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Abstract

The chemical binding between metal nanoparticles and (semi-)conductive polymer layers is essential to control the (opto-)
electronic properties of such hybrid materials. Current approaches that achieve a conjugated binding of organic (semi-)
conductive ligands to metal nanoparticles demonstrated promising functional properties, but are based on tedious multi-step
organic synthesis to incorporate the required binding moieties at the chain ends of targeted macromolecular species. Herein,
we explore the pre-functionalization of gold nanoparticles with p-aminothiophenol and subsequent surfactant-assisted forma-
tion of a poly(aniline) (PANI) shell as a means to access gold/PANI core—shell-type nanoparticles with enhanced conductive
properties. Controlled surface deposition of these hybrid nanoparticles is achieved via template-assisted self-assembly. For
these surface-deposited nanoparticles, charge transport properties are characterized at the nanoscale by conductive atomic
force microscopy measurements and show a significant conductivity increase of our core—shell particles as compared to
reference particles formed by conventional surfactant-assisted PANI-shell formation.

Keywords Gold nanoparticles - Polyaniline - Hybrid nanomaterials - Surface patterning - Electrically conductive surfaces -
Atomic force microscopy

Introduction

Metal nanoparticles feature typical properties of bulk metals
such as electrical conductance. Due to this high conductiv-
ity, metal nanoparticles can be used for forming conducting
elements/ electrodes [1], provided the interparticle gap can
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be bridged by conducting material [2] or particles can be sin-
tered [3] by post-processing. This established core—shell-type
nanoparticles as versatile building blocks in electronic materi-
als. Furthermore, metal nanoparticles feature unique size- and
shape-dependent optical properties that derive from their nano-
scopic dimensions: The latter results from the resonant excita-
tion of conductance band electrons—confined to the particle
surface—by electromagnetic radiation of visible and NIR fre-
quencies, a phenomenon known as localized surface plasmon
resonance (LSPR). This LSPR is a very efficient resonant pro-
cess, oftentimes characterized by extinction cross sections that
exceed the geometric cross sections of the metal nanoparticles
[4]. The LSPR excitation results in an emergent electromag-
netic near-field around the nanoparticles [5]. Concomitantly,
the dissipative nature of the excitation leads to heating in the
vicinity of the nanoparticles [6, 7], and hot-electron transfer [8]
to the environment can occur. Chemical surface modification
is key to harnessing these energy transfer processes associated
with the LSPR excitation [9]. Therefore, an organic coating
layer on the metallic nanoparticle surface opens up opportu-
nities to make use of the confined photonic energy at metal
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nanoparticles. Such coating layer additionally provides ““soft”
properties, by which it is possible to equip hybrid colloids with
structural plasticity [10] and/or additional functional properties
[11], e.g., photo response [12]. The polymeric coating layer
can also be used to mediate the self-assembly of AuNPs into
supracolloidal structures [12—14]. As a result of the described
possibilities, such hybrid metal/organic core—shell-type col-
loids are versatile building blocks in forming materials with
optical [15] and/or electronic functionality [2].

One prototype example in this context is the combina-
tion of gold-nanoparticle cores with polyaniline (PANI)
shells [16-20]. While the gold core provides the mentioned
conductive as well as plasmonic properties, the PANI shell
acts as a redox-[16, 17, 19] and pH-switchable [17, 18, 20]
surface coating, which is electrically conductive in its pro-
tonated or doped state [21]. The photochromic behavior of
the PANI coating layer in conjuncture with the plasmonic
properties of the core led to the realization of, e.g., plas-
monic switches [18, 19]. Controlled surface deposition of
these core—shell-type particles was used to create switch-
able plasmonic metasurfaces with anti-reflective [22] and
holographic capability [23]. For such hybrid metal/organic-
semiconductor nanocomposite materials, the connection
between both elements can be critical because charge trans-
fer between the metallic core and a (semi-)conducting poly-
mer layer may strongly affect the (opto-)electronic properties
of derived materials and devices [24]. For those reasons,
the chemistry of the interface between metal nanoparticles
and (semi-)conductive polymer shells is of vast contempo-
rary interest. New synthetic strategies to exert control in this
domain are currently under development [25-27]; however,
the required multi-step organic synthesis impedes the large-
scale application of these promising nanomaterials.

