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ABSTRACT: Hydrophobic gold nanoparticles (AuNPs) cova-
lently functionalized with organometallic platinum-containing
oligomers (Pt—DEBP,, DEBP = 4,4'-diethynylbiphenyl) with
different chain lengths were synthesized and incorporated into a
poly(3-hexylthiophene-2,5-diyl) (P3HT) matrix to obtain inor-
ganic/organic AuNPs/P3HT blends with tuned optoelectronic
properties. The Pt—DEBP, (n = 3, 4, 6) chain length was
modulated by carefully controlling reaction conditions in a catalyst-
free polycondensation reaction and monitored using UV—visible
spectroscopy. Spherical AuNPs with a (3.3 + 1.1) nm diameter
from solid-state microscopies and narrow size distributions,
evaluated in colloidal suspension by dynamic light scattering
(DLS), were obtained by a two-phase wet chemical reduction in
the presence of thiolate organometallic ligands. Structural analyses by FTIR and SR-XPS confirmed the functionalization via Au—S
bonds. Platinum-containing ligand introduced additional emissive pathways, including long-wavelength emission, attributed to
increased rigidity and reduced nonradiative decay in AuNPs. AuNPs/P3HT blends were obtained with different compositions (from
10 to 90 wt % AuNPs content) by a simple room-temperature mixing approach in organic solvents and spin-coated onto an
interdigitated ITO substrate. Homogeneous films with a mean thickness of about 3 nm were revealed by atomic force microscopy
(AFM). Electrical I/V measurements (range +10 V) carried out on AuNPs/P3HT blends demonstrated a composition-dependent
response. The blend containing 10 wt % AuNPs showed a ~30-fold increase in the relative electrical response compared to pristine
P3HT and a reduced optical band gap (2.13 — 2.06 eV). Photoluminescence studies revealed red-shifted and broadened P3HT
emission with increasing AuNP content, highlighting strong AuNP plasmon—polymer interactions. Further grazing-incidence wide-
angle X-ray scattering (GIWAXS) and nanofocused X-ray scattering measurements (nano-GIWAXS) revealed composition-
dependent structural and thermal stability. It is noteworthy that low AuNPs wt % promoted a more effective interconnectivity with
P3HT chains, responsible for enhanced electronic coupling in blends compared with pristine counterparts. Results showed that this
nanoscale arrangement offers tunable properties for optoelectronic applications.
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Tuning optoelectronic features

1. INTRODUCTION

The applicative need for flexible functional materials has
boosted interest in inorganic/organic blends, in which metal
nanoparticles are mixed with different polymer matrices. In this
context, gold nanoparticle—polymer nanostructures are prom-
ising as passive or active layers in optoelectronic devices."”
Their great structural stability” and optical properties,
originating from the localized surface plasmon resonance
(LSPR) in the visible range (500—600 nm), offer new
perspectives in advanced applications.”> The LSPR shows
great sensitivity to the chemical surroundings, with variation in
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optical response of a single particle compared with the
assembled or interconnected counterpart,’ and it is easily
tunable according to the AuNP size, shape, and surface

functionalization.” AuNDPs-based inorganic/organic blends
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allow for enhancing preexisting properties, providing novel
multifunctional features through a synergistic combination of
the components. Indeed, polymer blends with nanoscale fillers
yield significant properties at much lower loadings compared
to undoped polymer composites.”” It has been shown that the
electronic and optical properties of conjugated polymers can
be enhanced by tailoring the stacking and ordering in the form
of thin films, which increases the power conversion efficiency
(PCE), electrical conductivity, and photoluminescence.'”""
Owing to its thermal stability, low cost, environmental
friendliness, and easy solution processability, poly(3-hexylth-
iophene-2,5-diyl) (P3HT) has been identified as one of the
most promising semiconducting p-type polymers in organic
thin-film transistors (OTFTs)"” and organic solar cells."” The
charge carrier mobility of P3HT is crucial to obtain %ood
electrical performance with reasonable light absorption.'* It
strongly depends on P3HT crystallinity and structural order,
which in turn is heavily influenced by the regioregularity and
the interchain interactions between crystalline and amorphous
regions of the polymer (especially near the film—substrate
interface).

Pristine P3HT possesses a high HOMO energy level
(estimated to be in the range of 5.1-5.2 eV)"® and a wide
energy band gap (2.1 eV),"® which limits the absorption of red
and infrared wavelengths (the most intense parts of solar
radiation)."” The light absorption of P3HT is also impeded by
its low char$e carrier mobility (generally less than 107*—107"
em?/(V 5))'® that restricts the acceptable thickness of the
organic active layer to <100 nm."”’ Another drawback that
limits P3HT technological applications is due to polymer
photodegradation by the simultaneous action of incident light,
oxygen, and humidity."” To enhance polymer charge transport
properties and device performance, the development of
functional hybrid materials using a blending strategy with the
dispersion of metal NPs into the P3HT matrix was studied.'® It
was assessed that the incorporation of AuNPs into the P3HT
films can minimize photodegradation,19 enhance light
absorption,”” and enhance solar cell efficiency,”’ also
improving the structural stability of the conducting polymer.
Notably, it has been observed that AuNPs often tend to
separate out from the polymer to minimize the free energy of
the system,'® depending on the dispersion, affinity, and in turn,
on the AuNPs surface chemistry, i.e., the type of functionaliz-
ing/stabilizing agent, which is used to prevent irreversible
aggregation of colloidal AuNPs.”!

In this framework, interest in bifunctional thiol ligands
(containing two sulfur-end groups) as AuNPs capping agents
has increased, since they allow (i) the covalent functionaliza-
tion of gold nanostructures via Au—S bonds, and (ii) the
formation of interconnected AuNPs with fixed interparticle
distances, tuning both physicochemical and electronic proper-
ties, compared with single thiol ligands.”> AuNPs function-
alized with bifunctional organic ligands were already used as
fillers in a regioregular P3HT matrix with a strong improve-
ment of the electrical conductivity.””** Among others,
organoplatinum rigid-rod conjugated polyynes show peculiar
electronic and optical properties’”*® due to the presence of
direct platinum—carbon o-bonds in the main chain, which
allows the delocalization of the z-system from the organic
moiety through the Pt orbitals.””*® The addition of thiolate
ending groups (—SH or —SCOCH;) makes oligoplatinaynes
suitable as ligands in the design of AuNPs.”” Compared with
conventional thiol ligands or purely organic z-conjugated

ligands, the incorporation of Pt heteroatoms within a 7-
conjugated system in a square-planar Pt(II) in trans
configuration enables (i) metal-to-ligand or ligand-to-metal
charge transfer (MLCT or LMCT) phenomena, (ii) long-lived
excited-state lifetimes (in the ns to ms regime), and (iii) tuned
photophysical properties, as a consequence of strong spin—
orbit coupling (SOC) and strong 7z-back bonding between the
organic chain and the metal center, thus behaving as an active
interface.’>" Fine-tuning of their functional properties can be
achieved using different auxiliary coligands or bridging spacer
groups.273%33

Starting from these results, we report here a detailed study
on the synthesis and characterization of AuNPs stabilized with
the synthetic dithioacetate organometallic ligands trans,trans-
[CH,CO-S—(Pt(PBu;),~(C=C—C(H,~C,H,~C=
C-)),Pt(PBu,),—S—COCH,] (with n = 3, 4, 6, i.e, L3, L4,
and L6, respectively) and their related blends with regioregular
P3HT polymer (from 10 to 90 wt % AuNPs content). L3, L4,
and L6 oligomers having dithioacetate ending moieties were
employed as capping agents during AuNPs synthesis.

Compared to a previous study on AuNPs/P3HT composites
functionalized with purely organic z-conjugated ligand,” the
integration of Pt(II) centers within the spacer backbone opens
perspectives in the modulation of the interparticle distance via
the variable oligoplatinaynes chain lengths and enabled charge
transfer (MLCT, LMCT) processes, enhancing the electronic
coupling between the NPs and the polymer matrix. The chain
length dependence of the optical, morphological, and structural
properties of the AuNPs was investigated in suspension and on
dry thin films. Complementary techniques, namely, spectro-
scopic UV—visible extinction and photoluminescence, Fourier
transform infrared (FT-IR) absorption, dynamic light scatter-
ing (DLS), 'H- and *P-NMR, synchrotron radiation X-ray
photoelectron spectroscopy (SR-XPS), and microscopic
(atomic force microscopy (AFM), high-resolution trans-
mission electron microscopy (HR-TEM), and field emission
scanning electron microscopy (FESEM)) techniques were
used for a comprehensive characterization of gold colloids and
AuNPs/P3HT blends. Advanced structural studies on pristine
AuNPs and the blends before and after annealing were carried
out by grazing-incidence wide-angle X-ray scattering (GI-
WAXS). The influence of different chain lengths on the
electrical response of nanocomposite blends was also
examined.

2. EXPERIMENTAL SECTION

2.1. Materials

Reagents were purchased from Merck and used without further
purification: potassium tetrachloroplatinate(II) (K,PtCl, 99.99%,
MW. 415.09 g/mol), tri-n-butylphosphine (PBus, C;,H,,P 99%,
M.W. 202.32 g/mol), potassium thioacetate (CH;COSK 98.0%,
M.W. 114.21 g/mol), tetrachloroauric acid(III) trihydrate (HAuCl,-
3H,0 99.0%, M.W. 393.83 g/mol), sodium borohydride (NaBH, >
96%, M.W. 37.83 g/mol), tetraoctylammonium bromide (TOAB,
[CH,(CH,),],N(Br) 98%, M.W. 546.79 g/mol). 4,4'-Diethynylbi-
phenyl (H-C=C-C4H,—C4H,—~C=C-H, DEBP, M.W. 202.26 g/
mol) was prepared as previously reported.** Poly(3-hexylthiophene-
2,5-diyl) (P3HT, M.W. 60,000 g/mol, PDI 2.1, and the
regioregularity higher than 96.8%) was purchased from Rieke RMI-
00IEE.

Anhydrous solvents were purchased from Merck: toluene (C,Hj),
absolute ethanol (EtOH, C,H0), dichloromethane (DCM, CH,Cl,),
chloroform (CHC,), tetrahydrofuran (THF, C,HO), diethylamine
((CH;CH,),NH), petroleum ether 40—60, chloroform-d (CDCL,).

https://doi.org/10.1021/acsanm.6c02966
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All solvents were stored over activated molecular sieves (3 A, 4—8
mesh) prior to use to ensure anhydrous conditions. Ultrapure water
(HZOUP) with conductivity of 18.2 MQ-cm (Zeneer Power Scholar-
UV, Full-Tech instruments) was used in the preparation of all
aqueous solutions. Thin-layer chromatography (TLC) separation was
performed with silica gel on TLC-PET foils with fluorescent indicator
254 nm (Merck Sigma-Aldrich). For thin-film deposition, an Electron
mec PRS S V Spinner (Electron mec, Milan, Italy) was used (speed
600 rpm, 1 min).

2.2. Characterization Techniques
2.2.1. UV-Visible Extinction Spectroscopy (UV-Vis). All

UV—vis extinction spectra were measured on a Varian Cary 100
spectrophotometer equipped with a 1 cm path length quartz cuvette.
Each sample was scanned between the wavelengths 200—900 nm,
using CH,Cl, or CHCl, as a solvent. Resolution: 1 nm.

2.2.2. Photoluminescence Spectroscopy (PL). Steady-state
emission spectra were recorded on a PerkinElmer LS50 luminescence
spectrometer using a quartz cuvette with a 1 mm optical path for
excitation. The monochromator slit resolution was set at S or 15 nm
for both excitation and emission, and a 25 nm/min scan speed was
used to acquire the spectra. The excitation wavelength was set
according to the UV—vis absorption maxima for each sample in
CH,Cl, (for AuNPs) or CHCI; (for nanocomposites) as solvents.

