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ABSTRACT 

N -Heterocyclic carbenes (NHCs) have emerged as a unique class of ligands for gold nanoparticles (Au NPs), combining strong 
metal binding with intrinsic electronic conductivity. Yet over the past decade, studies on Au NP@NHC systems have primarily 
focused on their stability, while the conductivity of NHCs has remained largely unexplored due to synthesis challenges. Here, 
we present a synthetic strategy that addresses this gap by employing amino-functionalized NHC-Au complexes with in situ 
oxidative polymerization of polyaniline (PANI) to yield electronically coupled Au NP@NHC-PANI hybrids in aqueous media. This 
strategy enables both a controlled PANI shell growth and introduction of an electronically active NHC interlayer. Single-particle 
scattering spectroscopy reveals that NHCs improve the interfacial electronic coupling as evidenced by pronounced plasmonic 
linewidth broadening. Conductivity measurements further confirm that NHCs enhance charge transport: conductive atomic force 
microscopy (C-AFM) shows an increase in contact current from 14.6 to 99.4 pA under a 300-mV bias, while lateral four-probe 
conductance increases from 0.17 to 3.5 nS. These results provide the first direct experimental evidence of the conductive role of 
NHCs in hybrid NP-polymer systems, establishing a new interface-engineering strategy for the rational design of electronically 
delocalized nanostructures and their applications in nanoelectronics. 
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 Introduction 

ybrid organic–inorganic materials integrate the advantages of
oth components, making them highly valuable in advanced
aterial design [ 1–5 ]. Among them, hybrids of gold nanoparticles
Au NPs) and conducting polymers (CPs) are particularly attrac-
ive for applications in printed and flexible electrodes since they
an combine the high conductivity of Au NPs with the process-
bility and mechanical flexibility of CPs [ 6–11 ]. Such composites
nable direct fabrication of conductive patterns without the need
or post-sintering, which is a key advantage for cost-efficient and
calable printed electronics [ 12 ]. 

hile prior efforts have focused on improving the intrinsic
onductivity of the individual components via polymer doping,
anoparticle assembly or post-processing treatments [ 13–15 ], the
ritical role of the Au NP-polymer interface has remained com-
aratively underexplored. Realizing the efficient charge transport
cross this interface is essential to fully unlock the potential
f these hybrid systems, particularly in applications where
erformance is limited by interfacial barriers. 

 -heterocyclic carbenes (NHCs) offer a promising yet under-
tilized strategy for interfacial engineering in hybrid organic–
norganic nanomaterials. Compared with conventional thiol
igands, NHCs form stronger and more stable covalent bonds
ith gold surfaces, providing the Au NPs with exceptional
hermal and electrochemical stability [ 16–31 ]. Moreover, their
elocalized π-systems and conductive Au ─C bonds can facilitate
lectronic coupling between the NP core and the surrounding
P ligands, making NHCs well-suited as molecular linkers in
harge-transporting nanocomposites [ 32–34 ]. 

espite these advantages, the synthesis with incorporation of
HCs into Au NP-CP hybrids is challenging, especially for larger
u NPs ( > 20 nm). Existing approaches to Au NP@NHC rely
ither on (i) bottom-up synthesis via the reduction of NHC-Au
omplexes [ 23, 24, 28, 30 ], typically yielding ultrasmall particles
 < 7 nm), or (ii) a top–down ligand exchange, where NHCs are
ntroduced onto preformed Au NPs [ 25, 29, 35, 36 ]. In the latter
ase, NHCs can be transferred as free carbenes, CO2 adducts or
old complexes. However, the ligand exchange using free car-
enes in aqueous media is hindered by their instability. Besides,
he direct synthesis of CP-functionalized NHC-Au complexes or
HC-CO2 adducts has rarely been reported, likely due to the
omplexity of the multistep synthesis. As a result, there is still a
ack of experimental evidence demonstrating whether NHCs can
nhance charge transport across Au NP-CP interfaces. 