Our contribution is motivated by the need for electronic
communication through the interface in metal/(semi-)con-
ducting polymer core—shell nanoparticles. Building on this
motivation, we study the applicability of a strategy [28, 29]
developed for coating flat bulk gold surfaces with polyaniline
(PANI) for coating gold nanoparticles. This strategy involved
pre-adsorption of p-aminothiophenol (pATP) prior to forming
the PANI film. After PANI-film formation on gold electrodes,
faster discharge kinetics were observed in the case of pATP
pre-adsorption prior to PANI deposition compared with direct
PANI deposition, suggesting improved charge transfer through
the interface in the former scenario. Thus, in this work, we
aimed to implement pATP pre-adsorption into established,
surfactant-based wet-chemical strategies [30, 31] as a means
for coating gold nanoparticles with PANI shells in a conju-
gated manner (see Scheme 1 for an illustration of the synthetic
strategy). We confirmed the improved electronic communica-
tion of the prepared core—shell-type nanoparticles by conduc-
tive atomic force microscopy (CAFM) measurements.
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Materials and methods
Materials

Hexadecyltrimethylammonium chloride (CTAC, 25 wt% in
H,0), L-(+)-ascorbic acid (AA,>99%), sodium borohy-
dride (NaBH,, 99%), sodium dodecyl sulfate (SDS, >99%),
and aniline (>99%) were obtained from Sigma-Aldrich.
Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,O0,
99.99%) was purchased from abcr GmbH. Hydrochloric
acid (AnalaR Normapur®, 37%) was obtained from VWR
Chemicals. Hexadecyltrimethylammonium bromide (CTAB,
99%) was purchased from Merck KGaA. Sylgard 184 PDMS
elastomer kits were obtained from Dow Corning. All mate-
rials were used as obtained. Purified Milli-Q-grade water
(18.2 MQ-cm, pH 8) was used in all experiments. Cr and Au
for evaporation were purchased from Kurt J. Lesker com-
pany, USA. Si wafers (p-type, boron dopant, 1-20 Q-cm)
were obtained from CrysTec KRISTALLTECHNOLOGIE.

Synthesis

For the synthesis of spherical gold nanoparticle, the seed-
mediated growth method [32] was adapted.

Au seed synthesis (2 nm). Aqueous CTAB solution
(0.1 M, 4.7 mL) was kept at 32 ‘C and mixed with HAuCl,
solution (0.05 M, 25 pL). The mixture was stirred at high
speed, and NaBH, (0.01 M, 300 pL) was quickly added.
Rapid stirring was continued for 30 s and the stirring speed
was changed to 300 rpm, at which stirring proceeded for 30
min at 32 °C. During the reaction, the color of the solution
changed to brownish color.

Au seed synthesis (8 nm). Aqueous hexadecyltrimeth-
ylammonium chloride (CTAC, 0.2 M, 40 mL), aqueous
L-(+)-ascorbic acid (0.1 M, 30 mL), 1 mL of the 2 nm seed
solution, and HAuCl, solution (0.5 mM, 40 mL) were mixed
and stirred for 15 min at 300 rpm. After that, two centrifuga-
tion/re-dispersion cycles were performed: 15,000 rcf, 1 h;
re-dispersion in aqueous CTAC solution (0.02 M, 10 mL).

Nanoparticle synthesis (Au@CTAC 50 nm). An aqueous
solution of L-(+)-ascorbic acid (AA) and CTAC (AA: 1.3 mM,
CTAC: 60 mM, 200 mL) was prepared. Then, a solution of 8
nm seeds (840 uL) was added while stirring at 380 rpm.