2.2.3. Fourier Transform Infrared Spectroscopy (FT-IR).
Fourier transform infrared (FT-IR) and far-infrared (Far-IR)
spectroscopy analyses were carried out with a Bruker Vertex 70
spectrophotometer. Spectra in the 4000 to 400 cm™' wavenumber
range were acquired in transmittance mode on samples deposited by
drop-casting from CH,Cl, or CHCl; onto KRS-S (TIBr-TII) cells.
Far-IR analyses were performed on drop-casted iPr—OH films or from
oily suspensions onto a polyethylene disk (transparency range from
500 to >100 cm™')*° under dry N, flux. The resolution was set at 4
cm™ with a minimum of 32 scans.

2.2.4. Nuclear Magnetic Resonance (NMR). 'H NMR and *'P
NMR spectra were recorded on a Bruker Avance III spectrometer
operating at 400.13 MHz for the proton in CDCl, (reference 'H
NMR CDCly: 7.26 ppm), and the chemical shift values were given in
parts per million (5, ppm) and coupling constants (J) in Hz. '"H NMR
spectra were acquired at 295 K with 64 k data points, a spectral width
of 15 ppm, 32 scans, and a relaxation delay of 6.55 s in order to
achieve full relaxation for all resonances. Proton-decoupled *'P NMR
spectra were acquired at 295 K with 64 k data points, a spectral width
of 120 ppm, 16 scans, and a relaxation delay of 2.00 s.

2.2.5. Dynamic Light Scattering (DLS). DLS measurements
were carried out using a glass cuvette and CHCI; as solvent on a
Zetasizer Nano ZS90 instrument (Malvern Instruments) with a 10
mW 633 nm He/Ne laser source in backscattering mode (detection
angle = 173°). All measurements were performed in triplicate at room
temperature, and the results were expressed as the mean value +
standard deviation of the data.

2.2.6. Synchrotron Radiation X-ray Photoelectron Spec-
troscopy Experiments (SR-XPS). SR-XPS experiments were
performed on cast-deposited films on titania substrates at the
BACH (Beamline for Advanced DiCHroism) line of IOM-CNR at
the Elettra synchrotron facility in Trieste (Italy).”® XPS data were
collected in fixed analyzer angular mode (pass energy = 50 eV) with a
Scienta R3000 hemispherical analyzer at an angle of 60° with respect
to the X-ray incidence direction. The spectra were recorded in a
normal emission geometry, with the light linearly polarized in the
horizontal plane. The monochromator entrance and exit slits were
optimized at 30 and 20 um, respectively, and a photon energy of 360
eV was used for the C 1s, Au 4f, S 2p, Pt 4f, and P 2p spectral regions
with an overall energy resolution NE = 0.22 eV. Calibration of the
energy scale was made referencing the spectra to the C 1s core level
signal of aliphatic/aromatic C atoms, found at 285.00 eV, for all
samples. Curve-fitting analysis of the C 1s, Au 4f, S 2p, Pt 4f, and P 2p
spectra was done with Gaussian curves as fitting functions. The S
2p3/2,1/2 and the P 2p; )5/, doublets were fitted using the same full
width at half-maximum (fwhm) for both components, a spin—orbit

splitting of 1.2 and 0.9 eV, respectively, and a branching ratio (2p;/,/
2py/,) of 2. For the Au 4f,, 5/, and the Pt 4f, ), 5, doublets, a splitting
of 3.6 and 3.3 eV, respectively, a branch ratio 4f,,,/4f;,, of 4/3, and
the same fwhm values for both spin—orbit components were used.
When different species were identified in a spectrum, the same fwhm
value was set for all individual photoemission bands.

2.2.7. Grazing-Incidence Wide-Angle X-ray Scattering
(GIWAXS) and Nanofocused X-ray Scattering Measurements
(nano-GIWAXS). Structural studies of the pure AuNPs and the
blends were carried out using GIWAXS at beamline BL9 of the
DELTA synchrotron radiation facility in Dortmund, Germany. The
films were measured at a shallow incident angle of @; = 0.007°. The X-
ray energy used in this experiment was 13 keV, corresponding to a
wavelength of 0.95 A. This beamline is dedicated to small-angle X-ray
scattering and GIXD experiments, using an image plate 2D detector
(MAR34S, 3450 X 3450 pixels, 100 ym per pixel resolution). The
angular scale was calibrated by measuring the diffraction pattern of
silver behenate. In situ annealing studies were conducted using a
Linkam HFSX350 heating stage. The samples were measured at room
temperature. All diffraction patterns were collected under the same
GIWAXS conditions, with the samples being exposed for 300 s.

Synchrotron-based nanofocused X-ray measurements were per-
formed at the Nanofocus Endstation of the P03 beamline at the
PETRA III synchrotron (DESY, Hamburg, Germany).”’ A mono-
chromatic X-ray beam with a photon energy of 19.8 keV was focused
to a spot size of approximately 310 X 340 nm* (horizontal X vertical)
using Kirkpatrick—Baez (KB) mirrors. The samples were investigated
in a nano-GIWAXS geometry, enabling high lateral spatial resolution
while scanning the sample relative to the focused beam. Measure-
ments were carried out at an incidence angle of @; = 0.04°. The
scattered intensity was collected using a two-dimensional large-area
Eiger 9 M detector with a pixel size of 75 X 75 um?, positioned at a
sample-to-detector distance of 192 mm. Sample prealignment was
achieved using an optical microscope. Samples were measured after
annealing at 100 °C, keeping them for S min at each temperature. The
acquired data were processed, analyzed, and visualized using the
PyFAI software package in combination with custom-developed
MATLAB scripts.

2.2.8. Field Emission Scanning Electron Microscopy
(FESEM-EDX). Field emission scanning electron microscopy
(FESEM) images were recorded with an FESEM Auriga Zeiss
model (Carl Zeiss) equipped with an energy dispersive X-ray (EDX)
detector. Resolution: 1 nm and 6—20 kV applied voltage. Samples
were deposited by drop-casting onto a silicon substrate and air-dried
before being observed.

2.2.9. Atomic Force Microscopy (AFM). AFM analyses were
carried out with an AFM Multimode model (Veeco Instruments)
equipped with a Nanoscope IIla controller and RTESP-300 probe
(Bruker) (nominal parameters r = 8 nm, f = 300 kHz, k =40 N m™")
with a 512 X 512 pixels resolution. Postcapture correction by
polynomial background filters and analysis were performed using the
software Gwyddion 2.56. Prior to measurement, the Si/SiO, substrate
was washed twice with acetone and chloroform to remove any traces
of pollutants. For the sample preparation, AuNPs colloids and
AuNPs/P3HT blends were spin-coated (speed 600 rpm, 1 min) onto
the Si/SiO, substrate from their chloroform or dichloromethane
suspension.

2.2.10. High-Resolution Transmission Electron Microscopy
(HR-TEM). HRTEM imaging of AuNPs dispersed by drop-casting
onto carbon films (thickness: 28—30 nm) on TEM copper grids was
performed using an aberration-corrected FEI Titan 80—300 micro-
scope operating at 300 keV. The spherical aberration coefficient C,
was adjusted to a slightly negative value of —0.8 ym to minimize
spatial delocalization and enable precise particle size measurements.

2.2.11. Electrical Characterization. The electrical character-
ization was carried out on a Keithley 595 quasi-static CV meter in the
0—20 V range equipped with an Ossila Low Density OFET Test
Board, at room temperature and constant relative humidity (+20 V
voltage range, V step 0.5 V). 100 uL of samples were deposited by
spin-coating (Electron MEC PRS S V Spinner. Parameters: speed 600
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Figure 1. Pt-DEBP oligomers synthesis and characterization. (a) Schematic synthesis pathway to obtain Pt-DEBP,—SCOCH,; ligands with different

chain lengths (L3, L4, L6). (b) UV—vis spectra of oligomers recorded in CH,Cl,. IL =

intraligand, MLCT = metal-to-ligand charge transfer

transitions. (c) Superimposed Far-IR spectra of L3, L4, and L6. Samples were deposited as a thin film from iPr—OH on a PE plate and air-dried.

Assignments: v = stretching vibrations, § = bending vibrations.

rpm, 1 min) from their chloroform or dichloromethane suspension
onto the Ossila prepatterned fully oxidized ITO OFET (20 X 15 mm)
with interdigitated finger electrodes having channel dimensions of 30
mm (W) X S0 ym (L). Substrates were cleaned with isopropyl
alcohol, acetone, and chloroform prior to use. The electrical
conductivity was calculated using eq 1.3

G(S)-L(m)

t(m)-W(m) (1)
where G = conductance (1/R in 1/Q = S) derived from the slope of
I/V measurements, ¢t = thickness of each film from AFM, L = length
between electrodes, and W = electrode length (in m), both depending

on electrode design. Measurements were carried out in triplicate, and
the values were reported as mean =+ standard deviation.

o(S/m) =

2.3. Synthesis Procedures

2.3.1. Synthesis of Oligoplatinaynes Ligands. A series of
platinum-based dithioacetate oligomers, trans,trans-[ CH;CO—S—(Pt-
(PBu,),—(C=C-C¢H,—C,H,—C=C)),Pt(PBu,;),—S—COCH,]
with n= 3 (L3), 4 (L4), and 6 (L6) were synthesized and purified via
a general dehydrohalogenation procedure followed by ligand
substitution reaction, optimized from the literature.”® Complete
synthesis procedures of cis-[Pt(PBu;),Cl,] complex (1) and Pt-
DEBP, oligomers are reported in the Supporting Information section
with full optical and structural characterizations.

2.3.2. Synthesis of Thiol-Functionalized AuNPs. AuNPs
functionalized with the organometallic ligands L3, L4, and L6 were
synthesized according to a previously reported procedure.”” The
AuNPs synthesis in the presence of the L3 thioacetate is reported as a
typical procedure: an aqueous solution of HAuCl,-3H,0 (0.100 g,
2.54 X 107* mol) in H,0y (10 mL) was mixed with a solutlon of
tetraoctylammonium bromide (TOAB) (0.1388 g, 2.54 x 10™* mol,
HAuCl,/TOAB 1/1 molar ratio) in toluene (20 mL). The two-phase
mixture was vigorously stirred until all the metal ion precursor was
transferred into the toluene layer, giving an orange solution.
Subsequently, a solution of L3 (0.2981 g, 1.269 X 10™* mol, Au/S

1/1 molar ratio) dissolved in 20 mL of toluene was added. The
mixture was kept under an Ar atmosphere for 15 min; then, an
aqueous solution of sodium borohydride (0.0961 g, 2.54 X 107> mol,
HAuCl,/NaBH, 1/10 molar ratio) in ultrapure water (10 mL) was
added under vigorous stirring. After further stirring for 3 h at room
temperature, the aqueous phase was discarded, and the organic phase
was separated and washed repeatedly with fresh water. The organic
phase was reduced to 2 mL in a rotary evaporator, and 40 mL of
ethanol was added. The mixture was kept overnight at —18 °C and
then centrifuged at 10,000 rpm for 15 min to remove the solvent, after
which the precipitate was repeatedly washed with ethanol by
centrifugation at 13,400 rpm (17,063g) for 10 min. After purification,
the colloidal precipitate was redispersed in dichloromethane,
obtaining a ruby red suspension of —S—Pt—DEBP-capped AuNPs.

Control samples based on AuNPs stabilized with 4-bromobenze-
nethiol (4BBT) and 1-dodecanethiol (DDT) were synthesized for
comparison according to a previously published protocol,** employ-
ing HAuCl,/ligand molar ratios of 1:4 and 1:2 for AuNPs—4BBT and
AuNPs—DDT, respectively. Characterizations of AuNPs—4BBT and
AuNPs—DDT are reported in Figures S1 and S2.