o address these challenges, we present a novel strategy by
mploying an amino-functionalized NHC-Au complex as a
olecular linker between Au NPs ( > 50 nm) and polyaniline
PANI). This design not only enables efficient ligand exchange on
u NPs but also provides reactive amino groups that initiate in
itu oxidative polymerization of PANI directly from the Au NP
urface. Successful NHC functionalization and controlled PANI
rowth were confirmed, yielding Au NP@NHC-PANI hybrids
hat can be assembled into well-ordered monolayers for sys-
ematic conductivity studies. Comparative conductivity measure-
ents with Au NP@PANI reveal a pronounced enhancement in
nterfacial charge transport, for the first time, providing the direct
of 10
experimental evidence of NHCs in improving interfacial charge
transport. Overall, this work establishes an interface engineering
strategy for tailoring charge transport in hybrid nanostructures
and opens new opportunities for high-performance printable
electronics. 

2 Results and Discussion 

To develop electronically coupled hybrid nanocomposites, an
amino-containing NHC-Au anchor was first designed and syn-
thesized (Figure 1a ). The 1,3-diisopropyl-benzimidazolylidene
framework was selected based on established structure-binding
correlations of benzimidazole-derived NHCs on gold surfaces
[ 37 ]. These correlations indicate that intermediate steric bulk at
the wing-tip positions favors upright, adatom-mediated binding
geometries while maintaining strong Au ─C bonding. Such an
upright orientation is advantageous in the present system as
it minimizes steric-induced tilting and promotes a well-defined
electronic interface between the Au NP core and the PANI shell. 

The primary amine group of 5-aminobenzimidazole ( 1 ) was
protected with a tert -butyloxycarbonyl (Boc) group to pre-
vent side reactions in subsequent synthetic steps. Alkylation
of 1 with 2-bromopropane yielded 5-Boc-amino-benzimidazole
( 2 ), which was then converted to 5-Boc-amino-1,3-diisopropyl-
benzimidazolium bromide ( 3 ) through a second alkylation with
another bromopropane under mild conditions, avoiding side
reactions with the amide. The synthesis of (5-Boc-amino-1,3-
diisopropyl-benzimidazolium) gold bromide ( 4 ) was achieved by
reacting compound 3 with Au (SMe2 )Cl. Subsequent Boc depro-
tection under acidic conditions yielded the target compound, (5-
amino-1,3-diisopropyl-benzimidazolium) gold bromide ( 5 ). The
successful synthesis of these compounds was confirmed by using
nuclear magnetic resonance spectroscopy (NMR) and Fourier-
transform infrared spectroscopy (FTIR) techniques (Figures
S4–S12 ). 

With the amino-NHC-Au complex in hand, ligand exchange was
performed according to a reported protocol [ 25, 38 ]. The ligand
exchange is proposed to proceed via a transmetalation-to-surface
mechanism, in which the NHC ligand chemisorbs onto the Au(0)
surface to form a strong Au ─C (NHC) bond, thereby replacing
the original surface ligands (citrate or CTAC). To optimize the
ligand exchange conditions, 5 (1 mM in acetonitrile) was added
into 2.5 mL Au NPs aqueous solution by increasing the volume
from 0.5 to 3 µL. At additions beyond 2 µL per 2.5 mL solution, NP
aggregation was observed, indicating excessive ligand exchange
and loss of colloidal stability. Optimal conditions were found to be
below 1 µL, yielding stable Au NPs bearing mixed surface ligands
(NHC together with residual original ligands). 