In another vessel, the growth solution (HAuCl,: 1 mM
and CTAC: 60 mM, 200 mL) was prepared and warmed at 45
°C. This solution was divided into three 60 mL syringes and
slowly dropwise added to the 8 nm seed solution (0.5 mL/
min) by a syringe pump. After slow addition by syringes,
the remaining 20 mL of growth solution was poured in for
etching to obtain spherical particles and mixed for additional
15 min. The final product was centrifuged to 2000 rcf twice,
20 min each, and re-dispersed in CTAC (0.01 M, 30 mL).
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Scheme 1 Top: Direct oxidative polymerization of aniline at surfactant (CTAC)-coated gold nanoparticles. Bottom: Pre-functionalization of the
gold surface with 4-aminothiophenol and subsequent oxidative polymerization of aniline

Functionalization of gold nanoparticles with 4-aminothio-
phenol (Au@ATP). A method from Uzer et al. [33] was
adapted. 800 pL of Au@CTAC solution was mixed with HCI
(1 M, 0.8 pL) for adjusting pH at 3 and stirred at 350 rpm at
60 C (heating plate). Ethanolic solution of 4-ATP (0.41
mM, 100 pL) was added, and stirring continued for 3 h. Cen-
trifugation was not conducted since the 4-amniothiophenol
functionalized particles had a propensity for aggregation
during centrifugation.

Oxidative polymerization of aniline. The surfactant-
assisted oxidative polymerization process was adapted for
the synthesis of polyaniline shells [34]. Au@CTAC or Au@
ATP (0.5 mg/mL, 500 pL) were prepared. Milli-Q-grade
water (2252 pL), SDS (80 mM, 219 pL), HCI (1 M, 15 pL),
aniline (10 mM, 300 pL), and APS (13.33 mM, 375 pL)
were added to the particles in this order while stirring vig-
orously. The solution was stirred at 900 rpm for 1 h. After
that, the stirring speed was changed to 130 rpm. Eventually,
the solution color changed to green (Au@CTAC for 7 h and
Au@ATP for 18 h).

Thermal evaporation of metal films

Si wafers were cleaned successively by acetone and ethanol
sonication each for 5 min. The wafers were mounted onto
a substrate holder for a PVD (physical vapor deposition)
chamber (Hex, Korvus Technology). A 5 nm layer of chro-
mium was deposited as an adhesion layer with a deposition
rate of 0.5 A/s, and on the top of the Cr layer, 30 nm of Au
was deposited with 0.3 Als. During that process, the sub-
strates were rotated at 15 rpm to maintain homogeneity of
deposition across the sample. The obtained Au/Cr/Si wafers
were used as substrates for conductive AFM measurements.

Template fabrication

The method for template fabrication was adapted from
previous work [32]. Cross-linker (4.58 g) and prepolymer
(22.92 g) from the Sylgard kit were mixed for 1:5 (cross-
linker to prepolymer) ratio PDMS. The mixture was poured
into a leveled square polystyrene dish. The mixture was
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cured at 80 C for 5 h and kept at room temperature over-
night. PDMS was cut into 1 x4.5 cm? strips. The strips were
elongated by 40% with a stretching device. The stretched
PDMS strips were treated with oxygen plasma (80 W, 90
s) at a pressure of 0.3 mbar. After plasma treatment, the
strips were cooled to room temperature and relaxed from
the strain. The wrinkled PDMS was cut into pieces of 1Xx 1
cm? and cleaned with distilled water.

Nanoparticle assembly

Template-assisted assembly was performed via spin-coating
on wrinkled substrates [32]. The wrinkled templates were
hydrophilized in oxygen plasma (80 W, 45 s, 0.2 mbar). A
gold-nanoparticle solution (4 pL, 10 mg/mL) was cast onto the
hydrophilized PDMS templates. The spin-coating was done in
a two-step manner (first: 222 rpm for 2 s; second: 1700 rpm for
90 s; photoresist spinner, Headway Research Inc.).

Au/Cr/Si wafers were cleaned successively with acetone
and ethanol, each with 5 min of sonication. The substrates
were hydrophilized in oxygen plasma with 80 W for 180 s
at a pressure of 0.2 mbar. 10 pL of Milli-Q-grade water was
spread onto the hydrophilized substrates, and the particle-
filled PDMS were stamped onto the substrates for 6 h to
transfer the particle assembly to the Au/Cr/Si substrate.

