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ARTICLE INFO ABSTRACT

Keywords: In this work, gold nanoparticles (AuNPs) are functionalized with two different rigid, conjugated thiol ligands: (i)
Gold nanoparticles 9,9-didodecyl-2,7-bis(acetylthio)fluorene (FL) and (ii) 2-(anthracen-9-ylmethyl)thio)ethane-1-thiol (2AET).

Organic thiols
Fluorescent dyes
Photoluminescence

Functionalized AuNPs synthesis is carried out via a two-phase wet chemical reduction method, using NaBH4 as a
reducing agent. During the synthesis procedure, ligands are used in 2AET/FL mixture exploring different molar
Nanocomposites ratios. On freshly prepared samples, UV-Vis and DLS studies demonstrate the reproducibility of the synthesis
Flectrical measurements method over the molar ratios investigated, with the 2AET/FL 1:2 molar ratio giving the most stable colloids up to
Optoelectronics one year of aging. Infrared spectroscopies (FTIR, Far-IR) and SR-XPS allow a deep surface AuNPs character-
ization, which show tunable photoluminescence upon excitation by different wavelengths. To exploit potential
optoelectronic applications, the n-conjugated polymer poly(phenylacetylene) (PPA) is used to prepare nano-
composites with different AuNPs/PPA weight ratios (from 10/90 to 90/10 %wt.). Morphological studies carried
out with AFM and HR-TEM show 4 nm quasi-spherical shape AuNPs uniformly blended within the polymer. The
electric response is assessed onto spin-coated thin films (thickness ca. 4 nm). At the highest AuNPs amount, the
band gap is reduced up to 2.15 eV with an increase in the electrical conductivity of about 2.5 times compared
with AuNPs and PPA.

1. Introduction ligands without expensive fabrication facilities is rapidly emerging at
the research frontier to confer additional and novel optoelectronic
The design of metal nanostructures functionalized with fluorescent properties to nanomaterials. In the nanoscale size range (1-100 nm),
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noble metal nanoparticles (Au-, Ag-, PANPs) show exotic physico-
chemical properties due to their quantum confinement and high surface-
to-volume ratio [1-3]. Concerning this category, gold nanoparticles
(AuNPs) are one of the most explored due to their oxidation resistance,
surface chemical versatility, and unique optical properties, such as the
localized surface plasmon resonance (SPR) ascribable to the collective
oscillating surface electrons (i.e., plasmons) associated to the strong
optical extinction band (500-600 nm) [4]. However, intrinsic photo-
luminescent behavior pertains only to ultrasmall gold nanocrystals
consisting of several to tens of metal atoms, whose size is comparable to
the Fermi wavelength of the electron (ca. 1 nm) [4]. Nanoparticle size
influences the fluorescence, which is only observed for spherical AuNPs
with a diameter <10 nm (rationalized from a dipole-induced non-radi-
ative energy transfer), whereas for large nanoparticles (>10 nm),
quenching always dominates [5,6]. Yet from optical and surface-related
perspectives, recent publications reported on the surface functionaliza-
tion of gold nanoparticles with organic fluorescent dyes [7-9]. Surface
modification of AuNPs using dyes also overcomes typical limitations of
organic molecules such as photobleaching (fluorescence intensity
decrease in time and/or shift of their absorption/emission spectra),
widening the range of applications (organic solar cells, photocatalysis,
photonic devices, and optically responsive materials) [10,11]. Different
synthesis strategies have been adopted to obtain stable, dye-
functionalized AuNPs, both covalent and non-covalent, using rhoda-
mine and fluorescein-based molecules [12-14]. The reported studies
clearly highlight that the fine tuning of fluorescence is possible ac-
cording to dye concentration [12], AuNPs size [13], and shape [13]. In
particular, Kumar et al. [12] showed that the dye concentration on
AuNPs has a pronounced influence on the absorption and emission
behavior of dye-functionalized AuNPs. Fratoddi et al. [14] were able to
modulate both the amount of dye capping agent (rhodamine 6G iso-
thiocyanate) covalently linked on AuNPs and their dielectric constant,
by tuning the plasmon resonance over a large range of wavelengths.
However, the interaction of dye molecules with plasmonic surfaces may
also generate quenching/superquenching mechanisms (effective energy
transfer) when overlapping of spectral donor-acceptor absorptions oc-
curs [13]. Reasonably, in the case of AuNPs (SPR 500-600 nm),
quenching of fluorescence efficiency and lifetime mainly concerns dyes
with absorption/emission in the visible spectral region, also depending
on the separation distance between the fluorophore and the AuNPs
surface [12]. Therefore, a critical remark concerns the stabilization of
AuNPs against irreversible aggregation, which induces a decrease in
surface energy, fluorophore lifetime, and efficiency. The most effective
stabilization strategy is the covalent functionalization of AuNPs with
thiols/thiolated molecules, taking advantage of the high chemical af-
finity between gold and sulphur [15]. Current research focuses on the
synthesis of multifunctional nanoparticles, able to combine more than
one physicochemical property on the same nanoplatform [16]. How-
ever, only a few studies exploit the possibility of a mixed functionali-
zation to have both synergistic fluorescent and electrical properties,
taking advantage of the interparticle near-field coupling effect [17].
Bearing this in mind, in this work we synthesized organic soluble
AuNPs functionalized with two different organic, n-conjugated synthetic
thiols, ie., 9,9-didodecyl-2,7-bis(acetylthio)fluorene (FL) and 2-
(anthracen-9-ylmethyl)thio)ethane-1-thiol (2AET), both bearing an
activable thiolate group (-SH or ~-SCOCHj3), which can be exploited for
covalent binding with the gold surface. Attention has been given to
optimizing synthesis conditions for mixed functionalized gold nano-
particles, namely AuNPs-2AET-FL_1 (molar ratio 2AET:FL 1:1), AuNPs-
2AET-FL 2 (molar ratio 2AET:FL 1:2), and AuNPs-2AET-FL_4 (molar
ratio 2AET:FL 1:4). The fluorene derivative was chosen due to its fluo-
rescence in the 300-400 nm range with negligible quenching effect after
AuNPs conjugation and its proven conductivity enhancement when used
in polymer blends [18]. Fluorescent 2AET with its anthracene moiety
has been designed to exploit an electron-rich structure with absorption/
emission not overlapping with the typical SPR band of AuNPs, thus
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showing optically active behavior in the near-UV region. With potential
applications in optoelectronics, AuNPs-2AET-FL,_2 has been used as
inorganic fillers in a semiconducting poly(phenylacetylene) (PPA) ma-
trix at different weight ratios (from 10/90 to 90/10 AuNPs/PPA %wt.)
to obtain hybrid organic/inorganic nanocomposites via simple blending
approach at room temperature. Compared with pristine AuNPs, nano-
composite arrangement is more prone to applications in miniaturized,
flexible devices [19]. PPA has been chosen as a n-conjugated model
polymer in the nanocomposite architecture due to its dynamic helical
structure, opening the possibility for preparing materials with combined
fluorescent-electrical and potential dynamic chiral plasmon response
[20]. To obtain insight into the structural and optical behavior of these
colloidal nanoparticles and nanocomposites, a combination of charac-
terization techniques has been exploited. UV-Vis and photo-
luminescence (PL) assessed their optical properties. Infrared
spectroscopy (FTIR, Far-IR) and synchrotron radiation-induced X-ray
photoelectron spectroscopy (SR-XPS) were employed for extensive
structural characterization, whereas, at solid-state, morpho-structural
analyses have been carried out using atomic force microscopy (AFM),
and high-resolution transmission electron microscopy (HR-TEM). In
organic solvent suspension, the hydrodynamic diameter value (<2Ry>)
has been estimated by dynamic light scattering (DLS). The electrical
response of both pristine gold nanoparticles and nanocomposites was
evaluated via electrical (I/V) measurements in the form of spin-coated
thin films onto interdigitated ITO electrodes.