Based on the amount of NHC ligands added, a rough estimate
indicates that approximately 1,895 NHC ligands could be bound
to the surface of each Au NP, corresponding to 0.24 molecules
per nm2 . The surface grafting density was further quantified
using a fluorescamine assay [ 39, 40 ] (Figures S1 and S2 ). In this
approach, the concentration of free (non-surface-bound) NHC
remaining in solution after grafting was determined following
nanoparticle removal by centrifugation. By varying the target
NHC feed concentration, a Langmuir-type adsorption isotherm
Angewandte Chemie International Edition, 2026
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FIGURE 1 (a) Synthetic route to the amino-functionalized NHC-Au complex ( 5 ). (b) Schematic illustration of the ligand exchange of amino-NHC 
onto Au NPs and the subsequent polymerization of aniline to form Au NP@NHC-PANI composites. 
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as constructed (Figure S3 ). From this analysis, a saturation
urface coverage of 4.0 NHC molecules per nm2 and a free
nthalpy of adsorption of -56 kJ/mol were obtained. The deter-
ined saturation grafting density is consistent with previous
esults [ 41–43 ] on the formation of NHC monolayers on gold. The
inding free enthalpy, which contains contributions also from the
eplacement of initial citrate ligands during grafting and entropic
ontributions, is larger than the values obtained for dithioesters
nd trithiocarbonates (-36 kJ/mol) [ 44, 45 ]. According to the
angmuir model, at the experimental feed corresponding to a
ominal grafting density of 0.24 molecules per nm2 , the actual
rafting density is predicted to be essentially identical (within two
ignificant digits), indicating near-quantitative surface binding
nder the optimized conditions. 

he successful ligand exchange was also verified by Raman
pectroscopy. After thorough washing to remove any residual,
nbound ligands, the Raman spectra of 5 and the Au NPs
fter ligand exchange were comparatively analyzed. The Raman
pectrum of 5 (Figure 2a ) exhibited characteristic bands at 804,
316, 1423, and 1632 cm− 1 . The band at 804 cm− 1 can be assigned to
 mixed vibrational mode involving Au-C stretching coupled with
romatic ring in-plane deformation and the wing-tip mode. The
ands at 1316 and 1423 cm− 1 arise from coupled Au-C stretching
nd wing-tip vibrations, while the band at 1632 cm− 1 corresponds
o aromatic ring in-plane stretching [ 46 ]. After ligand exchange,
hese characteristic vibrational features are retained in the spec-
rum of the functionalized Au NPs, confirming the presence
f the NHC backbone on the NP surface. Notably, systematic
ed shifts of approximately 15–20 cm− 1 are observed for these
ands. Such shifts are consistent with previously reported SERS
pectra of NHC-Au systems, where coordination to anchoring
nto Au NPs leads to a decrease in vibrational frequency due
ngewandte Chemie International Edition, 2026
to electronic interaction and surface-induced mode softening.
These spectral changes provide strong evidence for successful
anchoring of the amino-functionalized NHC-Au complex onto
the Au NP surface, thereby confirming the effectiveness of the
ligand exchange process. 

Having established a robust NHC anchoring strategy, PANI was
grown directly from the amino-functionalized Au NP surfaces via
surfactant-assisted oxidative polymerization (Figure 1b ). Detailed
procedures for the polymerization and characterization are pro-
vided in the Supporting Information. Briefly, the as-prepared
amino-NHC-coated Au NPs were first centrifuged and then
redispersed in a solution containing aniline and sodium dodecyl
sulfate (SDS). SDS is known to adsorb onto Au NP surfaces
and form a surface-associated surfactant layer. Aniline can be
enriched within this SDS layer due to the strong interactions
between aniline and SDS. As a result, the local concentration of
aniline near the Au NP interface is expected to be higher than in
the bulk solution. Following this step, an ammonium persulfate
solution dissolved in an acidic medium was introduced into the
mixture, initiating the oxidative polymerization of aniline. This
polymerization occurred both on the surface of the Au NPs
and within the bulk solution. Due to the differences in density,
the unbound PANI could be efficiently removed via centrifu-
gation. Multiple washing steps were performed for thorough
purification. 