Visible/NIR extinction spectroscopy

A Cary 5000 spectrometer (Agilent, USA) was used for
extinction spectroscopy. The measurement was performed
in the range of 400 to 1000 nm (scan rate, 600 nm/min). A
fixed 3 x4 mm? spot size was used.

Transmission electron microscopy (TEM)

TEM images were obtained using a Libra 120 (Zeiss, Ger-
many). Measurements were performed at an acceleration
voltage of 120 kV. Analyte samples were diluted to approx.
0.1 mg/mL of gold nanoparticles with Milli-Q-grade water,
and 5.5 pL of such solution was dried overnight on CF200-
Cu-50 TEM grids (carbon support film on 200 mesh cop-
per, Electron Microscopy Sciences, USA). The images were
analyzed using ImageJ software.

Surface-enhanced Raman scattering (SERS)

Surface-enhanced Raman spectroscopy (SERS) measure-
ments were conducted by a Renishaw inVia Qontor confo-
cal Raman spectrometer with backscattering configuration
(Gloucestershire, UK). The Leica microscope with a lens
of X 20 magnification and NA 0.45 (Leica Microsystems
GmbH Wetzlar, Germany) was operated. Samples were
excited by a laser with 633 nm wavelength with the constant
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laser power at 290 pW, and the acquisition time was set to
15 s. The acquired Raman signals were dispersed through
a grating with 1800 I/mm and recorded by a CCD detector.

Conductive AFM

Conductive AFM experiments were performed on a Bruker
Icon AFM in Peak force Tuna mode. An ElectriMulti75-
G-10 cantilever (3 N/m, 75 kHz, coated by 5 nm Cr and
25 nm Pt, BudgetSensors) was used. The conductive sub-
strate (Au/Cr film on Si wafer) was electrically connected
to the AFM sample bias line by conductive copper tape.
Measurements were conducted in the bias range from —200
to 200 mV in 50 mV steps. The obtained data were pro-
cessed by Gwyddion software[35]. From the height profiles
of the image, the particle assemblies were masked, and the
median current of the masked area was calculated. The cur-
rent value comparison of different samples was conducted
with the same cantilever.

Results and discussion

The gold nanoparticles used in this work were prepared by
the seeded growth method (see the “Materials and methods”
section) and originally obtained with a hexadecyltrimethyl-
ammonium chloride (CTAC) bilayer in aqueous solution
comprising gold cores with an average diameter of 51.5+2.3
nm, as determined by TEM measurements. In a subsequent
step, the pre-functionalization of these particles with 4-ami-
nothiophenol was undertaken at acidic pH, following a strategy
already reported elsewhere [33]. The surface chemistry of both
the original, CTAC-coated gold nanoparticles (Au@CTAC)
and also the pre-functionalized gold nanoparticles (Au@
ATP) were investigated by Raman spectroscopy (Fig. 1a).
From those experiments, a pronounced peak at approx. 275
cm™! that can be assigned to the Cl-Au stretching vibration
[36] was observed for Au@CTAC nanoparticles (red trace in
Fig. 1a), indicative of chemisorbed CI™ at the gold surface,
which confines the CTAC surfactant to the gold surface. After
the described pre-functionalization with 4-aminothiophenol,
a decreased intensity of this peak ascribed to the excitation
of the Cl-Au stretching vibration is noticed; on the other
hand, a previously not observed peak at approx. 1077 cm™"
is noticed, which is assigned to the C-S stretching vibration
of 4-aminothiophenol [37]. The C—C stretching vibration of
4-aminothiophenol (1586 cm™) is also observed in a longer
wavenumber region (Fig. S1) [37]. Thus, these Raman experi-
ments strongly suggest a replacement of the majority of CTAC
surfactant at the gold-nanoparticle surface with the competitive
ligand 4-aminothiophenol. Fully in line with this ligand sub-
stitution reaction at the surface is a very minor change in the
plasmon resonance peak of the gold nanoparticles (Fig. 1b).
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The spectra in Fig. 1b are normalized to their extinction at
400 nm, at which extinction stems mainly from interband
transitions within gold, which is, therefore, a normalization
with respect to total gold content [38]. The slight resonance
wavelength shift (from 533 nm before to 530 nm after func-
tionalization with pATP) can be attributed to a change of the
refractive index around the gold nanoparticle [39], while the
overall linewidth of the resonance remains unaffected. This
result indicated that the gold nanoparticles remained dispersed
as individual entities in the solution; thus, colloidal stability
was not compromised after this pre-functionalization.