2. Experimental section
2.1. Materials

Tetrachloroauric(Ill) acid trihydrate (HAuCly, 99.0 %, M.W. 393.83
g/mol), tetraoctylammonium bromide (TOAB, (CH3(CH,);)4N"Br~, 98
%, M.W. 546.79 g/mol), sodium borohydride (NaBHy4, >98.0 %, M.W.
37.83 g/mol), 9,9-didodecyl-2,7-dibromofluorene (FL-Br, C3yHseBra,
97.0 %, M.W. 660.65 g/mol), sodium methanethiolate (CH3SNa, >90.0
%, M.W. 70.09 g/mol), dimethylformamide (C3H;NO, DMF, anhydrous,
M.W. 73.10 g/mol), 1,2-ethanedithiol (CoHgS2, 98 %, 94.20 g/mol),
potassium carbonate (K2CO3, 99 %, 138.21 g/mol), 9-chloromethylan-
thracene (Cy5Hp1Cl, 99 %, 226.70 g/mol). Previously synthetized ste-
reoregular cis-transoid poly(phenylacetylene) (PPA) was used [21]. 1,3-
Dimethyl-2-imidazolidinone (DMI, CsH;oN20, >99.5 %, M.W. 114.15
g/mol), acetyl chloride (CH3COCl, >99.0 %, M.W. 78.50 g/mol), pe-
troleum ether (40-60 °C, > 90 %), diethyl ether (C2H100, 99 %, 74.12 g/
mol), n-pentane (CsHp2, 99 %, 72.15 g/mol), dichloromethane (DCM,
CHCly, >99.9 %), chloroform (CHCl3, >99.5 %), toluene (C¢HsCHs,
>99.5 %), ethanol (CH3CH2OH, 96 %), and isopropyl alcohol (i-PrOH,
(CH3)2CHOH, >99.8 %) were all Merck (Milan, Italy) and used without
further purification. Ultrapure water (H2Oyp, 18.3 MQ-cm) produced
with a Zeneer Power I Scholar-UV water purification system (Fulltech
Instruments, Rome, Italy) was used in all aqueous solutions. A high-
speed micro-centrifuge (Scilogex, Rocky Hill, Connecticut, USA) was
used for purification of the colloidal suspensions. Thin-layer chroma-
tography (TLC) separation was performed on silica gel (TLC-PET foils)
with fluorescent indicator 254 nm (Merck, Milan, Italy).

2.2. Methods

2.2.1. Synthesis of 2-((anthracen-9-ylmethyl)thio)ethane-1-thiol (2AET)
In a 100 mL flask were added 10 mL of anhydrous DMF, 2.7 g of
K2CO3 and 5 mL of 1,2-ethanedithiol. The mixture was stirred at room
temperature and a solution of 2.0 g of 9-chloromethylanthracene in 25
mL of DMF was added through a dropping funnel apparatus in about 5 h.
The resulting mixture was stirred at room temperature overnight, then
the solvent was removed through a rotary evaporator. The crude prod-
uct was washed in a Hirsch funnel with a few mL of a cold 1:1 v/v
mixture of diethyl ether and n-pentane and dried in a desiccator through
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a high vacuum pump. After desiccation the 2.5 g of yellow solid were
obtained. The crude reaction product was analyzed through 'H NMR
and was found to be a 2:1 mixture of the expected product, together with
the dialkylated counterpart (R—S—CHyCHo—S—R, R—C;sHjp1) as a
contaminant. Since in the following experimental steps the contaminant
was not reactive, the crude product was employed without further pu-
rifications. The contaminant was finally removed during the nano-
particles centrifugation steps (see paragraph 2.2.2). Full
characterizations are reported in Fig. S1 in the Supporting Information.

Physical properties and spectral data of 2AET: UV-vis (CHCly): 1 =
321, 337, 354, 372 (max), 393 nm; PL (CH.Cly): dex = 375 nm, Aem =
400, 420 (max), 444 nm; 'H NMR (400 MHz, CDCls, 5): 8.41 (m, 1H, Ar
H), 8.32 (m, 2H, Ar H), 8.00 (m, 4H, Ar H), 7.40-7.60 (m, 4H, Ar H),
4.78 (m, 2H, CHj), 2.86 (m, 2H; CHj), 2.77 (m, 2H; CH5), 1.80 (broad,
1H; SH); FT-IR (KRS-5) [22,23]: v = 3309 (w; —OH)), 3048 (w, (—CH)
aromatic), 2917 (m; vgs(—CHs)), 2876 (m; vs(—CHy)), 2562 (w;
v(—SH)), 1670 (s; v(CC) Ar), 1595 (s; ©(CC) Ar), 1481 (w; v(CC) Ar),
1445 (m; 8y(—CHgz)), 1411 (m; &(—CHs), y(—CHgz)), 1282 (m;
Vas(C—C—C), 1035 (s; in-plane 5(=CH)), 885 (s; def. modes (CC) Ar),
795 (m; def. modes (CC) Ar), 731 (s, out-of-plane 5(—CH) Ar), 643 (w,
v(C—S)); Far-IR (PE) [24-26]: v = 566 (w; in-plane ring deformation
mode), 523 (m; out-of-plane ring deformation), 472 (w; in-plane ring
deformation mode) 405 (m; out-of-plane C—C deformation), 386
p(—CHy), 302 (m; —S—C—C deformation), 286 (w, p(—CHy)), 253 (w,
p(—CHy)), 225 (w, p(—CHjy)). HRMS (ESI) m/z: [M+H]" caled. for
C17H15S2, 283.0615; found, 283.0602 (mass error: —4.6 ppm).

N.B. The species identified by ESI-MS analysis apparently differs
from the desired compound. This behavior can be easily explained
taking into account that oxidized species can be formed during the
ionization process [27].

2.2.2. Synthesis of gold nanoparticles stabilized with 2AET and FL ligands

Synthesis of the fluorene derivative was carried out by optimizing a
previously reported protocol [3]. A detailed procedure together with
main characterizations are reported in the Supporting Information and
Fig. S2. Hydrophobic gold nanoparticles were synthesized using a
modified two-phase Brust-Shiffrin procedure [28]. HAuCls (0.0500 g,
1.27-10~* mol) was dissolved in 5 mL of Hy0,p and mixed with 0.0694 g
of TOAB as phase-transfer agent solubilized in 5 mL of toluene (HAuCly4:
TOAB 1:1 mol/mol). The aqueous/toluene mixture was stirred for 5 min
to allow the complete transfer of [(CH3(CH3)7)4N1" [AuCls4]™ complex in
the organic phase. Then, the FL thioacetate ligand and the 2AET dye
were dissolved in 5 mL of toluene (each) and added to the reaction
mixture with different molar ratios between reagents HAuCly/2AET/FL:
1:0.5:0.5 (AuNPs-2AET-FL_1), 1:0.5:1 (AuNPs-2AET-FL_2), and 1:0.5:2
(AuNPs-2AET-FL_4). The reaction was degassed under Ar flux for 15
min, and 0.0480 g of NaBH4 (1.27-1073 mol, HAuCl4:NaBH,4 1:10 mol/
mol) in 5 mL of Hy0,, were injected dropwise with a syringe to achieve
gold precursor reduction in the presence of thiols as functionalizing
agents. The synthesis mixture was vigorously stirred for 3 h at room
temperature, turning from orange to dark brown. In the end, the crude
mixture was transferred into a separatory funnel and repeatedly washed
with brine (5 x ca. 10 mL). The organic phase was separated and
removed by a rotary evaporator. The as-synthesized thiol-functionalized
AuNPs were recovered with 20 mL of ethanol, split into centrifuge tubes,
and purified by repeated centrifuges (4x, 10 000 rpm, 9503 g, 10 min,
+8 °C). After purification steps, ethanol was removed under reduced
pressure, and nanoparticles were redispersed in CH,Cl, for further use.