Furthermore, the thickness of the resultant PANI shell could
be readily tailored by varying reaction parameters such as
aniline concentration, reaction time and polymerization cycles.
This approach enabled the preparation of a series of core-
shell nanocomposites with different PANI thicknesses, which
are named as Au NP@NHC-PANI-1, Au NP@NHC-PANI-2,
3 of 10
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FIGURE 2 (a) Raman spectra of the amino-NHC-Au complex ( 5 ) and Au NPs after ligand exchange with amino-NHC. (b) UV-vis absorption 
spectra of Au NP@NHC-PANI composites with increasing PANI shell thickness. (c) TEM images of Au NP@NHC-PANIs with different PANI shell 
thicknesses. 
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u NP@NHC-PANI-3, Au NP@NHC-PANI-4, and Au NP@
HC-PANI-5, respectively. For comparative analysis, Au NP@
ANI reference nanocomposites (without NHC ligands) were
repared under identical conditions. Such control is crucial
or studying the relationship between PANI thickness, colloidal
tability, and electrical conductivity, enabling a comprehensive
valuation of how the NHC linker influences the interfacial
haracteristics and overall performance of the nanocomposite. 

ransmission electron microscopy (TEM) was performed to
etermine PANI thickness, which ranged from 3 ± 1, 6 ± 2,
2 ± 2, 22 ± 3, and 32 ± 3 nm for Au NP@NHC-PANI-1,
u NP@NHC-PANI-2, Au NP@NHC-PANI-3, Au NP@NHC-
ANI-4, Au NP@NHC-PANI-5, respectively. The UV–vis spectra
f the Au NP@NHC-PANIs with varying thicknesses of the PANI
hell are presented in Figure 2b . As the thickness of the PANI shell
ncreased, the characteristic absorption bands of PANI at around
20 and 850 nm gradually increased, indicating the progressive
ormation of the polymer layer. The band centered around 540 nm
orresponds to the localized surface plasmon resonance (LSPR)
f the Au NPs. With increasing PANI shell thickness, the LSPR
eak exhibited a gradual redshift. This shift can be attributed to
he increase in the Au NP local dielectric constant, which reduces
he restoring force on the collective oscillation of conduction
lectrons, thereby lowering the resonance energy of the plasmon
ode [ 47 ]. 

n addition to the shell thickness, electronic interactions between
he PANI shell and the Au NP core can also influence the
SPR. Interfacial charge transfer introduces additional non-
adiative decay pathways and modifies the LSPR, providing an
of 10
effective way to evaluate how NHC linkages influence interfacial
charge transport. To gain deeper insight into this effect, single-
particle scattering spectroscopy was employed to directly probe
the plasmonic behavior of Au NP@PANI-2 and Au NP@NHC-
PANI-2 with both the core diameter and PANI shell thickness
kept constant (Figure 3 ). Compared with the bare Au NPs
(Figure 3c , Eres = 2.24 eV, Γ = 0.27 eV), the Au NP@PANI-
2 (Figure 3d ) exhibited a moderate redshift (Eres = 2.18 eV)
accompanied by a slight linewidth broadening ( Γ = 0.36 eV). In
contrast, the Au NP@NHC-PANI-2 (Figure 3e ) displayed a more
pronounced red shift (Eres = 2.14 eV) together with a substantial
increase in linewidth ( Γ= 0.52 eV). Linewidth broadening in both
cases reflects enhanced non-radiative damping of the plasmon
mode due to charge transfer, suggesting that the NHC linkage
promotes stronger electronic coupling across the Au NP@NHC-
PANI interface. The change in medium dielectric constant with
both polymer coatings compared to the bare Au NPs is responsible
for the moderate plasmon redshift that in turn mainly lowers
bulk damping, leading to a slight underestimation in Figure 3
for the linewidth broadening caused by interfacial charge transfer
[ 48–50 ]. 