2.3.3. Preparation of AuNPs/P3HT Blends. AuNPs function-
alized with L3, L4, and L6 ligands were blended with P3HT polymer
through a one-step blending approach at room temperature. 0.0040 g
of P3HT was dissolved in CHCl; at a concentration of 2 mg/mL.
Similarly, a 2 mg/mL CHCI; suspension of AuNPs was prepared by
redispersing 0.0040 g of AuNPs in 2 mL of organic solvent. Then,
P3HT and AuNPs suspensions were mixed in a total volume of 1 mL,
exploring different AuNPs/P3HT weight ratios: 10:90, 30:70, 50:50,
70:30, 90:10 (i.e,, 10, 30, 50, 70, and 90 wt %, respectively). The
mixture was gently stirred for 3 h at room temperature and in the
dark. Each blend suspension was dried using a rotary evaporator and
stored in the dark at +4 °C for further use. Suspensions maintained
their colloidal stability up to 12 months in these conditions.
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Figure 2. (a) UV—vis extinction spectra of AuNPs—L3 (A spr = 530 nm); AuNPs—L4 (A gpg = 530 nm); AuNPs—L6 (4 gpp = 525 nm). (b)

Emission spectra of functionalized AuNPs at (e
distributions of AuNPs. All measurements were carried out in CH,Cl,.

= 350 nm). (c) Emission spectra of functionalized AuNPs at 4., = 530 nm. (d) DLS size

3. RESULTS AND DISCUSSION

3.1. Organometallic Oligoplatinaynes Synthesis and
Characterization

Rod-like organometallic platinum(II) oligomers were synthe-
sized starting from cis-[Pt(PBu;),Cl,] complex (1), and the 7-
conjugated dialkyne 4,4’-diethynylbiphenyl (H-C=C-
C¢H,—C¢H,—C=C-H, DEBP) as precursors, following a
well-established procedure.”” Synthesis procedure and charac-
terization of complex (1) are given in the Supporting
Information and Figure S3. Chlorinated organometallic
oligomers (Pt-DEBP,) with a different chain length, from
one Pt center (2 h, n = 1, monoacetylide complex)”” up to 6 Pt
centers (6 h, n = 6), were obtained by controlling the
condensation in a typical dehydrohalogenation reaction.
Subsequent modification via ligand substitution reaction in
the presence of potassium thioacetate yieldded the correspond-
ing trans,trans-[dithiodibis(tributylphosphine)diplatinum(II)-
4,4'-diethynylbiphenyl] (with n = 3, 4, 6) oligomers, i.e.,
ligands L3, L4, and L6, respectivel??f, following the reaction
pathways summarized in Figure la.”” Based on a theoretical
calculated S-to-$***" distance of 2.03 nm for the dinuclear
model compound [CH;CO-S—Pt(PBu;),—C=C—C,H,—
C¢H,—C=C—Pt(PBu;),—S—COCH;] (experimental value:
2.1 nm””), the corresponding oligomer length were calculated
to be L3 = 5.17 nm, L4 = 6.74 nm, and L6 = 9.87 nm, with
little or no variation with respect to the corresponding
chlorinated Pt-DEBP,. Complete synthesis protocol and
characterization of Pt-DEBP, oligomers, along with that of
platinum precursor, are given in the Supporting Information,

listed in Table S1 and Figure S4. The chemical structures of
products were readily identified by FT-IR, Far-IR spectrosco-
py, and 'H, 3'P—NMR based on their frequencies, chemical
shifts, and splitting patterns. In particular, the increase in the
chain length of oligomers determined a red shift of the UV—
Vis extinction maxima following the trend L6 (364 nm) > L4
(362 nm) > L3 (352 nm) (Figure 1b). These UV—Vis
absorption bands are due to z—7z* transitions of the alkynyl
ligands. As reported for similar Pt(II) acetylide complexes, the
absorption tails 4 < 320 nm, red-shifted compared to those of
the free alkynes and complex (1), can be assigned to the
intraligand (IL) transition of DEBP ligands and to the Pt —
C=CR metal-to-ligand charge transfer (MLCT) transition
from a filled metal d orbital to vacant z* DEBP orbitals, thus
being best described as a mixture of 7—z*(C=CR) IL/
d,(Pt(I1))—»z*(C=CR) MLCT.*** Structural assessment
was carried out via FT-IR spectroscopy in the mid- and far-
infrared regions. A comparison between the FT-IR spectrum of
the halogenated Pt-DEBPg oligomer and its thioacetate L6
derivative is shown in Figure lc. In both compounds, the
presence of the aromatic DEBP moiety and PBu; ligand was
assessed (for complete assignments, see Figure SS).44_46
Vibrations involving L3, L4, and L6 were investigated by Far-
IR in the 600—200 cm ™' wavenumber range. Far-IR spectra of
related Pt-DEBP,, oligomers can be found in Figure S4. As can
be seen from Figure 1, the three higher-frequency bands were
assigned to skeletal vibrations at ca. 580 cm™" (very weak, in-
plane and out-of-plane aromatic ring deformations, two bands),
560 and 535 cm™ due to a combination of ¥(Pt—C) and
C,H,,.; and C—C—C alkyl chain deformation modes,
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consistent with literature values for bis-phosphine Pt(II)
alkynyl complexes.””** The vibrations at ca. 490 cm™, and
410 cm™" were further assigned to v(Pt—C) of the bridging
alkynyl ligands (Pt—C=C)." The bands of medium intensity
centered at 450 cm™" were due to v(Pt—P), whereas the signals
at 390 cm™' can be assigned to the §(C—C—P).”° Metal—
sulfur stretching frequencies (M—S) lie in the range 298—205
cm™! for the transition-metal complexes,”’ allowing to assign
the band at about 300 cm™" to the v(Pt—S), which is shifted to
a lower frequency with respect to simple thiolate complexes
owing to the strong trans influence of the alkynyl ligand. The
same band was absent in the Pt-DEBP, spectrum. Conversely,
in the halogenated oligomer, a band was present at 305 cm™}
typically assigned to terminal v,(Pt—Cl) in trans configuration
(see Figure 54).49’52

The structure of the as-obtained oligomers showed: (1) a
rod-like structure based on rigid linearity of the carbon—
carbon triple bond and the square-planar trans configuration of
the metal, (2) a regular arrangement of the metal in the
backbone,” and (3) —-SR (R = —COCH,) ending
functionalities that allow their use as functionalizing agents
for the subsequent AuNPs synthesis.

3.2. Organometallic Oligomers as AuNPs Stabilizers

3.2.1. UV-Vis Extinction Spectroscopy Character-
ization. AuNPs functionalized with the bifunctional trans,-
trans-[ CH;CO—S—(Pt(PBu;),— (C=C-CsH,—C,H,—C=
C-)).Pt(PBu;),—S—COCHS,] ligands (L3, L4, and L6) were
obtained through reduction of Au®* precursor adapting a two-
phase Brust-Schiffrin procedure.”” The acidic conditions of
[AuCl,]” aqueous solution (pH < 2 at a concentration of 25
mM) allowed a convenient in situ deprotection of the thiol
groups of L3, L4, and L6 oligomers by removal of the acyl
ending moiety, which rapidly reacts with the gold precursor to
form the organometallic functionalized AuNPs colloids after
the addition of [BH,]” reducing agent.29 The UV-—vis
extinction spectra of the as-obtained functionalized AuNPs
are shown in Figure 2a. All the spectra clearly showed a single
LSPR band in the 525—530 nm region, typical of spherical
AuNPs with a diameter <10 nm, and the absorption of the
organometallic —S—Pt—DEBP, ligands functionalizing the
AuNPs surface at 4 < 400 nm.

Upon covalent binding of Pt(II) oligomers to the surface of
AuNPs involving the sulfur donor atoms, the absorption
related to the Pt-based ligand was found in the 300—400 nm
wavelength region. Notably, for AuNPs capped with the six-
residue oligomer (AuNPs—L6, red line in Figure 2a), the LSPR
maximum value is at a lower wavelength (A px = 525 nm)
compared to AuNPs—L3 and AuNPs—L4. This could be
ascribed to a different interparticle coupling effect among
AuNPs. Indeed, the two S-ending groups can covalently bind
different AuNPs in an interconnected system. The extinction
spectra of NPs are very sensitive to the separation distance
between AuNPs and are strongly influenced by the
interparticle coupling; a blue-shift in the LSPR band typically
occurs with increasing nanoparticle spacing.” In this case,
considering the Pt-DEBP oligomers of different chain length
used during AuNPs synthesis, it was possible to qualitatively
hypothesize the formation of interconnected AuNPs with
different NP-NP distances. The three samples showed different
full width at half-maximum (fwhm) values of the LSPR band,
with AuNPs—L4 having the smallest fwhm compared with
AuNPs—L3 and AuNPs—L6. Normally, the different band-

width accounts for different polydispersity of the samples; the
narrower the fwhm, the lower the polydispersity.”* However,
the extinction spectra of very close AuNPs also comprise
interband absorptions of AuNPs and coupled LSPR bands (via
near-field interaction, resulting in coupled plasmon modes) of
interacting AuNPs, which contribute to LSPR band broad-
ening.55 Thus, based on the UV—Vis results, it is possible to
hypothesize the formation of Pt—DEBP -capped AuNPs
arranged into interconnected systems, also assuming the
formation of isolated nanoparticles to some extent.

3.2.2. Photoluminescence Properties of Pristine
Oligomers and AuNPs. The luminescence spectra of the
chlorinated platinum complexes, n = 3, 4, 6, and pristine
AuNPs were recorded at room temperature. The optical
properties of both chlorinated complexes and functionalized
AuNPs are summarized in Figure S4 and Table S2. The PL
properties of functionalized AuNPs were studied by exciting
both within the absorption region of the organometallic ligand
and at the LSPR centered at 530 nm. Excitation spectra of all
AuNPs types were also collected and reported in Figures S6—
S8. Emission spectra of functionalized AuNPs in the ligand
excitation range are reported in Figure 2b. The optimal AuNPs
excitation at 350 nm resulted in a structureless emission in the
violet/blue region, centered at 433 for AuNPs—L4, and at 452
nm for AuNPs—L3 and AuNPs—L6. These results support the
presence of Pt(II) functional groups interacting with the AuNP
surface. The spectral shift for Pt—DEBP oligomers after AuNPs
synthesis reflected changes in the local environment, consistent
with the known sensitivity of sczluare-planar Pt(II) complexes to
their immediate surroundings.””>* PL excitation at the AuNPs
LSPR band revealed multiple emissive pathways (Figure 2c).
Excitation at 530 nm yielded unexpectedly high-energy bands
at about 374, 408, and 675 nm, with no significant spectral
shifts among samples. In this case, the emission reasonably
comes from the Pt(II) complexes functionalizing the surface,
since only small-sized Au clusters (<2 nm) are known to
exhibit intrinsic luminescence.*®*® The long-wavelength
emission, close to that of the free Pt—DEBP, (4., ~ 547,
595 nm), can be attributed to Pt—DEBP, MLCT transitions,
slightly affected by the covalent interaction with AuNPs. The
increased rigidity of the system suppresses nonradiative decay,
intermolecular quenching, and weak interactions (e.g., hydro-
gen-bonding/7-stacking interactions), featuring the red-shifted
emission band at ~670 nm.”’

3.2.3. DLS Hydrodynamic Size Evaluation. In order to
confirm previous assumptions about different sample poly-
dispersity (see Section 3.2.1), hydrodynamic diameter (<2Ry>,
nm) evaluation was carried out by DLS analysis (Figure 2d,
intensity-weighted distributions). The first population was
found at (72 + 11) nm, with the biggest at (20S #+ SS5) nm
(PDI = 0.32 + 0.05) indicating the coexistence of aggregates of
AuNPs with different sizes with intensity percentages (4 and
96%, respectively); for AuNPs—L4 the first population was
centered at (16 + 11) nm and the second one at (77 + 21) nm
(PDI = 0.4 + 0.2), which agreed with the presence of smaller,
isolated AuNPs, at least in a higher percentage than in the
previous sample (18%), as also demonstrated by the different
PDI values. Conversely, the AuNPs—L6 showed a single
distribution at (112 + 47) nm (PDI = 0.29 + 0.04), consistent
with more uniform interconnected AuNPs.