Physical properties and spectral data of AuNPs-2AET-FL_1. UV-Vis
(CHCly): Aspr = 533 nm (fresh), 630 nm (aged, 1 year); PL (CH2Cly): Aex
=333 nm, dem = 362, 395, 418 (max), 440 nm, dex = 370 nm, e, = 398,
418 (max), 440 nm; FT-IR (KRS-5): v = 3061 (w, (—CH) aromatic), 2955
(W; vas(—CHz2)), 2926 (s; vas(—CHy)), 2852 (m; vs(—CHy)), 1731 (m;
1(C=0)), 1671 (m; v(CC) Ar), 1592 (m; v(CC) Ar), 1490 (w; v(CC) Ar),
1461 (s; 5(—CH,)), 1406 (w; 8(—CHs), y(—CHy)), 1377 (w; 8(—CHs),
y(—CHy)), 1262 (m; vas(C—C—C), 1095 (m; in-plane 5(=CH)), 1032 (s;
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in-plane 8(—CH)), 886 (w; def. modes (CC) Ar), 807 (s; def. modes (CC)
Ar), 733 (m, out-of-plane 3(—CH) Ar), 663 (w, v(C—S)); 616 (w,
v(=C—S)); Far-IR (PE, i-PrOH): v = 590 (w; in-plane ring deformation
mode), 521 (w; out-of-plane ring deformation), 485 (w; in-plane ring
deformation mode), 415 (w; out-of-plane C—C deformation), 377 (w,
p(—CHy)), 326 (w; ring in-plane bending), 309 (w, —S—C—C deforma-
tion), 280 (m; p(—CHy)), 243 (m; V(Au—S)); <2Ry> (DLS, CHCly): (12
+ 2) nm; (60 + 25) nm; (185 + 65) nm; yield: 34 %w/w. Yield was
calculated as gold nanoparticles/gold precursor weight ratio.

Physical properties and spectral data of AuNPs-2AET-FL_2. UV-Vis
(CH2Cly): Aspr = 533 nm (fresh), 545 nm (aged, 1 year); PL (CH2Cl5): dex
= 333 nm, Aem = 345, 362 (max), 377, 408 (tail) nm, dex = 370 nm, Aem
= 394, 415 (max), 440 nm; FT-IR (KRS-5): v = 3061 (w, (—CH) aro-
matic), 2955 (w; 1gs(—CH3)), 2926 (s; vgs(—CHz)), 2852 (m; vs(—CHy)),
1710 (m; v(C=0)), 1663 (m; v(CC) Ar), 1594 (m; v(CC) Ar), 1482 (w;
v(CC) Ar), 1465 (s; 85(—CHy)), 1403 (w; 8(—CHg3), y(—CHy)), 1381 (w;
8(—CH3s), y(—CHy)), 1260 (m; v,5(C—C—C), 1093 (m; in-plane (—=CH)),
1020 (s; in-plane 5(—CH)), 880 (w; def. modes (CC) Ar), 805 (m; def.
modes (CC) Ar), 735 (w, out-of-plane 3(—CH) Ar), 654 (w, v(C—S)); 613
(w, u(=C—S)); Far-IR (PE, i-PrOH): v = 587 (w; in-plane ring deforma-
tion mode), 523 (w; out-of-plane ring deformation), 477 (w; in-plane ring
deformation mode), 385 (w, p(—CHy)), 326 (w; ring in-plane bending),
288 (w; p(—CHy3)), 242 (m; v(Au—S)); <2Ry> (DLS, CHCly): (30 £ 5)
nm; (68 £ 15) nm; (260 + 70) nm; yield: 34 %wt. Yield was calculated
as gold nanoparticles/gold precursor weight ratio.

Physical properties and spectral data of AuNPs-2AET-FL_4. UV-Vis
(CH2Cly): Aspr = 533 nm (fresh), 620 nm (aged, 1 year); PL (CH2Cl5): dex
= 333 nm, Aeyp = 345, 362 (max), 377, 408 (tail) nm, Aex = 370 nm, Aem
= 394, 415 (max), 440 nm; FT-IR (KRS-5): v = 3058 (w, (—CH) aro-
matic), 2955 (W; vgs(—CHb)), 2926 (5; vgs(—CH>)), 2852 (m; vs(—CHy)),
1732 (m; v(C=0)), 1669 (m; v(CC) Ar), 1595 (m; v(CC) Ar), 1490 (w;
V(CC) Ar), 1461 (s; ds(—CH>)), 1404 (w; 8(—CHs), y(—CHy)), 1377 (w;
8(—CH3s), y(—CHj3)), 1260 (m; v,5(C—C—C), 1099 (m; in-plane 8(—CH)),
1032 (s; in-plane 5(—=CH)), 883 (w; def. modes (CC) Ar), 805 (s; def.
modes (CC) Ar), 730 (m, out-of-plane §(—CH) Ar), 661 (w, 1(C—S)); 605
(w, Y(=C—S)); Far-IR (PE, i-PrOH): v = 573 (w; in-plane ring deforma-
tion mode), 539 (w; out-of-plane ring deformation), 482 (w; in-plane ring
deformation mode), 326 (w; ring in-plane bending), 309 (w, —S—C—C
deformation), 278 (w; p(-CHg)), 241 (m; v(Au-S)); <2Ryp> (DLS,
CHCly): (3 £ 1) nm; (37 + 5) nm; (205 + 30) nm; yield: 20 %w/w.
Yield was calculated as gold nanoparticles/gold precursor weight ratio.

2.2.3. Gold nanoparticles/poly(phenylacetylene) nanocomposite blend
synthesis

Gold nanoparticles/poly(phenylacetylene) (AuNPs/PPA) nano-
composite material was synthesized following a single-step blending
approach at room temperature. A 2 mg/mL of PPA solution and a 2 mg/
mL of AuNPs suspension in CHCl3; were used as stock solutions for the
preparation of 2 mL of nanocomposites with different AuNPs/PPA
weight ratios (%wt.): 10/90, 30/70, 50/50, 70/30, 90/10. The mixture
was gently stirred for 3 h at room temperature under Ar atmosphere.
Then, the final blend was stored for further use at +4 °C under inert
atmosphere.

2.2.4. Sample characterization

UV-visible spectroscopy. UV-Visible spectra were acquired on a Var-
ian Cary 100 spectrophotometer in the 200-800 nm wavelength range.
Quartz cells having an optical path length of 1 cm were used using CHCl3
or CH>Cl, as solvents.

