/AuNPs
deposited onto silicon plates.
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Fig. 7. FTIR spectra recorded in transmition mode for 25-layer LB films composed of
PAni/AuNPs, OMt/AuNPs/PAni-ES and OMt/AuNPs, deposited onto silicon substrate.
The spectra in dark and light gray lines correspond to 50-layer LB films of neat
PAni-ES and OMt, respectively.

the analytical curvesin Fig. 10) is lower than for the LB films made of
PAni-ES and OMt without AuNPs. A direct comparison was possible
owing to the similar response with these materials without AuNPs
immobilized by the LB technique [23]. In summary, this superior
performance for the OMt/AuNPs/PAni-ES LB film points to synergy
between the materials in this sensing task and high electrocatalytic
activity promoted by AuNPs.
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Fig.8. Raman spectra for 25-layer LB films onto silicon substrates for PAni-ES/AuNPs
and OMt/AuNPs/PAni-ES. The spectra in dark and light gray lines correspond to neat
LB films of PAni-ES and OMt clay mineral, respectively.

4. Conclusion

The presence of AuNPs in the LB films of PAni-ES and OMt clay
promoted stabilization of mixed Langmuir films (PAni-ES/AuNPs,
OMt/AuNPs and PAni-ES/OMt/AuNPs) at the air-water interface.
This higher stability was possibly responsible for the more homoge-
nous mixed LB films when compared to neat LB films (PAni-ES and
OMLt), as indicated in the AFM and SPR analyses. We suggest that
an interaction between PAni-ES and AuNPs causes unfolding of the
polymer chain favoring intercalation in the lamellar clay spaces,
which is supported by X-ray diffraction data with an increased basal
spacing of clay layers. FTIR and Raman spectra confirmed the effect
of AuNPs on PAni-ES with a significant shift in its polaronic state,
ascribed to secondary doping. Furthermore, incorporation of AuNPs
in LB films made with PAni-ES and OMt enhanced the electrocat-
alytic effect for detecting metal ions, yielding a higher performance
with lower limit of detection.
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films. All the films had 30 layers and were deposited onto ITO plates. The black
line of voltammograms corresponds to LB films only in the presence of supporting
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E/(V) vs SCE



416 A. De Barros et al. / Sensors and Actuators B 236 (2016) 408-417

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2016.06.022.
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