3.2.4. Morphological Studies. To evaluate the morphol-
ogy and size of the as-synthesized functionalized AuNPs
(Figure 3a), solid-state microscopies were employed. FESEM
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Figure 3. Morphological analyses carried out on AuNPs-Pt-DEBP,. (a) Generic structure of AuNPs. (b) FESEM image of AuNPs—L3. (b;) NP—
NP distance histogram distribution. (c) FESEM image of AuNPs—L4. (c;) NP—NP distance histogram distribution. (d) FESEM image of AuNPs—
L6. (d) NP—NP distance histogram distribution. All FESEM samples were deposited on Al stub from their CHCl; dispersion and air-dried. (e)
HRTEM imaging of AuNPs—L6 dispersed onto a carbon membrane. (f) HRTEM image of a spherical NP observed along a <112> crystallographic
axis. (f;) Corresponding fast Fourier transform (FFT) of the HRTEM image. (f;;) Simulated diffraction pattern of the fcc structure along the <112>
zone axis. (g) HRTEM image of a faceted AuNP. (h) HRTEM image of a twinned AuNP. As shown by the FFTs in the opposite corners of the
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Figure 3. continued

image, the two parts on both sides of the twin boundary (dashed line) are rotated around the <110> axis with respect to each other. Data fitted by
Gaussian convolution functions with p < 0.01 statistically significant difference between experimental and theoretical data fitting.*®
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Figure 4. SR-XPS spectra of (a) Au 4f, (b) S 2p, (c) Pt 4f, and (d) P 2p core levels in AuNPs—L6.

images in Figure 3b—d showed the presence of NPs
assemblies, likely due to the formation of interconnected
AuNPs mediated by the bifunctional Pt-based ligands, leading
to superaggregated structures.’> In all samples, spherical
AuNPs with diameters below 10 nm were observed, with
AuNPs—L3 showing a more compact arrangement (Figure
3b). The mean NP-NP distances calculated from FESEM
images were: AuNPs—L3 = (3 #+ 1) nm (Figure 3b;), AuNPs—
L4 = (6 + 2) nm (Figure 3¢;), and AuNPs—L6 = (8 + 4) nm
(Figure 3d;), consistent with the expected ligand length. From
the detailed compositional analysis via EDX, signals from the
Au and Pt atoms in the nanoparticle structure were found
(Figure S9).

To further investigate the size, morphology, and crystalline
quality of AuNPs, detailed HRTEM analysis was carried out on
AuNPs—L6 as a representative sample. The images obtained
on the AuNPs deposited on carbon films showed that they
appeared either as isolated particles or aggregated in packets
(Figure 3e), depending on the region observed. Detailed
analysis demonstrated the formation of mostly rounded AuNPs
(Figure 3f), with a mean diameter of (3.3 + 1.1) nm, only a
minority being faceted (Figure 3g) or irregularly shaped.
Detailed Fourier analysis of the acquired HRTEM images
confirmed that the NPs adopt the typical face-centered cubic
(fcc) structure of bulk Au (Figure 3fyf;). However, extended
defects, such as twin boundaries parallel to the {111} planes,

are frequently observed in the NPs (Figure 3h). It is worth
noting that the TEM observations cannot provide insight into
the chemical interactions between neighboring NPs, as it
cannot be excluded that the observed configurations (e.g.,
Figure 3e) result from the dispersion method itself.

3.2.5. FTIR Spectroscopy Characterization. The
occurred surface functionalization was assessed by FTIR
spectroscopy. Infrared spectra of AuNPs are reported in
Figure S10 with full assignment. As first evidence, the spectrum
recorded on AuNPs did not show the 1730 cm™' stretching
band of >C=0 functional groups, due to the occurrence of
the deacetylation reaction of terminal —SCOCH; in acidic
conditions, followed by the formation of a metal—sulfur
bond.”” In the far-infrared spectra of the AuNPs (Figure S10),
bands in the 580—530 cm™ and 490—380 cm™' regions are
assigned to skeletal and Pt—C stretching and bending
vibrations arising from both the tributylphosphine ligands
and the DEBP moiety, in line with reported ranges for pristine
complexes (see paragraph 3.1). Most notably, all three samples
displayed a strong absorption centered at ~250 cm™’,
characteristic of the v(Au—S) vibration.”® This band occurs
at substantially lower frequency than the corresponding v/(Pt—
S) in Pt(II) complexes (typically in the range 298-205
ecm™).>! TIts presence provides evidence for the covalent
anchoring of the oligomer to the AuNPs surface through
thiolate bonds, while the higher-frequency bands confirmed
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Figure S. (a) Normalized DLS intensity-weighted size distributions of AuNPs—L4/P3HT blends: wt % 10/90 (<2Ry> = 19 + 4 nm and 140 + 34
nm), 30/70 (<2Ry> = 26 + 4 nm and 196 + 41 nm), 50/50 (<2Ry> = 176 + 22 nm), 70/30 (<2Ry> = 14 + S nm and 170 =+ 105 nm), 90/10
(<2Ry> = 36 + 8 and 229 + 66 nm) recorded in CHCl;. (b) AFM image of AuNPs—L4 spin-coated onto Si/SiO, substrate from their CHCI,
suspension and air-dried. (c) AFM profile of AuNPs—L4/P3HT 50/50 blend spin-coated onto Si/SiO, substrate from their CHCl, suspension and

air-dried.

that the alkynyl and phosphine coordination motifs were
preserved.

3.2.6. SR-XPS Analysis. For AuNPs—L3 and AuNPs—LS6,
SR-XPS measurements were carried out at the C 1Is, Au 4f, S
2p, Pt 4f, and P 2p core levels in order to study the effect of the
longer and shorter ligands. XPS spectra and the parameters
extracted from their analysis (BE, fwhm, atomic ratios) are
reported in Figure 4a,b and Table S3. As the SR-XPS spectra of
the two samples are essentially superimposable, only the data
of AuNPs—L6 are herein presented, whereas full spectra of
AuNPs—L3 can be found in Figure S11. C 1s spectrum (Figure
S12) was deconvoluted into two components. The peak at
285.0 eV was associated with aliphatic (C—C), alkyne (C=C),
aromatic, and C—P carbons, while the right peak at around
286.5 eV was ascribed to C—O carbons of contamination. Au
4f spectrum (Figure 4a) showed two spin—orbit (Au 4f,,,, Au
4f;,,) doublets, with the Au 4f,,, component considered as the
reference. The Au 4f;, signal around 83.5 eV was assigned to
metallic Au(0) atoms, while the component around 84.5 eV
was assigned to substrate—thiol interface atoms.’” Similarly,
the S 2p spectrum (Figure 4b) showed two pairs of spin—orbit
(S 2p3/5 S 2py/2) peaks. The BE position of the S 2p;), signals
was taken as a reference for the S 2p3/,_;,, spin—orbit pair and
used as an indicator of whether the sulfur atom was covalently
bonded to the gold surface. In the S 2p spectrum, thiols
chemisorbed on gold and thiols covalently bonded to metal
nanoparticle surfaces exhibited a S 2p;/, BE of approximately
161.7 eV. Conversely, the S 2p;/, signal centered around 163.0
eV was assigned to physisorbed thiols or thiolates.” Pt 4f core
level spectrum was reported in Figure 4c. The spectrum, as
expected, was composed of a single pair of spin—orbit
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components (Pt 4f,,, Pt 4f;/,). The main Pt 4f,,, component
at nearly 72.0 eV was consistent with oxidized Pt, most likely
Pt(II). However, the unusually large fwhm (2.38 eV) indicates
that the signal cannot be attributed to a single Pt chemical
state, suggesting the presence of multiple Pt components, such
as a mixture of different Pt(II) coordination environments.””*>
Finally, the P 2p core level spectrum in Figure 4d showed one
spin—orbit doublet (P 2ps/, P 2p;,,). The main P 2p;,
component around 130.8 eV was attributed to the P—C of
phosphine ligands.

3.3. Integration of Gold Nanoparticles into P3HT Blends

3.3.1. Hydrodynamic Size and Morphology of the
Blends. The AuNPs/P3HT nanocomposites were obtained by
blending the AuNPs and regioregular P3HT suspensions in
CHCl; at different weight percentages (wt %) under air
atmosphere and at room temperature (for experimental details,
refer to Section 2.3.3). The presence of gold colloids inside the
P3HT was investigated in suspension via DLS. As can be seen
from Figure Sa, the presence of larger aggregates of <2Ry> =
(140—230) nm prevailed over a small population centered at
about 20 nm. After polymer blending, a bimodal size
distribution was observed. In all cases, the main population
showed a slight increase in hydrodynamic size, likely due to the
formation of a solvated corona generated by interactions
between the P3HT matrix and the nanoparticle surface,
particularly for AuNPs—L4.

A detailed morphological analysis was carried out on pristine
AuNPs—L4, and AuNPs—L4/P3HT 50/50 (as a representative
sample) using tapping mode AFM. Pristine AuNPs—L4
(Figure Sb) resulted in homogeneous, spherical-shaped
small-sized NPs (<10 nm, in agreement with FESEM images).
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In the AuNPs—L4/P3HT blend (Figure Sc), the bright
aggregates were due to the presence of AuNPs uniformly
distributed within the polymer matrix with no apparent
clustering of NPs at the P3HT /air interface (3D profile can
be found in Figure S13). These observations were consistent
with good miscibility between the AuNPs functionalized with
rigid m-conjugated organometallic polymer and the P3HT
chains. Indeed, the interactions between the AuNPs surface
ligand and mixed polymer chains largely determine the
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thermodynamics/miscibility and hence the morphology of
films.*

3.3.2. Electrical Properties. A direct comparison of the
electrical behavior was done based on the current—voltage
response in the interval of —10 to +10 V (Figure S14). The
P3HT and control samples I/V measurements are reported in
Figure S15 for comparison. Concerning the AuNPs/P3HT
blends with AuNPs—L3, AuNPs—L4 and AuNPs—L6 all
exhibited a fully linear I/V dependence, indicative of ohmic
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transport. These trends can be explained based on (1) the
absence of a contact energy barrier between the AuNPs and
the P3HT matrix, i.e., a good Ohmic contact, owing to the
favorable alignment between HOMO level of P3HT (in the
5.1—5.2 eV range) and the work function of gold in the 5.0—
S.1 eV range, and (2) a hiigh concentration of free charges at
the thermal equilibrium.’’ The AuNPs—L4/P3HT blends
showed the highest variation among the different formulations
(Figure S14), probably owing to a more efficient dispersion
and distribution within the P3HT matrix, which reduced the
resistance and boosted the current response to different biases.
A comparison of the electrical properties of blends at specific
DC (Direct Current) voltage levels used in electronic devices
and systems, ie., S and 10 V, is presented in Figure 6a. The
AuNPs/P3HT samples showed the same electrical trend for
both applied voltages and, in all cases, the AuNPs/P3HT 10/
90 composition represented the optimized weight ratio. The
best results were obtained for the AuNPs—L4/P3HT 10/90,
with an increase in the current intensity of more than 30 times
the pristine P3HT. A similar concentration-dependent
behavior was already reported for analogous nanocomposite
blends.”*** Figure 6b shows the electrical conductivity of
blends, calculated considering a mean film thickness of (3 + 1)
nm (measured by AFM). The conductivity achieved with 10%
loading of AuNPs was higher than all other compositions and
pristine AuNPs. For AuNPs—L4/P3HT 10/90, the calculated
value (1.75 uS-cm™") was nearly 16.5-fold higher than that of
pristine P3HT at 0.5 mg/mL (0.105 uS cm™'). A dramatic
improvement was also found when compared to 4.23 X 107*
uS-cm™! of the same blend with 90% AuNPs loading. This
trend was observed in all the blends, although confirming
superior properties of AuNPs—L4/P3HT type. The observed
conductivity enhancement can be primarily attributed to
improved P3HT ordering, with a secondary contribution
from ligand-mediated hopping.®*