Photoluminescence spectroscopy. Steady-state emission spectra were
recorded on a PerkinElmer LS50 luminescence spectrometer using a
quartz cuvette with a 1 mm optical path for the excitation. Mono-
chromator slits resolution was set at 2.5 nm for both excitation and
emission. Excitation wavelength was set according to the UV-Vis ab-
sorption maxima for each sample, using CH2Cl; as solvent.

Fourier-transform infrared spectroscopy. FT-IR and Far-IR spectra were
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acquired with a Bruker Vertex 70 instrument in the spectral range
4000-400 cm ! and 600-200 cm ™}, respectively. FT-IR samples were
deposited as a thin drop casted film on KRS-5 cells (transparency range
4000-400 cm™!) from their CHCl; or CH5Cl, suspensions. Far-IR anal-
ysis was performed by depositing the samples onto polyethyelene win-
dows (transparency range from 500 to >100 cm ) [29] from i-PrOH
suspensions. The resolution was 4 cm™* with a minimum of 32 scans.

Nuclear Magnetic Resonance. Monodimensional 'H NMR spectra were
recorded on a Bruker Avance III operating at 400 MHz for the proton
(298 K). Reagents and precursors spectra were acquired with a spectral
width of 15 ppm (9013.7 Hz), 64 k data points and 16 scans. The recycle
delay was set to 6.55 s to achieve complete resonance relaxation be-
tween successive scansions. Residual 'H resonance from the deuterated
solvent (CDCls, § = 7.26 ppm) is used to reference the H spectrum.
Chemical shift values were given in parts per million (5, ppm).

ESI-MS spectroscopy. High-resolution ESI mass spectrum for 2AET
was recorded by direct injection at 3 pL/min flow rate in a Thermo-
Fisher Q Exactive Plus Orbitrap mass spectrometer, equipped with an
ionization electrospray (ESI) source and a hybrid-quadrupole analyzer
working at nominal resolution (at m/z 400) of 100,000.

The experimental conditions were as follows: positive polarity, spray
voltage 3.1 kV, capillary voltage 45 V, capillary temperature 220 °C,
tube lens voltage 230 V. The sheath and the auxiliary gases were set at
17 and 1 (arbitrary units), respectively. For acquisition, Xcalibur 2.0.
software (Thermo) was used.

Dynamic Light Scattering. The intensity-weighted distribution of hy-
drodynamic diameters (<2Ryg>) of AuNPs CHCl3 suspensions was
measured by dynamic light scattering (DLS) on a Malvern Zetasizer
Nano ZS90 instrument at 25 °C using a 4 mW laser light with the
wavelength of 632.8 nm. Measurements were done with a minimum of
three replicates and reported as mean =+ standard deviation.

Spin coater. AuNPs/PPA nanocomposite blends were deposited onto
Si/SiO4 glass substrates or onto interdigitated ITO substrates using
Electron MEC PRS 5 V Spinner at room temperature. Parameters were:
speed 600 rpm, 1 min.

Atomic Force Microscopy. AFM was performed on a Veeco AFM
Multimode equipped with Nanoscope IIla on spin-coated samples on
glass substrates, from CH,Cly suspensions. The measurements were ac-
quired in tapping mode using RTESP Bruker tips (nominal parameters r
= 8 nm, f = 300 kHz, k = 40 N/m) with a 512 x 512 pixels resolution.
Post-capture correction by polynomial background filters and analysis
was performed by using the software Gwyddion 2.56.

Synchrotron radiation (SR)-induced X-ray Photoelectron Spectroscopy.
SR-XPS experiments were carried out on cast deposited films on Titania
substrates, at the materials science beamline (MSB) at the Elettra syn-
chrotron radiation source (Trieste, Italy). MSB is placed at the left end of
the bending magnet 6.1 and it is equipped with a plane grating mono-
chromator that provides light in the energy range of 21-1000 eV. The
base pressure in the UHV end station is of 2 x 107'° mbar; the end
station is equipped with a SPECS PHOIBOS 150 hemispherical electron
analyzer; low-energy electron diffraction optics; a dual-anode Mg/Al X-
ray source; an ion gun; a sample manipulator with a K-type thermo-
couple attached to the rear side of the sample. For these experiments, we
detected photoelectrons emitted by Cls, S2p and Au4f core levels at
normal emission geometry. Calibration of the energy scale was made
referencing the spectra to the Cl1s core level signal of aromatic C atoms,
fixed at 284.7 eV. Curve-fitting analysis of the spectra was done using
Gaussian curves as fitting functions, after the subtraction of a poly-
nomial background. The S2p3/, 1,2 doublets were fitted using the same
full width at half-maximum (FWHM) for both components, a spin—orbit
splitting of 1.2 eV and a branching ratio (2ps/2/2p1,2) of 2. The Au4f;,
25,2 doublets were fitted using the same full width at half-maximum
(FWHM) for both components, a spin—orbit splitting of 3.7 eV and a
branching ratio (4f;,2/4fs/2) of 4/3. When several different species were
identified in a spectrum, the same FWHM value was set for all individual
photoemission bands.
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High-resolution Transmission Electron Microscopy. HR-TEM images
were acquired using FEI Talos F200S Field Emission Gun (FEG) micro-
scope operating at 200 keV on samples deposited on Ni-support grid
coated with a carbon amorphous film. Energy dispersive X-ray spec-
troscopy (EDX) compositional analysis maps were collected using a
Super-X energy dispersive X-ray spectrometry system which includes
two silicon drift detectors, coupled to the microscope in the Scanning
Transmission Electron Microscopy (STEM) mode, using spatial drift
correction and a dwell time of 0.2 s.

Electrical measurements. The current/voltage characterization of the
samples was carried out on a Keithley 595 CVmeter equipped with an
Ossila low density OFET test board unit in the +20 V voltage range (V
step 0.5 V). 100 pL of samples were deposited by spin coating onto pre-
patterned Ossila interdigitated ITO substrates (20 x 15 mm, resistance
20 Q/square, ITO thickness 100 nm) with five OFETs with individual
source-drain connections (channel dimensions W x L: 30 mm x 50 pm).
Tests were performed at room temperature and in the visible light.

3. Results and discussion

3.1. Synthesis and spectroscopic characterization of functionalized gold
nanoparticles

Gold nanoparticles stabilized with mixed rigid, n-conjugated, fluo-
rescent ligands, i.e. 2AET and FL thioacetate in different 2AET/FL molar
ratios (1:1, 1:2, 1:4, namely AuNPs-2AET-FL_1, AuNPs-2AET-FL_2, and
AuNPs-2AET-FL 4, respectively) were synthesized under optimized
conditions according to a modified Brust-Schiffrin method [3]. It is
noteworthy that the FL ligand bears two thiol-ending groups, and it is a
suitable linker for the formation of interconnected nanoparticles, lead-
ing to super-aggregates. The synthesis procedure is schematized in
Fig. la. After the purification steps, the formation of colloidal thiol-
functionalized AuNPs-2AET-FL was confirmed by the appearance of
the characteristic SPR absorption band centered at 533 nm (Fig. 1b). The
shape of the SPR band reflects the morphology of nanoparticles and the
presence of a single absorption maximum suggested the formation of
spherical nanoparticles [30]. Importantly, a further absorption band in
the 300-400 nm range was detected, associated with the presence of
2AET dye on AuNPs surface, partially overlapping with that of FL ligand
at 318 nm. An estimation of the relative quantity of the thiol ligands on
each colloidal freshly prepared AuNPs can be extrapolated from the
UV-Vis considering the following ratio (Q, Eq. (1)):