In the next step, core—shell-type nanoparticles were pre-
pared through oxidative polymerization from aniline start-
ing from the different precursors: Au@CTAC and Au@ATP
(Scheme 1). In this reaction, sodium dodecyl sulfate (SDS)
micelles are mixed with aniline monomer to form aniline-
inserted SDS micelles. The micelles are negatively charged
and interact electrostatically with positively charged CTAC-
stabilized gold nanoparticles (Au@CTAC) [34] or the posi-
tive charges supported by the primary amine groups present
in 4-ATP-functionalized gold nanoparticles (Au@ATP).
During the oxidative polymerization at Au@ATP particles,
PANI shells can be initiated from or terminated at the sur-
face-immobilized 4-ATP [29]. The polymerization resulted
in PANI shells on both kinds of gold nanoparticles, which
had slightly different but comparable shell thicknesses, as
determined from TEM images (i.e., 12.6+2.2 nm for Au@
ATP-PANI and 14.7 +2.6 nm for Au@PANI; see Fig. 2a,
b for exemplary transmission electron microscopy images
and supporting information Fig. S2 for shell-thickness dis-
tributions). The formation of the PANI shell is also evident
from Raman experiments (pronounced peaks at approx.
1179, 1344, 1514, and 1599 cm™' for Au@ATP-PANI and
1174, 1343, 1513, and 1593 cm™" for Au@PANI) (Fig. 2¢)
[40]. These Raman measurements furthermore showed that
the signal characteristic of the C-S stretch remained for the
measurements conducted at the Au@ ATP-PANI sample [37].
We can thus conclude that 4-ATP is not replaced during the
oxidative polymerization but remains anchored at the gold
nanoparticle surface after the PANI-shell formation. Visible/

Wavelength (nm)

NIR extinction spectra for both core—shell-type nanohybrids
are displayed in Fig. 2d. The excitation of the plasmon reso-
nance occurs with a comparably narrow linewidth for both
cases, again indicating the good dispersion in the colloidal
solution state. In addition, the broad absorbance centered
around approx. 830 nm and toward smaller wavelength (at
the high-energy shoulder of the LSPR peak) can be attributed
to PANI in its protonated state [17]. Because of the absorb-
ance of PANI also at 400 nm, no normalization of the spectra
to total gold content as done in Fig. 1b could be performed
here. LSPR peak maxima show a red shift after oxidative
polymerization from Au@ATP (530 nm) to Au@ATP-PANI
(541 nm) and from Au@CTAC (533 nm) to Au@PANI
(536 nm). The larger red shift of Au@ATP-PANI is shown
compared to Au@PANI. Also, the more substantial PANI
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Fig.2 Bright-field transmission electron micrographs of a Au@
ATP-PANI and b Au@PANI. ¢ Raman spectra of both hybrid nano-
particles. d Visible/NIR extinction spectra of both hybrid nanoparti-
cles, revealing the localized surface plasmon resonance of the golden
cores at approx. 530 nm, while the broad absorbance centered around
approx. 830 nm can be attributed to PANI in its protonated state
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absorbance in the case of the Au@ATP-PANI particles com-
pared with the Au@PANI particle can partly be explained
by the slightly thicker polymer layers in the former sample.
However, it could also result from electronic coupling to the
gold-nanoparticle core within the Au@ ATP-PANI sample.
Thus, we performed conductive AFM experiments in the next
step to investigate such possible electronic coupling between
the gold core and the PANI shell.

For AFM measurements, we prepared hybrid nanoparticle
assemblies on the conducting substrates (Au/Cr/Si wafer)
serving as back electrodes (see above in the Experimental
section). The currents of assemblies were resolved in a bias
range from — 200 to 200 mV. AFM topography and corre-
sponding current image for the 200 mV scan are shown in
Fig. 3.