To corroborate the spectroscopic evidence of enhanced interfacial
charge transfer, direct electrical measurements were performed
to investigate the charge transport properties of Au NP@PANI-
2 and Au NP@NHC-PANI-2. To minimize variations due to
film thickness or morphology, self-assembled monolayers (SAMs)
were fabricated using an oil–water interfacial self-assembly
method (Figure 4a ). Specifically, SAMs of Au NP@PANI-2 and
Au NP@NHC-PANI-2 were assembled into a uniform single-layer
film at the water/ n -hexane interface by slowly adding ethanol
Angewandte Chemie International Edition, 2026

tive C
om

m
ons L

icense



FIGURE 3 Single-particle scattering spectroscopy reveals plasmonic properties of nanohybrids at a sub-population level. (a) Schematic diagram 

of single-particle dark-field microscope used to collect the plasmon scattering of Au NPs and hybrids. (b) Image of the sample field of view. Sample 
in the image represents uncoated bare Au NPs, scale bar = 10 µm. (c–e) Representative single-particle scattering spectra of (c) uncoated Au NP; (d) 
Au NP@PANI-2; and (e) Au NP@NHC-PANI-2. Black-dashed lines represent Lorentzian fitting for each scattering spectrum. Red solid lines represent 
the linewidth for each scattering spectrum. 
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 51, 52 ]. This technique enabled the formation of large-area, well-
rdered NP monolayers, as confirmed by atomic force microscopy
AFM) (Figures 4b,c and S17 ). While minor defects were observed,
he overall film quality was sufficient for reliable conductivity
nalysis. 

he resulting monolayer could be easily transferred onto vari-
us substrates, for example indium tin oxide (ITO), to enable
ertical conductivity characterizations via conductive AFM (C-
FM). Under a bias voltage of 300 mV, the contact current
f the Au NP@PANI-2 composite was measured to be 14.6
A (Figure 4d ), whereas Au NP@NHC-PANI-2 exhibited a
ignificantly higher contact current of 99.4 pA (Figure 4e ),
emonstrating that the NHC interfacial layer can enhance charge
ransport between the Au NP and PANI. Furthermore, the
verage contact currents under various applied voltages were also
easured to obtain current–voltage ( I–V ) curves. As shown in
igure 4f , I –V curves clearly show that incorporating the NHC
inker improved the conductance of the SAM film. Moreover, to
omplement these vertical transport studies, lateral conductance
as also measured using the four-probe method by transferring
he SAMs onto pre-patterned gold electrodes. As shown in
ngewandte Chemie International Edition, 2026
Figure 4g , the conductance of Au NP@NHC-PANI-2 reached 3.5
nS, more than twenty-times higher than that of Au NP@PANI-2
(0.17 nS), further confirming that the NHC linker can efficiently
enhance interfacial charge transport. 

To further demonstrate enhanced interfacial charge transport
enabled by the NHC linker, Au@NHC-PANI and Au@PANI junc-
tion models were constructed and their transmission functions
were evaluated within a density functional theory (DFT) + non-
equilibrium Green’s function (NEGF) framework, allowing us to
directly compare electronically coupled, chemisorbed enabling
interfaces with physisorbed contacts. The calculated transmis-
sion function for the Au@NHC-PANI junction is much higher
than that of the physisorbed Au@PANI junction, indicating
stronger electronic coupling across the interface (Figure S19 ).
This behavior is further supported by the real-space transmis-
sion eigenchannels, which show continuous, interface-spanning
conducting pathways for Au@NHC-PANI, whereas such path-
ways are absent for Au@PANI contact (Figure 5a ). Sulfur-based
contacts (Au@S-PANI and Au@SH-PANI) were also modeled.
The chemisorbed anchored junction shows higher transmission
than the physisorbed contact (Figure S19 ), consistent with the
5 of 10
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FIGURE 4 (a) Schematic illustration of the interface-assisted 2D assembly of Au NPs, enabling transfer onto ITO substrates or pre-patterned 
electrodes. (b and c) AFM topography images of Au NP@PANI and Au NP@NHC-PANI monolayers. (d and e) C-AFM current maps of Au NP@PANI 
and Au NP@NHC-PANI measured under a bias of 300 mV. (f) Current–voltage ( I–V ) curves of Au NP@PANI and Au NP@NHC-PANI obtained via the 
average current of C-AFM images at different biases. (g) Lateral conductance of Au NP monolayers on gold electrodes measured using the four-probe 
method. 