3.3.3. Optical Properties of the Blends. UV-vis
measurements normalized to the peak intensity at 450 nm
were carried out on pristine P3HT (given as a reference) and
AuNPs—L4/P3HT blends in CHCI; and are reported in
Figure 7a. The presence of AuNPs can be evidenced by the
appearance of a scattering effect at higher wavelengths,
although the extinction spectrum was mainly dominated by
the P3HT profile, which is present in the system at 90 wt %.
The polymer itself exhibited an absorption band at 450 nm
arising from the z—7* transitions in a coiled (disordered,
flexible) conformation.”® This band did not show any
significant changes after AuNPs addition, providing initial
evidence of little to no perturbation by the NPs of the
disordered regions of the polymer. Conversely, the additional
bands at 562 nm (0—1 transition of the intrachain excitons)
and 610 nm (0—0 transition of interchain-delocalized
excitation resulting from the strong 7-stacking of the polymer
chains) underwent a significant reduction upon loading with
AuNPs. In particular, the band at 610 nm is commonly used to
monitor the in situ crystallization and the presence of
crystalline P3HT aggregates in solution.”” This attenuation
can be attributed to perturbation of the z—r stacking and
effective conjugation length of P3HT chains due to electronic
interactions with the AuNPs—L4 interface. Similar effects,
where incorporation of metallic or functionalized nanostruc-
tures alters the aggregation and optical response of P3HT, have
been reported in the literature.”'®**** The band centered at
265 nm showed an increased intensity, attributable to the

overlapping of this band with the organometallic ligands
functionalizing the AuNPs surface, thus confirming the
presence of gold colloids dispersed in the polymer matrix.
Remarkably, the optical (direct) band gap (responsible for
generating electron—hole pairs) of the AuNPs—L4/P3HT 10/
90 nanocomposite, estimated using the Tauc’s plot method
from the UV—Vis absorption edge,® was reduced by the
AuNPs addition from 2.13 eV'® of pure P3HT to 2.06 eV.
Tauc’s plots with band gap estimation method are reported in
Figure S16. This direct gap is crucial for its function as a light-
absorbing material in organic electronic devices, since its slight
reduction to ~2.0 eV is beneficial as it modestly enhances the
absorption of red and near-infrared wavelengths (the most
intense part of the solar spectrum).’*

3.3.4. Photoluminescence Behavior of the Blends. PL
properties were investigated at the excitation wavelengths
corresponding to the maximum absorption peak of Pt—DEBP
ligand on AuNPs (350 nm), LSPR band (530 nm), and pure
P3HT (450 nm). Spectra were acquired under nonsaturating
conditions, ensuring a linear response regime suitable for
extracting reliable quantitative information (Figure 7b—d) at a
blend concentration of 7.5 X 10~* mg/mL. Full spectra are
reported in Figure S17.

For pristine P3HT (Figure 7b—d), the excitation at 350,
450, and 530 nm resulted in an emission peak centered at
583.5, 584.5, and 585.0 nm, respectively (Stokes shift of ~0.63
eV), as typical®® Upon 10% AuNPs—L4 addition, P3HT
emission was red-shifted to the 603—605 nm range (Stokes
shift of ~0.70 eV) with a featureless and broader profile.
Negligible emission was found for pristine AuNPs—L4 in this
spectral region. Qualitatively, this effect is more pronounced by
increasing the AuNPs content in the P3HT matrix, ie,
AuNPs/P3HT 70/30 blend (Figure S18). In the latter, a small
contribution at 450 nm (A, = 350 nm) due to the
organometallic oligomer functionalizing the AuNPs surface
was found. Interestingly, the excitation on the LSPR maximum
resulted in a broad emission centered at ~600 nm for both
blends. Such behavior can be ascribed to a more amorphous
arrangement of the polymer inside blends compared with
pristine P3HT. Therefore, a larger Stokes shift would be
expected as a result of enhanced structural relaxation after
photoexcitation, with the structural disorder being the main
driver of observed PL red-shifts and broadening.® In addition
to spectral changes, a quantitative analysis of the emission
behavior of P3HT was carried out at 10% AuNPs loading by
evaluating the quenching factor (Q) at Ae = 450 nm through
normalization of the photoluminescence intensity to the
concentration of the emitting species, according to eq 2:°°

Q _ (IPL/C)free P3HT

(Io./ C)pamir with AuNps—14 ()

where I corresponds to the photoluminescence intensity and
C represents the nominal concentration (mg/mL) within the
blend. This approach relies on the proportionality between
emission intensity and photoluminescence quantum yield
under identical experimental conditions. The resulting value
of Q = 0.81 indicated the absence of significant quenching;
instead, a clear enhancement of the emission efficiency is
observed in the presence of 10% AuNPs—L4. Since AuNPs
with size >4 nm are not fluorescent,”® FRET effect is unlikely
to occur. The observed emission enhancement suggested that
nonradiative energy transfer or charge separation processes are
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Figure 9. Nano-GIWAXS scattering profiles after annealing at 100 °C of AuNPs/P3HT at (a) 10/90%, (b) 70/30%, (c) 90/10% loading, and (d)

pristine AuNPs.

not dominant under these conditions. Rather, the observed
increase in radiative decay of P3HT in the presence of AuNPs
in the blend (metal-enhanced fluorescence) can be explained
based on the coupling between photogenerated excitons of
P3HT and surface plasmon of noble metal nanoparticles, as
already reported for similar systems.””*® This coupling
interaction depends on the overlap between the emission
frequency of the semiconducting polymer and the LSPR field
of the AuNPs, leading to stronger fluorescence enhancement.
Such behavior has been reported as a valuable property for
organic-based displays and nanometer-scale optoelectronics.”’

3.3.5. GISAXS/GIWAXS Structural Studies. Focusing on
the AuNPs—L4/P3HT sample, chosen for detailed analysis
based on the electrical measurements, the structural features of
the pristine AuNPs—L4 and related blends in the solid state
were investigated via GISAXS/GIWAXS (Figure 8) and nano-
GIWAXS studies (Figure 9). In the AuNPs—L4/P3HT 10/90
wt % sample (Figure 8a), the diffraction pattern revealed only
the characteristic reflections of P3HT, while no Au-related
diffraction rings were detected. This absence can be ascribed to
the low Au content within the polymer matrix. For AuNPs—
L4/P3HT 70/30 wt % blend (Figure 8b), both the typical
AuNPs ring feature and the strong 111 peak of P3HT were
observed. In the AuNPs—L4/P3HT 90/10 wt % blend (Figure
8c), there was an improvement in both the AuNPs 111 ring

and the P3HT 100. Pristine AuNPs—L4 film (Figure 8d)
showed Au 111 ring at higher g values, with multiple peaks at
lower q values related to linker-induced strong ordering. In
freshly prepared blends, a general evolution from P3HT
crystalline domains in the lower AuNPs-containing blend to a
disordered arrangement at higher AuNPs content was
observed. The latter disordering effect on the P3HT matrix
could be ascribed to the formation of AuNPs aggregates, with
structural defects and grain boundaries playing a crucial role in
modulating the interconnectivity between counterparts. These
findings strongly support the electrical results in which the
balance between P3HT crystallinity, charge mobility, and
P3HT/AuNPs interconnectivity resulted in the best electrical
performances at 10% of AuNPs rather than 90% loading.
3.3.6. Nano-GISAXS/GIWAXS Thermal Behavior.
Nanofocused X-ray measurements were carried out on samples
after annealing at 100 °C (Figure 9). A substantial improve-
ment of the microstructure of the AuNPs/P3HT 10/90 wt %
sample was found (Figure 9a), possibly linked with its superior
electrical performance, as well as local heating during device
performance.”’ At 70 and 90% AuNPs loading (Figure 9b,c),
both the AuNPs 111 ring and the P3HT 100 structures were
clearly visible, resulting in higher stability, with only minor
changes upon annealing. Pristine AuNPs—L4 annealed up to
100 °C (Figure 9d) showed that interparticle order was
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maintained, with little or no variation with temperature. Thus,
also in the case of thermally treated samples, the 2D pattern of
AuNPs/P3HT 10/90 wt % strongly supported the electrical
measurement results: the more homogeneous distribution of
AuNPs in the P3HT matrix resulted in enhanced signals from
both the P3HT and the AuNPs, indicating the formation of
improved interconnectivity and ordered arrangement.

4. CONCLUSIONS

Colloidal, hydrophobic gold nanoparticles (AuNPs) in the (3.3
+ 1.1) nm size range were synthesized in the presence of
platinum-containing polyynes with different chain lengths and
incorporated into a poly(3-hexylthiophene-2,5-diyl) (P3HT)
matrix for potential optoelectronics and storage device uses.
Organometallic dithioacetate trans square-planar Pt(II) com-
plexes containing 4,4’-diethynylbiphenyl (DEBP) as z-
conjugated rigid spacer with different numbers of Pt centers
(Pt—DEBP,, n = 3, 4, 6) were chosen for covalent stabilization
of gold colloids via Au—S bond, as detected by infrared and
SR-XPS studies. Each of them allowed the formation of
interconnected AuNPs with different NP—NP distances. Upon
covalent attachment to AuNPs, excitation either at the ligand
absorption maxima or at the LSPR band (530 nm) revealed
additional emissive pathways, compared to the pristine ligand
and AuNP systems, including long-wavelength emission (~670
nm) attributed to enhanced rigidity and suppressed non-
radiative decay in the AuNPs. Blending AuNPs—Pt—DEBP,
with regioregular P3HT produced nanocomposites with a
mean thickness of (3 + 1) nm and uniform distribution of
AuNPs within the polymer matrix, as evidenced by DLS and
AFM, indicating a good miscibility between counterparts.
Quantitative photoluminescence analyses demonstrated that
the incorporation of AuNPs—L4 did not induce significant PL
quenching in P3HT, promoting instead an enhancement of the
radiative emission, consistent with plasmon-assisted fluores-
cence enhancement rather than nonradiative energy transfer
processes.

At room temperature, electrical I vs V measurements (+10
V range) were carried out on AuNPs/P3HT blends with
different compositions (10/90 to 90/10 wt %). AuNPs—L4/
P3HT 10/90 wt % represented the best composition, showing
an improvement of the electrical conductivity with respect to
the pristine polymer of about 30 times, and a reduced optical
band gap (2.13 — 2.06 eV). GIWAXS and nanofocused
GIWAXS studies further supported the electrical results,
revealing a composition-dependent structural and thermal
stability, with the AuNPs—L,/P3HT 90/10 wt % blend with an
enhanced electronic coupling due to a homogeneous
distribution and interconnectivity of AuNPs within P3HT,
and improved microstructure ordering upon mild annealing,

Hl ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.6c02966.