Both particle assemblies featured a clear current response
upon bias application. However, where the Au@ ATP-PANI
particle assembly gave a median current of 53 pA, the Au@
PANI assembly featured a median current of only 1 pA, illus-
trating the distinct difference in conductivity for both particles
(this is substantiated by a more complete data set presented
in the supporting information). The higher current signal on
Au@ATP-PANI suggests an improved electronic coupling
between the polymer shell and the metal core. The limited
substrate conductivity surrounding the particle assembly
likely originates from organic residue following deposition.

Fig.3 cAFM current image

and corresponding topography
a current of Au@ATP-PANI, b
topography of Au@ATP-PANI,
¢ current of Au@PANI, and d
topography of Au@PANI (same
cantilever used)

'a) current
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The average diameter of the particles was determined
from AFM topography line profiles across individual par-
ticles via the full width at half maximum (FWHM) of a
Gaussian fit (Fig. S3—S4). For Au@ATP-PANI, the diameter
from FWHM is 107.2 + 6.2 nm, and the average diameter of
Au@PANI from FWHM is 106.9 +7.9 nm. Confirming our
previous observations from TEM measurements, the ATP
layer increases the particle dimensions only slightly. The
larger absolute values from AFM compared to those deter-
mined from TEM (79.5 +4.4 nm for Au@ATP-PANI and
77.4+4.6 nm for Au@PANTI) can be attributed to the tip-
sample convolution from the AFM tip radius, which is given
with nominal value of 25 nm. The distribution of diameters
from TEM is shown in Fig. S5.

The median currents of the particle-line assemblies are
plotted for biases in the range of —200 to 200 mV (Fig. 4).
Corresponding topography and current images are shown
in Fig. S6-S7. Over the entire bias range, the current of
Au@ATP-PANI is consistently larger than that of Au@
PANI confirming that the pre-functionalization of the gold
nanoparticles with p-ATP improves the electronic coupling
between gold cores and PANI shells so the gold core can
contribute to the conductivity of particles. Due to the lack of
linkers between the gold core and PANI shells in Au@PANI,
the electrical contribution from the gold core is strongly
reduced, and the particles’ conductivity mainly stems from

100 nm

0

100 nm
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Fig.4 Median current of Au@PANI (light green) and Au@ATP-
PANI (dark green) as a function of the bias voltage (—200~200 mV)
(same cantilever used in Fig. 3)

the PANI shell. I-V characteristics of both assemblies appear
to feature a slight s-shape, suggesting a non-ohmic behavior,
with a rapidly increasing current value at higher voltages
of 200 and — 200 mV, similar to the I-V curve of PANI [41,
42]. This I-V curve shape indicates semiconductor contribu-
tion to the materials’ conductivity, thus implying that, even
though the influence of the gold core on the conductivity is
increased, the PANI shell still affects the charge transport
mechanism of the Au@ATP-PANI. Additional measure-
ments of conductive AFM corroborate the reported trends
and are shown in the supporting information (Fig. S8—S10).

Conclusion

We established a straightforward strategy for coupling
polyaniline shells to gold nanoparticles that improved the
electrical conductivity of the formed hybrid core—shell-type
nanoparticle, as evidenced by c-AFM measurements. Our
approach is based on the pre-functionalization of the golden
nanoparticles with “off-the-shelf” 4-aminothiphenol prior
to the polyaniline-shell formation, enabling an efficient and
straightforward synthetic procedure. In particular, in con-
junction with the presented template-assisted line-assembly
approach, these core—shell-type nanoparticles have potential
for creating surfaces with anisotropic conductance [43]. At
the same time, the responsive nature of the polymer shell
provides prospects for sensor development or on-demand
modulation of charge transport properties by specific exter-
nal stimuli such as pH, in addition to more unspecific exter-
nal factors, such as bending or strain [44]. Therefore, our
approach provides tempting prospects for next-generation
electronic materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00396-024-05262-x.
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