_ Abspmk
Abs373 nm

Q @

where Abspea is the wavelength at the maximum absorption of FL (Amax
= 318) or at the Agpg = 533 nm, respectively. The ratio considers the
normalization to maximum absorption of 2AET dye (Amax = 372 nm),
since its quantity is fixed in the synthesis protocol. For AuNPs-2AET-
FL_1 calculated Q between 2AET/FL gave a 1:1.02 absorbance ratio
with a AuNPs/thiols 0.54:1, for AuNPs-2AET-FL_2, 2AET/FL Q value
was 1:0.98 and AuNPs/thiols 0.54:1, whereas for AuNPs-2AET-FL 4 Q
between 2AET/FL was 1:1.03 and AuNPs/thiols 0.46:1. These results
evidenced that, for the molar ratios herein explored, a 1:1 ratio between
ligands is maintained through samples, although in the case of AuNPs-
2AET-FL 4 a low AuNPs yield was obtained. In all cases, AuNPs
showed a single, broad plasmon band, with a calculated full-width-at-
half-maximum (FWHM) value of (205 + 1) nm. The FWHM value (or
SPR peak width) is known to depend on the size distribution of colloidal
nanoparticles but also on the coupling effect between gold cores in the
case of close or interconnected AuNPs [31,32].

A more accurate evaluation of the super-aggregates size in colloidal
suspension was obtained from dynamic light scattering (DLS) analysis.
Intensity-weighted hydrodynamic diameter distributions of AuNPs are
reported in Fig. 1c. For AuNPs-2AET-FL_1 (Fig. 1c, dark cyan trace),
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Fig. 1. Preparation and preliminary characterizations of AuNPs. a) Two-phase water/toluene synthesis scheme of AuNPs-2AET-FL adopted in this work. b) UV-Vis
extinction spectra of freshly prepared colloidal AuNPs suspensions recorded in CH,Cl,. ¢) DLS particle size distribution in CH,Cl, for freshly prepared AuNPs-2AET-
FL_1 (dark cyan trace), AuNPs-2AET-FL_2 (red trace), AuNPs-2AET-FL_4 (magenta trace). d) UV-Vis extinction spectra of aged (1 year) AuNPs-2AET-FL 2 (red line),

free 2AET (orange line) and FL thioacetate (blue line) ligands.

there was a small population centered at (12 + 2) nm and the most
intense population was found at (60 + 25) nm, overlapping with that at
(185 + 65) nm. For AuNPs-2AET-FL 2 (Fig. lc, red trace) two less
intense populations were found at (30 + 5) nm and at (68 + 15) nm,
whereas the most intense was centered at (260 4 70) nm. In the AuNPs-
2AET-FL 4 sample, a curve at (205 + 30) nm appeared in the size dis-
tribution profile along with single populations at (37 + 5) nm, and at (3
+ 1) nm (Fig. 1lc, magenta trace). The use of a higher amount of FL
ligand determine an increase in the polydispersity of the sample was
found (for example comparing AuNPs-2AET-FL_1 with AuNPs-2AET-
FL_4). It is worth mentioning that the FL ligand is used as bifunctional
thioacetate derivative in the synthesis procedure, thus potentially
leading to the formation of interconnected nanoparticles super-

aggregates [33], contributing to the biggest population in the DLS pro-
file, broadness of the SPR band and increased polydispersity [3,18].
Interestingly, after one year aging in CH,Cly suspension at room
temperature and in a dark environment, UV-Vis analysis showed that
the suspension of AuNPs-2AET-FL_2 (Fig. 1d) maintained its colloidal
stability towards aggregation with a red-shift in the SPR band at 545 nm
and a smaller FWHM value (66 nm) with respect to the freshly prepared
sample in Fig. 1b. Absorption belonging to FL at 328 nm and 2AET at
372 nm also emerged from the UV-Vis profile. Conversely, AuNPs-
2AET-FL_1 and AuNPs-2AET-FL_4 underwent irreversible aggregation,
as demonstrated by the broadening of the SPR band in the aged samples
(Fig. S3). The reported behavior can be ascribed to the partial time-
induced release of the physisorbed thiol shell around gold core, which
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contributes to colloidal gold nanoparticles stabilization [16]. According
to the reported spectroscopic data, the profile, FWHM, and position of
the plasmon band in three spectra (especially in the spectral region of
500-600 nm), freshly prepared AuNPs were similar in terms of shape
(spherical NPs), composition (Q ratio between counterparts), and size
distribution. This experimental procedure evidenced the ultimately
reproducible synthesis protocol among molar ratio variations between
reagents. However, long-term aging evidenced a different colloidal
stability between samples, with the AuNPs-2AET-FL 2 showing the
highest stability. This sample was selected for the preparation of the
blends (see following paragraphs).

3.2. Photoluminescence properties of pristine gold nanoparticles

The emission properties of 2AET/FL-functionalized AuNPs were
evaluated to give a better understanding of the impact of the synthesis
protocol on the nanoparticle applications. The emission spectra of
pristine 2AET dye and FL thioacetate were recorded using information-
rich photoluminescence excitation-emission matrices (EEMs). In the
case of 2AET in a dichloromethane solution, excitation was in the Aey =
335-395 nm wavelength range, with A¢x = 375 nm being the wavelength
of the maximum emission intensity for free dye (Fig. S1). The fluo-
rophore showed an emission band with a maximum at 420 nm (Fig. 2a).
On the other hand, EEM obtained for FL evidenced that excitation at
285 nm gave rise to the most intense emission spectrum (Fig. 52), with
maximum corresponding emissions at 340 and 354 nm (Fig. 2b).

The measured emission spectra from aged functionalized AuNPs-
2AET-FL 2 are reported in Fig. 2c, whereas spectra of AuNPs-2AET-
FL_1 and AuNPs-2AET-FL_4 are reported in Fig. S4. For the excitation,
two different wavelengths were explored: Aex = 333 nm (magenta line in
Fig. 2¢) and Aex = 370 nm (green line in Fig. 2¢), the former capable of
exciting the emission of both molecular components based on previous
UV-Visible studies on aged samples (see paragraph 3.1). Excitation at
333 nm allowed to induce emission from both 2AET and FL, which
overlapped in this spectral region with a significant contribution of the
latter. Indeed, AuNPs-2AET-FL_2 sample excited at Aex = 333 nm showed
an intense emission with Aep, = 362 nm, due to the presence of FL and
2AET ligands directly bonded to the gold surface, similar to that of
AuNPs-2AET-FL 4 (Fig. S4). Compared with spectral features of 2AET
and FL, a change in the spectral shape of functionalized AuNPs emission
occurred, which goes beyond the trivial overlap of free ligands spectra.
This result can be ascribed to the possible formation of Au-S bond, as
reported for similar noble metal-interacted dyes [34]. In the case of
AuNPs-2AET-FL_1 (Fig. S4), excitation at 333 nm did not produce
considerable emission (same spectral shape around 360 nm, with much
weaker intensity), which is in agreement with the lowest 2AET/FL (1:1)
molar ratio. Selective emission from 2AET was evidenced at Aey = 370
nm, in which AuNPs-2AET-FL_2 showed a less intense emission with a
maximum at Aeyy = 416 nm, slightly blue-shifted compared with free
2AET dye.