Characterizations of AuNPs—4BBT; characterizations of
AuNPs—DDT; synthesis and characterizations of cis-,
trans-[Pt(PBu);Cl,]; synthesis and characterizations of
chlorinated Pt—DEBP, oligomers and free DEBP;
synthesis of thioacetate S—Pt—DEBP, ligands; FTIR
spectra of Pt—DEBP¢ and L6 free ligand; excitation
spectra of AuNPs—L3, AuNPs—L4, and AuNPs—LG6;

13999

EDX spectrum of AuNPs—L4; FTIR and Far-IR spectra
of AuNPs; SR-XPS spectra of AuNPs—L3; C 1s SR-XPS
spectra of AuNPs—L6; AFM 3D topography of AuNPs—
L4/P3HT 50/50; I/V measurements of AuNPs/P3HT
blends; electrical measurements of regioregular pristine
P3HT, free Pt—DEBP,, AuNPs—4BBT, and AuNPs—
DDT; Tauc’s plot of P3HT and AuNPs-L4/P3HT; full
photoluminescence spectra of AuNPs—L4, P3HT, and
AuNPs—L4/P3HT 10/90 blend; qualitative photo-
luminescence spectra of pure P3HT, AuNPs—L4/
P3HT 10/90, and AuNPs—L4/P3HT 70/30; spectral
data of [Pt(PBus),Cl,], Pt—DEBP, and S—Pt—DEBP
oligomers (Table S1); summary of the optical properties
of Pt—DEBP, and AuNPs (Table S2); and SR-XPS data
of AuNPs—L3 and AuNPs—L6 (Table S3) (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Sara Cerra — Department of Chemistry, Sapienza University of
Rome, Rome 00188, Italy; Istituto Nazionale di Fisica
Nucleare (INEN)—Sezione di Roma, Rome 00185, Italy;

orcid.org/0000-0002-5549-9406; Email: sara.cerra@
uniromal.it

Ilaria Fratoddi — Department of Chemistry, Sapienza
University of Rome, Rome 00188, Italy; Istituto Nazionale di
Fisica Nucleare (INFN)—Sezione di Roma, Rome 00185,
Italy; Research Center for Nanotechnology Applied to
Engineering of Sapienza (CNIS), Sapienza University of
Rome, Rome 00188, Italy; ® orcid.org/0000-0002-5172-
0636; Email: ilaria.fratoddi@uniromal.it

Authors

Marco Ranaldi — Department of Sciences, Roma Tre
University, Rome 00146, Italy

Simone Amatori — CERIC-ERIC, Trieste 34149, Italy

Raoul Fioravanti — Department of Infectious Diseases, Istituto
Superiore di Sanita (ISS), Rome 00161, Italy

Federico Milanese — Department of Chemistry, Sapienza
University of Rome, Rome 00188, Italy

Tommaso A. Salamone — Department of Chemistry, Sapienza
University of Rome, Rome 0018S, Italy; © orcid.org/0000-
0003-0059-4040

Beatrice Pennacchi — Department of Chemistry, Sapienza
University of Rome, Rome 00188, Italy; © orcid.org/0000-
0002-0704-2479

Martina Mercurio — Department of Chemistry, Sapienza
University of Rome, Rome 00188, Italy; © orcid.org/0000-
0001-5454-6525

Chiara Battocchio — Department of Sciences, Roma Tre
University, Rome 00146, Italy; ©® orcid.org/0000-0003-
4590-0865

Martina Marsotto — Department of Chemical Science and
Technologies, Tor Vergata University of Rome, Rome 00133,
Italy

Silvia Nappini — IOM-CNR, Istituto Officina dei Materiali,
Trieste 34149, Italy; ©® orcid.org/0000-0002-4944-5487

Angela Capocefalo — Department of Physical and Chemical
Sciences, University of L’Aquila, L’Aquila 67100, Italy;

orcid.org/0000-0001-7005-3309

Claudia Fasolato — Department of Physics, Sapienza

University of Rome, Rome 00185, Italy; CNR-ISC, Institute

https://doi.org/10.1021/acsanm.6c02966
ACS Appl. Nano Mater. 2026, 9, 13987—14002

920z Jequialdag 9| uo 01yooo}Eq BIEIYD ‘T 1L VINOY IANLS 1193 VLISHIAINN Aq jpd 9962099 WUESOE/88698859/286€ |/62/6/)Pd-0jo1e/9jwiuee/B10°soe sqnd wo.y papeojumoq


https://pubs.acs.org/doi/10.1021/acsanm.6c02966?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c02966/suppl_file/an6c02966_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Cerra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5549-9406
https://orcid.org/0000-0002-5549-9406
mailto:sara.cerra@uniroma1.it
mailto:sara.cerra@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilaria+Fratoddi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5172-0636
https://orcid.org/0000-0002-5172-0636
mailto:ilaria.fratoddi@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Ranaldi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simone+Amatori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raoul+Fioravanti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Milanese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tommaso+A.+Salamone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0059-4040
https://orcid.org/0000-0003-0059-4040
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatrice+Pennacchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0704-2479
https://orcid.org/0000-0002-0704-2479
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Mercurio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5454-6525
https://orcid.org/0000-0001-5454-6525
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Battocchio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4590-0865
https://orcid.org/0000-0003-4590-0865
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Marsotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Nappini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4944-5487
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+Capocefalo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7005-3309
https://orcid.org/0000-0001-7005-3309
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Fasolato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c02966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

for Complex Systems, National Research Council, ¢c/o
Sapienza University of Rome, Rome 00185, Italy

Francesca A. Scaramuzzo — Department of Basic and Applied
Sciences for Engineering (SBAI), Sapienza University of
Rome, Rome 00161, Italy; ® orcid.org/0000-0001-9921-
5252

Anton Davydok — Institute of Material Physics, Helmholtz
Zentrum Hereon, Hamburg 22607, Germany

Souren Grigorian — Institute of Physics, University of Siegen,
Siegen D-57068, Germany; ® orcid.org/0000-0002-5495-
979X

Olivier Thomas — Aix Marseille University, University
Toulon, CNRS, IM2NP UMR, Marseille 7334, France;

orcid.org/0000-0002-0583-9257

Michael Texier — Aix Marseille University, University Toulon,
CNRS, IM2NP UMR, Marseille 7334, France; ® orcid.org/
0000-0001-6999-7978

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.6c02966

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support of
Sapienza funding Grant Ateneo Ricerca 2024
(RM124190F0042AFB) and 2026 (RM125199C2EC82C7).
The authors are thankful to the BL9 beamline at DELTA,
Dortmund, for the experimental support and to DESY for the
beamtime allocation at PETRA III, Hamburg. Authors from
Roma Tre gratefully acknowledge Elettra Synchrotron
Radiation Facility for access to BACH (experiment no.
20200046) beamline and financial support.

B REFERENCES

(1) Zhang, R-C,; Sun, D.; Zhang, R.; Lin, W.-F.; Macias-Montero,
M,; Patel, J.; Askari, S.; McDonald, C.; Mariotti, D.; Maguire, P. Gold
Nanoparticle-Polymer Nanocomposites Synthesized by Room Tem-
perature Atmospheric Pressure Plasma and Their Potential for Fuel
Cell Electrocatalytic Application. Sci. Rep. 2017, 7, No. 46682.

(2) Lee, D.; Kim, S. H.; Han, S. K;; Mun, J.; Rho, J.; Cho, K.; Rhee,
H.,; Jeong, M. S.; Oh, D. X. Effect of Hot-Electron Injection on the
Excited-State Dynamics of a Hybrid Plasmonic System Containing
Poly(3-hexylthiophene)-Coated Gold Nanoparticles. J. Phys. Chem. C
2019, 123, 26564—26570.

(3) Shumbula, N. P.; Ndala, Z. B.; Nkabinde, S. S.; Kolokoto, T.;
Shumbula, P. M.; Mdluli, P. S.; Hlatshwayo, T.; Mlambo, M.; Moloto,
N. Experimental and Theoretical Studies of 1-Alkanethiols SAMs of
Various Chain-Lengths on Gold Nanoparticles and Their Effect on
SERS, Stability and Surface Properties. J. Mol. Struct. 2020, 1221,
No. 128801.

(4) Yu, L; Song, Z.; Peng, J.; Yang, M.; Zhi, H.; He, H. Progress of
Gold Nanomaterials for Colorimetric Sensing Based on Different
Strategies. Trends Anal. Chem. 2020, 127, No. 115880.

(5) La Spada, L; Vegni, L. Electromagnetic Nanoparticles for
Sensing and Medical Diagnostic Applications. Materials 2018, 11,
No. 603.

(6) Amendola, V; Pilot, R.; Frasconi, M.; Marago, O. M,; Iati, M. A.
Surface Plasmon Resonance in Gold Nanoparticles: A Review. J.
Phys.: Condens. Matter 2017, 29, No. 203002.

(7) Abbas, M. A; Kamat, P. V,; Bang, J. H. Thiolated Gold
Nanoclusters for Light Energy Conversion. ACS Energy Lett. 2018, 3,
840—854.

(8) Atta, M. R; Alsulami, Q. A.; Asnag, G. M.; Rajeh, A. Enhanced
optical, morphological, dielectric, and conductivity properties of gold

nanoparticles doped with PVA/CMC blend as an application in
organoelectronic devices. J. Mater. Sci: Mater. Electron 2021, 32,
10443—10457.

(9) Elashry, M. H.; Mohamed, F.; Sharmoukh, W.; Hameed, T. A;
Shalaby, R. M. An Investigation of Structural, Optical, and Electrical
Properties of Poly(3-hexy1thiophene)/Reduced Graphene Oxide
Nanocomposites for Electronic and Optoelectronic Applications.
Polym. Adv. Techol. 2024, 35 (1), No. e6220.

(10) Vijayakumar, C.; Balan, B.; Saeki, A; Tsuda, T.; Kuwabata, S.;
Seki, S. Gold Nanoparticle Assisted Self-Assembly and Enhancement
of Charge Carrier Mobilities of a Conjugated Polymer. J. Phys. Chem.
C 2012, 116 (33), 17343—17350.

(11) Yassin, A. Y. Synthesized polymeric nanocomposites with
enhanced optical and electrical properties based on gold nanoparticles
for optoelectronic applications. J. Mater. Sci: Mater. Electron 2023, 34,
No. 46.

(12) Ba, M.; Erouel, M.; Mansouri, S.; Chouiref, L.; Jdir, M.; El Mir,
L. Channel Length Effect of P3HT:ZnO Hybrid Blend Layer on
Electrical Characteristics of Thin-Film Transistors. Sens. Actuator A:
Phys. 2023, 359, No. 114470.

(13) Riaz, S.; Ansari, M. A; Raja, D. A;; Tahir, H,; Malik, M. L
Poly(3-Hexylthiophene) Incorporated with Metallic Nanoparticles:
Optoelectronic Properties in Context of Organic Solar Cell. Opt.
Quantum Electron. 2023, 55, No. 700.

(14) King, M.; Gottlieb, D.; Boucher, D. Impact of Regioregularity
on the Solubility Parameters of Poly(3-hexylthiophene). J. Polym. Sci.
2022, 60, 2769—2783.

(15) Thakur, A. K; Mukherjee, A. K.; Preethichandra, D. M. G;
Takashima, W.; Kaneto, K. Charge Injection Mechanism across the
Au-Poly(3-Hexylthiophene-2,5-Diyl) Interface. J. Appl. Phys. 2007,
101, No. 104508.

(16) Tan, B; Pan, H; Li, H; Minus, M. L; Budhlall, B. M,
Sobkowicz, M. ]J. Improving Charge Carrier Mobility of Polymer
Blend Field Effect Transistors with Majority Insulating Polymer
Phase. J. Phys. Chem. C 2018, 122, 2918—2930.

(17) Hintz, H.; Egelhaaf, H.-J.; Liier, L; Hauch, J.; Peisert, H;
Chassé, T. Photodegradation of P3HT—A Systematic Study of
Environmental Factors. Chem. Mater. 2011, 23, 145—154.

(18) Saifuddin, M.; Biswas, A; Roy, S.; Mandal, S; Hazra, S.
Nanoparticle Mediated Improved Crystallinity and Connectivity of
Semiconducting Polymer Thin Films. ACS Appl. Polym. Mater. 2023,
S, 3359-3369.

(19) Sanfelice, R. C.; Gongalves, V. C.; Balogh, D. T. Langmuir and
Langmuir—Schaefer Films of Poly(3-Hexylthiophene) with Gold
Nanoparticles and Gold Nanoparticles Capped with 1-Octadecane-
thiol. J. Phys. Chem. C 2014, 118, 12944—12951.

(20) De Antoni, L. O.; Loguercio, L. F.; Rodrigues, M. R. F,;
Fernandes, J. A.; Ferreira, J.; Leite Santos, M. ]J. Effect of Gold
Nanoparticles on the Structural and Optical Stability of Poly (3-
Hexylthiophene). Polym. Degrad. Stab. 2016, 123, 62—68.

(21) Bukowczan, A.; Hebda, E.; Pielichowski, K. The Influence of
Nanoparticles on Phase Formation and Stability of Liquid Crystals
and Liquid Crystalline Polymers. J. Mol. Lig. 2021, 321, No. 114849.

(22) Squillaci, M. A.; Zhong, X.; Peyruchat, L.; Genet, C.; Ebbesen,
T. W; Samori, P. 2D hybrid networks of gold nanoparticles:
mechanoresponsive optical humidity sensors. Nanoscale 2019, 11,
19315—-19318.