FIGURE 5 (a) DFT-optimized structures (left) and corresponding real-space transmission eigenchannels (right) for Au@NHC-PANI (top) and 
Au@PANI (bottom) junctions at low energies. (b) UPS spectra on Au NPs and Au NP@NHC, including the photoemission onset (left) and valence band 
features (right). (c) energy level diagram illustrating the reduction in the hole injection barrier for Au NP@NHC. 
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FIGURE 6 (a) Conductivity of Au NP@NHC-PANI-2 at different pH values (0–2). Inset: photograph of Au NP lines coated on pre-patterned 
gold electrodes. (b) Conductivity of a thermally deposited gold stripe (thickness 100 nm) by physical vapor deposition (PVD). Inset: photograph of 
the deposited stripe on pre-patterned electrodes. (c) Comparison of the conductivity of Au NP@NHC-PANI-2 and Au NP@NHC-PANI-3 measured at 
pH 2. (d) UV–vis spectra of Au NP@NHC-PANI-2 before and after redissolution in THF/CHCl3 (1/3). 
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onclusion that chemisorbed anchoring improves interfacial
ransport relative to physisorption [ 53 ]. A strictly quantitative
anking of different linker chemistries (e.g., NHC vs thiol)
n experiment, however, would require additional control of
arameters such as surface coverage and protonation state. 

o investigate the energy levels of the Au NPs with and without
HC, ultraviolet photoemission spectroscopy (UPS) measure-
ents were conducted. The secondary-electron cutoff spectra
ndicate that the work function (WF) increases from 4.70 eV (Au
P) to 5.00 eV (Au NP@NHC) (Figure 5b ), while both samples
xhibit a clearly metallic nature, evidenced by the pronounced
ermi step in their valence band spectra. The increase in the WF
f the Au NP@NHC suggests the formation of a reduced energetic
ffset for interfacial charge transfer between the Au NP@NHC
nd PANI (Figure 5c ), consistent with the increased currents
bserved in Figure 4 . 

lthough gold cores are highly conductive, the overall conduc-
ivity of the nanocomposite is predominantly determined by
he conductivity of the PANI shell. To assess the effect of shell
hickness, C-AFM measurements were performed on samples
ith increasing PANI thickness. As shown in Figure S17 , the
ontact current of Au NP@NHC-PANI decreased sharply from
9.4 pA (PANI-2) to 4.4 pA (PANI-3) and 0.9 pA (PANI-4),
hile Au NP@NHC-PANI-1 was excluded from this study due
o its aggregation during centrifugation. A comparable trend
as observed for Au NP@PANI, where the current decreased
ngewandte Chemie International Edition, 2026

a

from 14.6 pA (PANI-2) to 2.4 pA (PANI-3) and was com-
pletely unmeasurable (0 pA) for PANI-4. Besides, electrochemical
impedance spectroscopy (EIS) of Au NP@NHC-PANI-2 and
Au NP@NHC-PANI-3 were also carried out (Figure S18 ). The
solution resistances are similar for the two samples ( Rs ≈ 29.8 and
28.7 Ω), whereas the effective polarization resistance increases
strongly with shell thickness ( Rp ≈ 227.3 Ω for Au NP@NHC-
PANI-2 and 3781.1 Ω for Au NP@NHC-PANI-3). Moreover, the
Bode phase plots show a well-defined relaxation feature in the
intermediate frequency range (10–1000 Hz) with the character-
istic peak frequency shifting from 223.9 to 50.1 Hz, together
with a change in the low-frequency phase from approximately
− 80◦ (Au NP@NHC-PANI-2) to − 63◦ (Au NP@NHC-PANI-3).
These trends are consistent with an increased transport path
length and polarization distribution in the thicker-shell sam-
ple [ 54 ]. These findings indicate the importance of rationally
designing the PANI thickness to achieve optimal conductivity
in hybrid nanocomposites. The electrochemical stability of the
Au NP@NHC-PANI composites was also measured by cyclic
voltammetry (CV). As shown in Figures S20 and S21 , both
Au NP@NHC-PANI-2 and Au NP@NHC-PANI-3 exhibited stable
redox behaviors without obvious decay in peak current after 200
continuous cycles, demonstrating the excellent electrochemical
stability of the hybrid nanocomposites. 