Results showed that modulation it is possible to modulate gold col-
loids emission properties, taking advantage of the presence of mixed
2AET and FL on AuNPs according to different excitation wavelengths. In
all cases, excitation in the proximity of surface plasmon resonance did
not result in emission from gold cores or gold to thiols charge transfer
phenomena (Fig. S4), confirming that spherical AuNPs with a diameter
> 10 nm do not show intrinsic fluorescence [5,6].

3.3. Structural characterizations of pristine gold nanoparticles

Surface characterization of aged AuNPs was carried out by FTIR in
the mid (4000-400 cm ™) and far-infrared (600-200 cm™}) regions.
Spectra of AuNPs-2AET-FL_2 are reported in Fig. 3(a,b), whereas AuNPs-
2AET-FL_1 and AuNPs-2AET-FL _4 spectra are reported in Fig. S5. Full
assignments and comparison with pristine 2AET and FL thioacetate are
reported in Table S1. The FTIR spectrum of AuNPs-2AET-FL 2 (Fig. 3a)
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Fig. 2. Spectroscopic characterizations (UV-Vis, PL) of free 2AET and FL thiols
and AuNPs-2AET-FL_2. a) Absorption (continuous line) and emission (dotted
line) of 2AET dye in CHxCly (Aex = 375 nm). b) Absorption (continuous line)
and emission (dotted line) of FL thioacetate ligand in CH,Cl, (Aex = 285 nm). c)
Emission spectra of AuNPs recorded at two different excitation wavelengths:
333 nm (magenta line) and 370 nm (green line).

showed typical vibrations of aromatic portions of ligands: stretching (v)
of (=C—H) at 3061 cm ! together with their in-plane bending
8(=C—H) at 1093, 1020 em™! and out-of-plane bending 5(—C—H) at
735 cm ™, and those of Y(C—C) of the rings at 1663, 1594, 1482 em L
Typical (C—C) deformations modes appeared at 880, 805 em L.
Aliphatic side chains of 2AET and FL gave rise to v,5(—CHgs) at 2955
em ! (due to terminal carbons in —CyoHss chains of FL), whereas
asymmetric v,s(—CHy) and symmetric vs(—CHy) were found at 2926 and
2852 cm™}, respectively. Less intense peaks ascribable to 5(—CHs) at
1403 cm’l, scissoring &;(—CHy) at 1465 em~! and y(—CHy) at 1381
cm ! were also found in the fingerprint region. Carbon-sulfur vibrations
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Fig. 3. Structural characterizations of AuNPs-2AET-FL 2. a) FT-IR in the
4000-400 cm ™! wavenumber range. b) Far-IR spectrum in the 600-200 cm !
wavenumber range, Au-S stretching vibration at ca. 242 cm™! is evidenced. c)
Aud4f core level spectrum. All analyses were conducted on dried solid thin film.

with different intensities at 654 and 613 cm™* originate from aliphatic
v(C—S) of 2AET and aromatic v(—C—S—C(O)CHj3) of FL, respectively.
The weak signal at 1710 cm ™! was ascribed to Y(C=0), highlighting the
presence of a small portion of unreacted thioacetate ending groups of FL.
Notably, no signals corresponding to free v(S—H) from 2AET ligand
were found in the 2550-2600 cm ™! spectral region. To better evidence
the successful functionalization, Far-IR spectra were recorded for AuNPs
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samples (Fig. 3b and Fig. S5). The region between 590-325 cm ™! was
dominated by in-plane and out-of-plane ring deformation modes (523,
477, 326 cm™ ), whereas at ca. 300 cm™! the band corresponding to
—S—C—C deformation of 2AET aliphatic chain was found. Vibrations
<300 cm ™! were mainly due to p(—CHy), although in this region, the
most important signal was detected at 242 cm™!, attributed to the
(Au—S) stretching vibration in AuNPs samples. This latter is normally
found in the 280-170 cm™! range, exhibiting two or three peaks
depending on the sulfur binding modes [25].

SR-induced XPS measurements were carried out at the Cl1s, S2p and
Au4f core levels. Full XPS data (BE, FWHM, atomic ratios) are reported
in Table S2. Cls spectrum (Fig. S6) is made of three components. The
first, fixed at 284.7 eV, is assigned to aromatic and C—S carbons; the
second and the third at 286.8 and 288.9 eV to C—0O and COOH carbons
of contamination, respectively. S2p spectrum (Fig. S6) is made of five
couples of spin-orbit doublets (S2ps3/2, S2p1/2) of which the S2ps/»
signal is taken as reference. S2p3 , signal at 161.4 eV is relative to thiols
covalently bonded to gold nanoparticle surface. S2p3/2 signal at 163.0
eV is usually assigned to physisorbed thiols or disulfides. The last
components at higher BE are due to oxidized sulfur atoms [35].

Aud4f spectrum (Fig. 3c) shows two couples of spin—orbit (Au4f;, o,
Au4fs,) doublets, of which we consider as reference the Au4fy/
component. The Au4f;/, signal at 83.0 eV is due to metallic bulk Au(0)
atoms of NPs, while those around 83.7 eV to surface Au atoms of
nanoparticle involved in the covalent bond with sulfur atoms of func-
tionalizing thiol ligands.

3.4. Morphological characterization of pristine gold nanoparticles

Morphological characterization of AuNPs was carried out by tapping
mode AFM onto spin-coated samples from dichloromethane suspension.
The corresponding AFM topography images of AuNPs-2AET-FL_2 dried
on a glass substrate are shown in Fig. 4(a,b). As it can be seen, the
observed nanostructures showed slightly elongated morphology with a
maximum height in the 3-7 nm range, interconnected by an extended
amorphous layer underneath.

More detailed morpho-structural imaging analyses have been pro-
vided using HR-TEM imaging. The HR-TEM images exhibit small
nanoparticles with a darker contrast, chemically identified using EDX
(Fig. 4c and Fig. S7). The EDX spectrum evidences the high purity of the
aggregates, showing intense peaks belonging to Au species (Ni peaks are
from the support grid). The small sulfur peak can be ascribed to the S
atoms belonging to the thiol ligands. The morphometric imaging anal-
ysis of Fig. 4c identified quasi-spherical shape AuNPs, with a measured
mean diameter of (4.1 £+ 0.7) nm, having a polydispersity of about 17 %.
It is noteworthy that the surface-to-surface distance of the nearest-
neighbor nanoparticles has been estimated at about 1.30 nm, in agree-
ment with to the organic FL bridge length. This result supports the
formation of interconnected AuNPs networks. High-resolution image
evidences the nanocrystal character of the typical AuNPs [36,37]. By
measuring the crystalline lattices, the typical gold nanostructure of
space group Fm3m with spacing d(200) = 0.206 nm and d(; 1 1) = 0.239 nm
has been identified.

3.5. Synthesis and spectroscopic characterization of gold nanoparticles/
PPA nanocomposite blends

Poly(phenylacetylene) (PPA) was used as a n-conjugated model
polymer to obtain nanocomposite hybrid blends with AuNPs. Nano-
composite samples consisting of PPA and AuNPs-2AET-FL_2 were ob-
tained at ambient temperature by mixing precalculated weight ratios of
both PPA and AuNPs dopant in CHCl; according to Table 1 (experi-
mental details are reported in paragraph 2.2.3).