(23) Grigorian, S.; Fontana, L.; Cerra, S.; Pietsch, U.; Scaramuzzo, F.
A.; Fratoddi, I. Superior transport behavior of gold nanoparticles/
P3HT blends by tuning optical and structural properties. Synth. Met.
2022, 283, No. 116973.

(24) Salamone, T. A.; Pennacchi, B.; Mercurio, M.; Cerra, S.;
Sappino, C.; Del Giudice, A.; Matassa, R; Lozano, J. G.; Beltran, A.
M.; Bearzotti, A,; Vayer, M.; Hennet, L.; Grigorian, S.; Sinturel, C,;
Fratoddi, I. Interface-Driven Orientation and Confinement in Poly(3-
Hexylthiophene-Z,S-Diyl)/Polylactic Acid/Gold Nanoparticle Com-
posite Films for Enhanced Charge Transport. ACS Appl. Nano Mater.
2026, 9, No. acsanm.6c00790.

https://doi.org/10.1021/acsanm.6c02966
ACS Appl. Nano Mater. 2026, 9, 13987—14002

920z Jequialdag 9| uo 01yooo}Eq BIEIYD ‘T 1L VINOY IANLS 1193 VLISHIAINN Aq jpd 9962099 WUESOE/88698859/286€ |/62/6/)Pd-0jo1e/9jwiuee/B10°soe sqnd wo.y papeojumoq


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+A.+Scaramuzzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9921-5252
https://orcid.org/0000-0001-9921-5252
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anton+Davydok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Souren+Grigorian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5495-979X
https://orcid.org/0000-0002-5495-979X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olivier+Thomas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0583-9257
https://orcid.org/0000-0002-0583-9257
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Texier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6999-7978
https://orcid.org/0000-0001-6999-7978
https://pubs.acs.org/doi/10.1021/acsanm.6c02966?ref=pdf
https://doi.org/10.1038/srep46682
https://doi.org/10.1038/srep46682
https://doi.org/10.1038/srep46682
https://doi.org/10.1038/srep46682
https://doi.org/10.1021/acs.jpcc.9b08639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b08639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b08639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molstruc.2020.128801
https://doi.org/10.1016/j.molstruc.2020.128801
https://doi.org/10.1016/j.molstruc.2020.128801
https://doi.org/10.1016/j.trac.2020.115880
https://doi.org/10.1016/j.trac.2020.115880
https://doi.org/10.1016/j.trac.2020.115880
https://doi.org/10.3390/ma11040603
https://doi.org/10.3390/ma11040603
https://doi.org/10.1088/1361-648X/aa60f3
https://doi.org/10.1021/acsenergylett.8b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10854-021-05701-3
https://doi.org/10.1007/s10854-021-05701-3
https://doi.org/10.1007/s10854-021-05701-3
https://doi.org/10.1007/s10854-021-05701-3
https://doi.org/10.1002/pat.6220
https://doi.org/10.1002/pat.6220
https://doi.org/10.1002/pat.6220
https://doi.org/10.1021/jp3039253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp3039253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10854-022-09402-3
https://doi.org/10.1007/s10854-022-09402-3
https://doi.org/10.1007/s10854-022-09402-3
https://doi.org/10.1016/j.sna.2023.114470
https://doi.org/10.1016/j.sna.2023.114470
https://doi.org/10.1007/s11082-023-04981-9
https://doi.org/10.1007/s11082-023-04981-9
https://doi.org/10.1002/pol.20220235
https://doi.org/10.1002/pol.20220235
https://doi.org/10.1063/1.2734955
https://doi.org/10.1063/1.2734955
https://doi.org/10.1021/acs.jpcc.7b09775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b09775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b09775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm102373k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm102373k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.3c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503083k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503083k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503083k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp503083k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymdegradstab.2015.11.006
https://doi.org/10.1016/j.polymdegradstab.2015.11.006
https://doi.org/10.1016/j.polymdegradstab.2015.11.006
https://doi.org/10.1016/j.molliq.2020.114849
https://doi.org/10.1016/j.molliq.2020.114849
https://doi.org/10.1016/j.molliq.2020.114849
https://doi.org/10.1039/C9NR05337A
https://doi.org/10.1039/C9NR05337A
https://doi.org/10.1016/j.synthmet.2021.116973
https://doi.org/10.1016/j.synthmet.2021.116973
https://doi.org/10.1021/acsanm.6c00790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.6c00790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.6c00790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c02966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(25) Ho, C.-L; Yu, Z-Q; Wong, W.-Y. Multifunctional Poly-
metallaynes: Properties, Functions and Applications. Chem. Soc. Rev.
2016, 45, 5264—5295.

(26) Qassab, M.; Lohier, J.-F.; Marineau-Plante, G.; Wayzani, A. A.;
Herbinet, R.; Durandetti, M.; Hardouin, J.; Karsenti, P.-L.; Pluart, L.
L; Harvey, P. D,; Lemouchi, C,; Sharma, G. D. Role of 34-
Ethylenedioxythiophene in the Enhancement of Optical and Charge
Transport Properties of Low Band Gap Diketopyrrolopyrrole-
Containing Metallooligomers Designed for Organic Solar Cells.
ACS Appl. Energy Mater. 2023, 6, 12452—12467.

(27) Harvey, P. D. Organometallic and Coordination Polymers, and
Linear and Star Oligomers Using the trans-Pt(PR;),(C=C), Linker.
J. Inorg. Organomet. Polym. 2017, 27, S3—S38.

(28) Jayapal, M.; Haque, A.; Al-Busaidi, L. J.; Al-Balushi, R.; Al-Suti,
M. K,; Islam, S. M.; Khan, M. S. Synthesis, Characterization and
Photocell Studies of A Pt(Il) Poly-Yne Covalently Attached To A
Fullerene. J. Inorg. Organomet. Chem. 2017, 842, 32—38.

(29) Cerra, S.; Carlini, L.; Salamone, T. A.; Hajareh Haghighi, F.;
Mercurio, M.; Pennacchi, B.; Sappino, C.; Battocchio, C.; Nottola, S.;
Matassa, R.; Fratoddi, I. Noble Metal Nanoparticles Networks
Stabilized by Rod-Like Organometallic Bifunctional Thiols. Chemis-
trySelect 2023, 8, No. €202300874.

(30) Wolf, M. O. Transition-Metal—Polythiophene Hybrid Materi-
als. Adv. Mater. 2001, 13, 545—553.

(31) Quintana, C; Cifuentes, M. P.; Humphrey, M. G. Transition
Metal Complex/Gold Nanoparticle Hybrid Materials. Chem. Soc. Rev.
2020, 49, 2316—2341.

(32) Cerra, S.; Fontana, L.; Rossi, E.; Bassetti, M.; Battocchio, C.;
Venditti, I; Carlini, L.; Matassa, R.; Familiari, G.; Fratoddi, I
Binuclear organometallic Pt(II) complexes as stabilizing ligands for
gold and silver metal nanoparticles. Inorg. Chim. Acta 2021, S16,
No. 120170.

(33) Fratoddi, I; Altamura, P.; Lo Sterzo, C.; Furlani, A.; Galassi, E.;
D’Amico, A,; Russo, M. V. Organometallic Polymers: Synthesis and
Electro-optical Properties. Polym. Adv. Technol. 2002, 13, 269—274.

(34) Russo, M. V,; Lo Sterzo, C.; Franceschini, P.; Biagini, G;
Furlani, A. Synthesis of Highly Ethynylated Mono and Dinuclear
Pt(II) Tethers Bearing the 4,4'-Bis(Ethynyl)Biphenyl (Debp) Unit as
Central Core. J. Organomet. Chem. 2001, 619, 49—61.

(35) Lim, C. C. Far-Infrared High-Density Polyethylene Windows
for Low-Temperature and Moderate-Pressure Applications. Rev. Sci.
Instrum. 1986, 57 (7), 1419—1421.

(36) Zangrando, M.; Zacchigna, M.; Finazzi, M.; Cocco, D,;
Rochow, R.; Parmigiani, F. A Polarized High-Brilliance and High-
Resolution Soft X-Ray Source at ELETTRA: The Performance of
Beamline BACH. Rev. Sci. Instrum. 2004, 75, 31-36.

(37) Krywka, C; Keckes, J; Storm, S.; Buffet, A; Roth, S. V,;
Dohrmann, R.; Miiller, M. Nanodiffraction at MINAXS (P03)
Beamline of PETRA IIL. ]J. Phys: Conf. Ser. 2013, 425 (7),
No. 072021.

(38) Cerra, S.; Cirri, D.; Gabbiani, C.; Pratesi, A.; Grigorian, S.;
Matassa, R.; Lozano, J. G.; Beltrdn, A. M.; Capocefalo, A.; Fasolato,
C.; Scaramuzzo, F. A.; Marsotto, M.; Battocchio, C.; Salamone, T. A.;
Pennacchi, B.; Mercurio, M.; Fratoddi, I. Hydrophobic Gold
Nanoparticles Coupled with Fluorescent Dyes: A Smart Tool for
Optoelectronic Applications. Inorg. Chim. Acta 2025, 579,
No. 122553.

(39) Fratoddi, I; Battocchio, C; Groia, A. L; Russo, M. V.
Nanostructured Polymetallaynes of Controlled Length: Synthesis and
Characterization of Oligomers and Polymers from 1,1’-Bis-(ethynyl)-
4,4’-biphenyl Bridging Pt(II) or Pd(II) Centers. J. Polym. Sci,, Polym.
Chem. 2007, 45, 3311—3329.

(40) Battocchio, C.; D’Acapito, F.; Fratoddi, I; La Groia, A;
Polzonetti, G.; Roviello, G.; Russo, M. V. Platinum (II) Dialkynyl
Bridged Binuclear Complex and Related Multinuclear Oligomer:
Comparison of EXAFS and X-Ray Crystal Structure Studies. Chem.
Phys. 2006, 328 (1-3), 269—274.

(41) Pickett, L. W. An X-Ray Study of Substituted Biphenyls. J. Am.
Chem. Soc. 1936, S8 (11), 2299—2303.

14001

(42) Benito, J.; Berenguer, J. R; Forniés, J; Gil, B,; Gémez, J.;
Lalinde, E. Synthesis, Characterization and Luminescence Properties
of Homoleptic Platinum(ii) Acetylide Complexes. Dalton Trans.
2003, No. 22, 4331-4339.

(43) Zhao, T.; Liu, R; Shi, H; Shu, M,; Huy, J; Li, H; Zhu, H.
Synthesis, Tunable Photophysics and Nonlinear Absorption of
Terpyridyl Pt(II) Complexes Bearing Different Acetylide Ligands.
Dyes Pigm. 2016, 126, 165—172.

(44) Avram, M.; Mateescu, G. D.; Avram, M. Infrared Spectroscopy:
Applications in Organic Chemistry, Repr. ed.; Krieger: Huntington, N.
Y, 1978.

(45) Rao, C. N. R;; Venkataraghavan, R; Kasturi, T. R. Contribution
to The Infrared Spectra of Organosulphur Compounds. Can. J. Chem.
1964, 42, 36—42.

(46) Petroski, J.; Chou, M.; Creutz, C. The Coordination Chemistry
of Gold Surfaces: Formation and Far-Infrared Spectra of Alkanethio-
late-Capped Gold Nanoparticles. J. Organomet. Chem. 2009, 694,
1138—1143.

(47) Furlani, A;; Carusi, P.; Russo, M. V. Far Infrared Spectra of
Zeovaent Platinum—Acetylene Complexes. J. Organomet. Chem.
1974, 67 (2), 315—320.

(48) Shurvell, H. F. Spectra—Structure Correlations in the Mid- and
Far-infrared in. In Handbook of Vibrational Spectroscopy; Chalmers, J.
M., Ed.; Wiley: Chichester Weinheim, 2002; pp 1783—1816.