To evaluate the application of Au NP@NHC-PANI for printable
electronics, the conductivity of Au NP@NHC-PANI after acid
doping of the PANI shell was investigated. As the electrical
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roperties of PANI are sensitive to doping levels, samples
ere treated at different pH values, and the conductivity of
u NP@NHC-PANI-2 was calculated to be 1.15 × 103 S/m (pH
 0), 6.12 × 102 S/m (pH = 1) and 3.52 × 102 S/m (pH = 2)
Figure 6a ). For comparison, a thermally evaporated gold film
easured under the same conditions exhibited a conductivity
f 5.85 × 106 S/m (Figure 6b ), which is approximately three
rders of magnitude higher. This reduced conductivity primarily
rises from the lower intrinsic conductivity of doped PANI
 ∼ 10 S/m) compared to that of bulk gold. Nevertheless, the
easured values still represent an improvement over pristine
oped PANI. As expected, increasing the thickness of the PANI
hell led to a decrease in overall conductivity; for instance,
t pH 2, Au NP@NHC-PANI-3 exhibited a conductivity of 4.1
/m, comparable to that of pure PANI (Figure 6c ). This result
uggests that when the polymer shell becomes sufficiently thick,
he contribution of the gold core to charge transport becomes
egligible. Although the conductivity of Au NP@NHC-PANI-2 is
ar below that of bulk gold, the hybrid material retains processing
dvantages. To demonstrate this, printing of Au NP@NHC-PANI-
 into the shape of a TUHH lettering pattern was performed as
hown in Figure S22 . Additionally, an initial ambient-aging test of
he printed electrodes showed a decrease in average conductance
rom 1.56 to 1.54 S after one week (Figure S23 ), which can be
ttributed to slow de-doping of PANI and/or humidity-related
nfluence in air. Moreover, owing to the intrinsic solubility of
ANI, Au NP@NHC-PANI-2 could be redispersed in organic sol-
ents such as THF/CHCl3 (Figure 6d ), with only a slight red shift
bserved in the LSPR. This redispersibility enables the prepara-
ion of recyclable nanoparticle inks, which hold great promise for
ustainable electronic applications. Further optimization of the
P ligands will be necessary to enhance conductivity, colloidal
tability and printability, ultimately enabling the development of
igh-performance, reusable and room-temperature-processable
anoparticle inks. 

 Conclusions 

n summary, we have demonstrated an in situ polymeriza-
ion strategy for synthesizing large, NHC-coupled Au NP-
ANI hybrids that overcome the size, shape, and solvent
imitations associated with previous methods. For the first
ime, we provide direct experimental validation that NHC
inkages can effectively enhance interfacial charge transport
n Au NP-CP systems. Single-particle scattering spectroscopy
eveals that NHCs strengthen interfacial electronic coupling, as
ndicated by pronounced plasmonic linewidth broadening arising
rom charge-transfer-mediated damping. Furthermore, SAMs
f Au NP@NHC-PANI exhibit improved vertical and lateral
onductivities compared with their counterparts Au NP@PANI.
ogether, these results establish that interfacial molecular design
sing NHCs can bridge the electronic gap between inorganic
anoparticles and organic conductors, opening new opportu-
ities for electronically integrated hybrid nanostructures in
anoelectronic applications. 
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