Characteristic UV-Vis extinction spectra of nanocomposites, pristine
fresh AuNPs and pure PPA are reported in Fig. 5a. Pure PPA showed a
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Fig. 4. Morpho-structural observations on AuNPs-2AET-FL_2. A-b) AFM measurements at different magnifications on AuNPs spin-coated onto Si/SiO substrate from
CH4Cl, suspension and air dried. ¢) TEM image of crystalline AuNPs at medium magnification onto carbon amorphous film grid. D) HR-TEM micrograph of AuNPs

with crystalline lattices spacing d(200) = 0.206 nm and d¢; 11) = 0.239 nm.

Table 1

Conditions used for the nanocomposites sample preparation.
Sample AuNPs-2AET-FL_2 (%wt.) PPA

(%wt.)

B10 10 90
B30 30 70
B50 50 50
B70 70 30
B90O 920 10

predominant cis-transoid conformation with intense absorptions
centered at 250 nm due to the 1—x* transitions of the phenyl groups and
broad, less intense shoulder bands at 330 nm and 394 nm due to the —n*
transition of conjugated main chain between HOMO and LUMO along
their axis direction [38,39]. Nanocomposite samples can be distin-
guished by the appearance of the typical SPR band of AuNPs at 533 nm,
which becomes more evident in the B90 sample (Fig. 5b), whereas for

B10 and B30 the absorption is still clearly dominated by the polymer.
The SPR band of AuNPs did not show reasonable changes compared to
pristine AuNPs, both in terms of position and width, thus demonstrating
that blending with PPA did not induce nanoparticle aggregation. The
stability towards aggregation can be ascribed to a chemical matching
between surface functionalizing agents on NPs surface bearing aryl
moieties and the phenyl rings of the polymer matrix [40]. All spectra
were characterized by the main absorption edge at ca. 250 nm mainly
consistent with the presence of PPA and a red shift up to 260 nm by
increasing the AuNPs amount (sample B90). Moreover, in B70 and B90,
this band appears to be distorted. Notably, a change also occurs in the
absorptions in the 300-450 nm wavelength range (those associated with
n-n* transitions of the polymer chain double bonds). In this region, B10
and B30 profiles linearly follow that of the polymer, whereas changes in
the absorption intensities were found for B50, B70, B90 samples. The
reported shifts and distortions in the UV-vis bands could be ascribed to
(i) a change in the crystalline phase in the nanocomposites and thus, in
the optical energy gap (Eg) [41], and (ii) the formation of interfacial
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Fig. 5. Spectroscopic characterizations (UV-Vis, PL) of pure PPA and related AuNPs blends. a) UV-visible extinction spectra of pure PPA (CHCl3) and pristine AuNPs-
2AET-FL_2 (CHxCly). Inset: chemical structure of PPA. b) UV-visible spectra of AuNPs-2AET-FL_2/PPA nanocomposite blends containing different amounts of AuNPs.
¢) Emission spectra in CH,Cl, of PPA (black line) and B50 at different excitation wavelengths. For labels refer to Table 1. d) Possible interaction mechanism occurring

between AuNPs-2AET-FL_2 and PPA in the nanocomposites.

non-covalent n-n stacking between PPA chains and aromatic thiols on
AuNPs, as previously reported in AuNPs/P3HT polymer blends [18],
highlighting the complexity of AuNPs/polymer interactions. In partic-
ular, the hypsochromic shift and intensity decrease in the visible band of
PPA (300-500 nm) is the result of a decrease in the main-chain conju-
gation [42,43]. The shortening of the extent delocalization of n-electrons
can be ascribed to charge-transfer phenomena across the metal/organic
interfaces probably interacting through weak n—r stacking which proved
to facilitate the electron transfer process [44,45].

Selected photoluminescence spectra of pure PPA and B50 nano-
composites are given in Fig. 5c. Pristine polymer showed an emission
maximum at 356 nm at Aexy = 250 nm, whereas at Aoy = 330 nm and Aey
= 394 nm PPA resulted in a less intense emission at 384 and 471 nm,
respectively (Fig. S8). In the AuNPs/PPA B50 blend, excitation at 256
nm gave only a small contribution (Fig. S8), arising from the polymeric
counterpart. Conversely, Aex = 330 nm resulted in an emission spectrum
with a maximum at 475 nm and a shoulder band at 390 nm (whose
profile linearly follows that at Aex = 325 nm, see Fig. S8). The shoulder
band in the nanocomposite originates from PPA and disappeared for Aex
= 330 nm with an increase in the emission intensity at 475 nm. The
latter can be ascribed to the 2AET dye functionalizing AuNPs, with a red
shift of 56 nm compared with the emission of pristine functionalized
AuNPs (see paragraph 3.2). The redshift can be due to the formation of
exciplex (hole-transporting molecules which provide electrons and
electron-transporting materials able to accept electrons) in the blended
system originating from interchain interactions [46,47]. In this specific
case, this behavior is reflected in the suppression of radiative decay in

favor of charge transfer phenomena likely due to polymer addition. The
possible interaction is schematized in Fig. 5d.

The morphology of PPA and nanocomposite blends spin-coated as
thin films on a solid substrate was investigated by AFM. Nanometric
imaging of PPA in the absence of AuNPs at two different magnifications
is shown in Fig. 6a. Neat polymer showed an irregular flat morphology
(with cavities induced by solvent evaporation), forming a layer of (4 +
1) nm average thickness, partially wrapped at the edge of the cavities.
AFM topography of NPs/PPA blend image is displayed in Fig. 6b.
Qualitatively, at the AuNPs concentrations herein used, the general
structure of PPA was not altered by the addition of NPs, the thickness of
the blend being almost unaltered and estimated to be (4.6 + 0.8) nm
(Fig. S9). However, in this case, several nanostructures were found
entrapped inside the polymer matrix since the alone NPs of 4.1 nm were
estimated by HR-TEM. The images clearly show the presence of round-
shaped protrusions uniformly distributed within the polymer, which
cause a remarkable variation in the maximum sample dimension in z
direction.

3.6. Electrical properties

Band gap energy (Eg) of pristine functionalized AuNPs, PPA and
related blends was estimated using the Tauc plot method, further
developed by Davis and Mott from UV-Vis extinction spectra [48]. First,
the energy-dependent absorption coefficient o was calculated by the
Lambert-Beer’s modulus following Eq. (2):
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Fig. 6. AFM topography images of a) pure PPA and b) AuNPs-2AET-FL_2/PPA 50:50 %wt. nanocomposite blend. Samples were spin-coated onto Si/SiO, substrate

from their organic suspensions and air dried.

a(v) = 2.303- (%)

where « is estimated by absorbance (A) and thickness of the optical path
length (d, in cm). The absorption coefficient o dependent on the incident
photon energy can be expressed by the typical Eq. (3):

(2)

(ahw) = p(hw — Eg)forhv > E, 3)
where B is the absorption constant (associated with the separation of
electrical conductivity and energy level), h is the Planck’s constant (J-s),
v is the photon’s frequency (s 1), and the y exponent factor is related to
the nature of possible electronic transition: y = 2 (indirect transition)
allowed and y = 1/2 (direct transition), respectively [40,49].