(49) Pradilla-Sorzano, J.; Fackler, J. P. Far Infrared Spectra of Olefin-
Pt(II) Complexes. Normal Coordinate Analysis of Zeise’s Salt. J. Mol.
Spectrosc. 1967, 22, 80—98.

(50) Taylor, M. J.; Odell, A. L.; Raethel, H. A. Assignment of the
stretching frequencies in some chlorine-bridged platinum(II)
complexes, Pt,Cl,L,, with phosphorus and arsenic ligands. Spec-
trochim. Acta 1968, 24, 1855—1861.

(51) Adams, D. M.; Cornell, J. B. Metal-Sulphur Vibrations. Part L
Far-infrared Spectra of Some Complexes of Thiourea and Ethyl-
enethiourea (Imidazolidine-2-thione). J. Chem. Soc. A 1967, 2, 884—
889.

(52) Allen, A. D,; Theophanides, T. Platinum(II) Complexes:
Infrared Spectra in the 300—800 cm ™" Region. Can. J. Chem. 1964, 42
(7), 1551—-1554.

(53) Zhang, Y. J. Comparing the Interparticle Coupling Effect on
Sensitivities of Silver and Gold Nanoparticles. J. Quant. Spectrosc.
Radiat. Transfer 2012, 113, 578—581.

(54) Oliveira, J. P.; Prado, A. R;; Keijok, W. J.; Ribeiro, M. R. N;
Pontes, M. J; Nogueira, B. V,; Guimaraes, M. C. C. A Helpful
Method for Controlled Synthesis of Monodisperse Gold Nano-
particles through Response Surface Modeling. Arab. J. Chem. 2020,
13, 216—226.

(55) Wu, W.-T.; Chen, C.-H.; Chiang, C.-Y.; Chau, L.-K. Effect of
Surface Coverage of Gold Nanoparticles on the Refractive Index
Sensitivity in Fiber-Optic Nanoplasmonic Sensing. Sensors 2018, 18,
No. 1759.

(56) Pattabi, M.; Pattabi, R. M. Photoluminescence from Gold and
Silver Nanoparticles. Nano Hybrids 2014, 6, 1-35.

(57) Rausch, A. F; Murphy, L; Williams, J. A. G; Yersin, H.
Improving the Performance of Pt(II) Complexes for Blue Light
Emission by Enhancing the Molecular Rigidity. Inorg. Chem. 2012, 51
(1), 312-319.

(58) Fukumoto, Y.; Takano, S.; Asami, Y.; Hirai, H.; Harano, K;
Tsukuda, T. Programmed Assembly of IrAu;, Nanoclusters into
Dimers and Trimers: Electron Microscopy Observation and
Spectroscopic Characterization. Nano Lett. 2025, 25 (32), 12248—
12254.

(59) Battocchio, C.; Porcaro, F.; Mukherjee, S.; Magnano, E;
Nappini, S.; Fratoddi, I; Quintiliani, M.; Russo, M. V.; Polzonetti, G.
Gold Nanoparticles Stabilized with Aromatic Thiols: Interaction at
the Molecule—Metal Interface and Ligand Arrangement in the
Molecular Shell Investigated by SR-XPS and NEXAFS. ]. Phys.
Chem. C 2014, 118 (15), 8159—8168.

https://doi.org/10.1021/acsanm.6c02966
ACS Appl. Nano Mater. 2026, 9, 13987—14002

920z Jequialdag 9| uo 01yooo}Eq BIEIYD ‘T 1L VINOY IANLS 1193 VLISHIAINN Aq jpd 9962099 WUESOE/88698859/286€ |/62/6/)Pd-0jo1e/9jwiuee/B10°soe sqnd wo.y papeojumoq


https://doi.org/10.1039/C6CS00226A
https://doi.org/10.1039/C6CS00226A
https://doi.org/10.1021/acsaem.3c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.3c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.3c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.3c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10904-017-0673-y
https://doi.org/10.1007/s10904-017-0673-y
https://doi.org/10.1016/j.jorganchem.2017.05.012
https://doi.org/10.1016/j.jorganchem.2017.05.012
https://doi.org/10.1016/j.jorganchem.2017.05.012
https://doi.org/10.1002/slct.202300874
https://doi.org/10.1002/slct.202300874
https://doi.org/10.1002/1521-4095(200104)13:8<545::AID-ADMA545>3.0.CO;2-3
https://doi.org/10.1002/1521-4095(200104)13:8<545::AID-ADMA545>3.0.CO;2-3
https://doi.org/10.1039/C9CS00651F
https://doi.org/10.1039/C9CS00651F
https://doi.org/10.1016/j.ica.2020.120170
https://doi.org/10.1016/j.ica.2020.120170
https://doi.org/10.1002/pat.185
https://doi.org/10.1002/pat.185
https://doi.org/10.1016/S0022-328X(00)00533-7
https://doi.org/10.1016/S0022-328X(00)00533-7
https://doi.org/10.1016/S0022-328X(00)00533-7
https://doi.org/10.1063/1.1138613
https://doi.org/10.1063/1.1138613
https://doi.org/10.1063/1.1634355
https://doi.org/10.1063/1.1634355
https://doi.org/10.1063/1.1634355
https://doi.org/10.1088/1742-6596/425/7/072021
https://doi.org/10.1088/1742-6596/425/7/072021
https://doi.org/10.1016/j.ica.2025.122553
https://doi.org/10.1016/j.ica.2025.122553
https://doi.org/10.1016/j.ica.2025.122553
https://doi.org/10.1002/pola.22081
https://doi.org/10.1002/pola.22081
https://doi.org/10.1002/pola.22081
https://doi.org/10.1016/j.chemphys.2006.07.011
https://doi.org/10.1016/j.chemphys.2006.07.011
https://doi.org/10.1016/j.chemphys.2006.07.011
https://doi.org/10.1021/ja01302a062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B308291A
https://doi.org/10.1039/B308291A
https://doi.org/10.1016/j.dyepig.2015.11.021
https://doi.org/10.1016/j.dyepig.2015.11.021
https://doi.org/10.1139/v64-006
https://doi.org/10.1139/v64-006
https://doi.org/10.1016/j.jorganchem.2008.11.057
https://doi.org/10.1016/j.jorganchem.2008.11.057
https://doi.org/10.1016/j.jorganchem.2008.11.057
https://doi.org/10.1016/S0022-328X(00)82358-X
https://doi.org/10.1016/S0022-328X(00)82358-X
https://doi.org/10.1016/0022-2852(67)90150-6
https://doi.org/10.1016/0022-2852(67)90150-6
https://doi.org/10.1016/0584-8539(68)80242-9
https://doi.org/10.1016/0584-8539(68)80242-9
https://doi.org/10.1016/0584-8539(68)80242-9
https://doi.org/10.1039/J19670000884
https://doi.org/10.1039/J19670000884
https://doi.org/10.1039/J19670000884
https://doi.org/10.1139/v64-238
https://doi.org/10.1139/v64-238
https://doi.org/10.1016/j.jqsrt.2012.02.018
https://doi.org/10.1016/j.jqsrt.2012.02.018
https://doi.org/10.1016/j.arabjc.2017.04.003
https://doi.org/10.1016/j.arabjc.2017.04.003
https://doi.org/10.1016/j.arabjc.2017.04.003
https://doi.org/10.3390/s18061759
https://doi.org/10.3390/s18061759
https://doi.org/10.3390/s18061759
https://doi.org/10.4028/www.scientific.net/NH.6.1
https://doi.org/10.4028/www.scientific.net/NH.6.1
https://doi.org/10.1021/ic201664v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic201664v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c02770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c02770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c02770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4126057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4126057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4126057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c02966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(60) Chen, X. C; Green, P. F. Control of Morphology and Its
Effects on the Optical Properties of Polymer Nanocomposites.
Langmuir 2010, 26 (5), 3659—3665. .

(61) Paruzel, B.; Pavlova, E.; Pfleger, J.; Slouf, M.; Halasové, K;
Mikmekov4, S. Poly(3-Hexylthiophene)/Gold Nanoparticle Nano-
composites: Relationship between Morphology and Electrical
Conducﬁvky.Chan.Pap42017,71(2),401—40&

(62) Fratoddi, 1.; Matassa, R.; Fontana, L.; Venditti, I.; Familiari, G.;
Battocchio, C.; Magnano, E.; Nappini, S.; Leahu, G.; Belardini, A.; Li
Voti, R.; Sibilia, C. Electronic Properties of a Functionalized Noble
Metal Nanoparticles Covalent Network. J. Phys. Chem. C 2017, 121
(33), 18110—18119.

(63) Lee, D; Jang, D.-J. Charge-Carrier Relaxation Dynamics of
Poly(3-Hexylthiophene)-Coated Gold Hybrid Nanoparticles. Polymer
2014, S5 (21), 5469—5476.

(64) Ansari, M. A,; Mohiuddin, S.; Kandemirli, F.; Malik, M. L
Synthesis and Characterization of Poly(3-Hexylthiophene): Improve-
ment of Regioregularity and Energy Band Gap. RSC Adv. 2018, 8
(15), 8319—8328.

(65) Smolarek, K; Ebenhoch, B.; Czechowski, N.; Prymaczek, A.;
Twardowska, M.; Samuel, I. D. W.; Mackowski, S. Silver Nanowires
Enhance Absorption of Poly(3-Hexylthiophene). Appl. Phys. Lett.
2013, 103 (20), No. 203302.

(66) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer US: Boston, MA, 2006; pp 278—327 DOI: 10.1007/978-0-
387-46312-4.

(67) Ou, J; Yang, Y; Yuan, Z; Zhang, Y.; Gan, L; Chen, X.
Enhanced Single Molecule Fluorescence of Conjugated Polymer
Poly(3-Hexylthiophene) on Silver-Nanocubes. Synth. Met. 2014, 195,
9—-18.

(68) Kim, K.-S.; Zakia, M.; Yoon, J.; Yoo, S. L. Metal-Enhanced
Fluorescence in Polymer Composite Films with Au@Ag@SiO,
Nanoparticles and InP@ZnS Quantum Dots. RSC Adv. 2019, 9 (1),
224-233.

(69) Jana, B.; Bhattacharyya, S.; Patra, A. Conjugated Polymer
P3HT—Au Hybrid Nanostructures for Enhancing Photocatalytic
Activity. Phys. Chem. Chem. Phys. 2015, 17 (23), 15392—15399.

(70) Grodd, L. S.; Mikayelyan, E.; Dane, T.; Pietsch, U.; Grigorian,
S. Local Scale Structural Changes of Working OFET Devices.
Nanoscale 2020, 12 (4), 2434—2438.

14002

https://doi.org/10.1021/acsanm.6c02966
ACS Appl. Nano Mater. 2026, 9, 13987—14002

920z Jequialdag 9| uo 01yooo}Eq BIEIYD ‘T 1L VINOY IANLS 1193 VLISHIAINN Aq jpd 9962099 WUESOE/88698859/286€ |/62/6/)Pd-0jo1e/9jwiuee/B10°soe sqnd wo.y papeojumoq


https://doi.org/10.1021/la903108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la903108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11696-016-0101-8
https://doi.org/10.1007/s11696-016-0101-8
https://doi.org/10.1007/s11696-016-0101-8
https://doi.org/10.1021/acs.jpcc.7b07176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b07176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2014.08.069
https://doi.org/10.1016/j.polymer.2014.08.069
https://doi.org/10.1039/C8RA00555A
https://doi.org/10.1039/C8RA00555A
https://doi.org/10.1063/1.4829623
https://doi.org/10.1063/1.4829623
https://doi.org/10.1007/978-0-387-46312-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-0-387-46312-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.synthmet.2014.05.014
https://doi.org/10.1016/j.synthmet.2014.05.014
https://doi.org/10.1039/C8RA08802K
https://doi.org/10.1039/C8RA08802K
https://doi.org/10.1039/C8RA08802K
https://doi.org/10.1039/C5CP01769F
https://doi.org/10.1039/C5CP01769F
https://doi.org/10.1039/C5CP01769F
https://doi.org/10.1039/C9NR07905J
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c02966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