Spectra obtained by plotting (ochv)2 and ((xhv)l/ 2 as a function of
energy (hv) are reported in Fig. S10, and results summarized in Table 2.
Herein, only the optical transition band gaps (involved in the excitation
of electrons from the valance band to conduction band using photons of
selected frequency) will be considered. It is worth noting that the optical
band gap herein considered is important for applications such as solar
cells, whereas the electronic band gap (removal or injection of electrons
from the semiconductor valence band), usually higher than the optical
band gap, should be considered for devices such as light emitting diodes
and laser diodes. However, for amorphous materials it is hard to esti-
mate whether the band is direct or indirect [50].

Gold nanoparticles showed optical Eg values of about 4.0 eV,
consistent with an insulating behavior (>4 eV), whereas a lower E; of ca.
2 eV value was found for typical semiconductor PPA [51,52]. For
AuNPs/PPA nanocomposites, gold nanoparticles incorporation causes a
variation in the Eg values. Optical band gap values decrease from 2.47 to

Table 2
Direct and indirect optical band gap values obtained for AuNPs-2AET-FL_2, pure
PPA, and AuNPs/PPA nanocomposite blends.

Sample Optical Band gap (eV) + 0.05 eV
Direct Indirect
AuNPs-2AET-FL_2 4.13 4.50
PPA 2.47 2.75
B10 2.44 2.73
B30 2.41 2.72
B50 2.35 2.76
B70 2.34 2.69
B90 2.15 2.68
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2.15 eV for direct transitions, whereas they decrease from 2.75 to 2.68
eV for indirect transitions (with respect to pure PPA) with increasing the
concentration of gold nanoparticles (Table 2). Thus, the band gap value
can be tuned according to AuNPs filling, achieving a reduction (13 % for
direct transitions, 3 % for indirect transitions) when compared to the
values for AuNPs functionalized with 1-dodecanthiol in P3HT:PCBM
film [53], and similar values to those of oleylamine-functionalized Au-
and AgNPs/P3HT:PCBM blends [54], and AuNP-doped P3HT [55].
These results can be clarified in terms of (1) increase in the disorder
caused by the polymer structural alteration, e.g., deformities caused by
localized states within the energy bandgap after AuNPs addition, and (2)
creation of charge transfer complexes between functionalized gold
nanoparticles and PPA structures [40,56].

Electrical conductivity at room temperature (c) for AuNPs-2AET-
FL_2, PPA, and nanocomposites was calculated using Eq. (4) and Eq.
(5) [571:

G-L
=W @
(6 - UAuNPs)_loo

Norm.relativeconductivity (%) =
OAuNPs

(5)

where G is the conductance (1/R in 1/Q = S) derived from the slope of I/
V measurements, t is the thickness of each film (in m) measured by AFM
of (4.6 £+ 0.8) nm (see paragraph 3.5), L is the length between electrodes
(in m) and W is the electrode length (in m) both depending on electrode
design. In this case, electrical conductivity was in the range of (9.3 +
0.9)-10% S m™! (pure PPA) to (23 + 2)-10° S m~! in polymer blends
(Table S3). Herein, a similar film thickness was assumed for all formu-
lations, since it is mainly governed by spin coating conditions (rotational
speed, suspension concentration, rate of solvent evaporation) [58].
Normalized relative conductivity percentages reported in Fig. 7 clearly
showed a conductivity increase as the AuNPs content increased. In
particular, B50, B70, B90 significantly deviate with respect to other
samples with (23 + 2)%, (86 + 9)%, and (144 + 14)% conductivity gain
to that of pristine functionalized AuNPs (considered as 100 %), respec-
tively. In particular, a significant enhancement in the conductivity was
found with respect to pure PPA, which acts as a doping material for
AuNPs in B70 and B90 nanocomposites. It is worth mentioning that
processing methods, secondary doping and post-treatments have been
verified to affect electrical conductivity values [59] and they are
strongly dependent on the molecular arrangement of the polymer chains
in the film (e.g., edge-on, face-on configurations) that leads to different
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Fig. 7. Relative electrical conductivity (%) calculated for pristine AuNPs-2AET-
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interface resistances [60]. Concerning practical applications, relative
current (Al/Iy %) [61] was plotted for different samples at 5V and 10 V
(Fig. S11). For both, a similar trend was found with a 60 % current
improvement after 90 % wt. of AuNPs addition. As reported for similar
AuNPs/polymer nanocomposites, the enhancement of the electrical
properties after blending procedure may be attributed to an increase in
the amorphous phase of the polymeric matrix (due to the inclusion of
AuNPs), which lowers the energy barrier and permits ion transport
[18,62].

4. Conclusions

A typical two-phase wet chemical reduction method produced gold
nanoparticles functionalized with two different thiols: a bifunctional
synthetic 9,9-didodecyl-2,7-bis(acetylthio)fluorene (FL thioacetate) and
a synthetic organic fluorescent dye 2-(anthracene-9-ylthio)ethane-1-
thiol (2AET) to obtain AuNPs-2AET-FL colloids. Different molar ratios
among precursors were explored, finding that freshly prepared samples
were quite similar, showing an SPR band at 533 nm, as evidenced by
UV-Vis measurements. At higher FL content during synthesis, smaller
gold nanoparticles were obtained (with hydrodynamic diameter <2Ry>
of about 3 nm), together with an increase in the polydispersity of the
sample. After one year of aging, the AuNPs-2AET-FL_2 (2AET/FL 1:2 M
ratio) remained stable in its dichloromethane suspension, with a sharp
surface plasmon band at 545 nm and typical absorptions arising from
surface functionalizing thiols. Solid-state morphological analysis (TEM,
AFM) conducted on the latter evidenced AuNPs of quasi-spherical shape
with a measured diameter of (4.1 + 0.7) nm on average, with a poly-
dispersity of about 17 %. Surface characterization (FTIR, Far-IR, SR-
XPS) confirmed the occurred functionalization. Photoluminescence
measurements evidenced that it is possible to modulate the AuNPs
emission: excitation at 333 nm induced emission from both 2AET and
FL, whereas 2AET selective emission was found with Aey = 370 nm,
whereas no fluorescence arose from the gold core (Aex = 533 and 545
nm). New nanocomposites were synthesized using a simple blending
approach based on a poly(phenylacetylene) (PPA) matrix doped with
the produced AuNPs. Blends varying AuNPs-2AET-FL/poly
(phenylacetylene) (PPA) composition were obtained: 10/90, 30/70,
50/50, 70/30, 90/10 %. After blending, a blue-shift in the UV-Vis
spectra (300-500 nm spectral region) of the B50 and B90 samples was
ascribed to a reduction of the extent of delocalization of n-electrons and
the appearance of charge-transfer phenomena across the metal/organic
interfaces, possibly interacting through n—n stacking. Charge-transfer
reduced the radiative decay of the PPA matrix in emission spectra,
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with a consequent red shift in the emission maxima of functionalizing
agents on AuNPs compared with pristine nanoparticles. Electrical
characterization revealed a reduction in the band gap up to 2.15 eV for
direct transitions and up to 2.68 eV for indirect transitions after addition
of 90 %wt of AuNPs in the PPA matrix. Nanocomposites deposited as
thin films (thickness of 4.6 + 0.8 nm) showed a progressive increase in
the electrical conductivity with respect to pristine, functionalized AuNPs
reaching 144 % gain in the case of B90 with respect to pristine, func-
tionalized AuNPs. In particular, an increase of about 2.5 times the
relative conductivity value of pure PPA was obtained at 90 % AuNPs
loading.
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