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Abstract: Organic molecule-gold nanoparticles (Au NPs) hybrids based on a luminescent small
organic molecule, 4,4°-((5,6-bis(2-hexyldecanoxy)benzo[c][1,2,5]thiadiazole-4,7-
diyl)bis(thiophene-5-2-diyl))bis(methanylydene))bis(azanylydene))dibenzenethiol ~(BTTh) and
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plasmonic Au NPs with size ranging from 30 to 120 nm were engineered and compared with layers

of BTTh on gold film and glass and characterized by spectroscopic ellipsometry, Raman
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spectroscopy, Photoluminescence (PL) current-voltage (CV) measurements, atomic and kelvin probe

(cc)

force microscopy. We found that their optical, structural and morphological properties changed with
size. Specifically, we found that Au NPs with size < 70 nm allow formation of uniform BTTh
monolayers with short and strong Au-S bond promoting charge transfer processes from Au to BTTh.
Through the construction of the energy levels scheme of BTTh-Au NPs hybrids, we discussed the
effects of NPs size on the relative energy position between the HOMO-LUMO levels of BTTh and
the work function (WF) and localized surface plasmon resonance (LSPR) of Au NPs, rationalizing
the charge transfer process occurring between Au NPs and BTTh. These findings provided a versatile
tool to design appropriate combinations of organic molecules-metal nanoparticles aimed to hybrid

materials for optoelectronic applications.

Keywords: organic-metal NPs hybrids; charge transfer; photoluminescence.
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Hybrid systems consisting of organic molecules-metal nanoparticles (NPs) provide a powerful
approach for bottom-up design of novel architectures,'> also combining synergetic properties
exceeding the functionality of the individual components and achieving advanced materials with
enhanced and/or multiple functionalities stemming from unusual materials combinations.

The development of such hybrid systems evolved following the extensive progress in synthetic
control achieved for both metal nanocrystals, yielding systems with well-defined shapes/size and
compositions, and organic molecules yielding a fine tuning of their functionality at the molecular
level, of their electronic and optical properties, as well as solubility and solid state aggregation
(thickness, the degree of order, and morphology).6® These achievements provided the background
for the development of organic molecule—metal NPs hybrids.

Organic molecule—metal NPs hybrids have been investigated in recent years for different applications
such as Organic Light Emission Diodes (OLEDs), Organic Field Effect Transistors (OFETs), bulk-
heterojunction, dye-sensitized solar cells and chemical sensors.’!* While some of these applications
are already in the market (OLEDs, OFETs), some others are still far from real applications in spite of
the enormous strides in efficiency registered in the last decades (bulk heterojunction solar cells).!#
Improving the efficiency of such devices requires control over size, shape and composition of metal
NPs, the chemical nature and electronic structure of the organic building blocks, the degree of order
of the organic molecules in the active layer, the presence of dopants and impurities or the nanoscale
morphology of the organic films, and finally, the right degree of interaction between the two
components. !>

The energy level alignment (ELA) in these hybrid systems and in particular, the energy-level offsets
between the highest occupied molecular orbitals (LUMOs) of the organic molecule and the work
function of the metal play a crucial role in determining the device performance, because they affected
the charge injection efficiency and the probability of radiative recombination. The optimization of
this offset by choosing the right coupling between NP (the right size) and the organic material with
the most suitable energy levels can lead to more efficient exciton dissociation and charge
generation.!6-1?

In this contribution, we investigate hybrid systems composed by gold nanoparticles (Au NPs) and a
thiol-functionalized luminescent small organic molecule, 4,4°-((5,6-bis(2-
hexyldecanoxy)benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(thiophene-5-2-
diyl))bis(methanylydene))bis(azanylydene))dibenzenethiol), labelled as BT Th, promising candidates

for high performance organic-based optoelectronic devices.?0-2


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr05316a

Page 3 of 27 Nanoscale

Plasmonic Au NPs show localized surface plasmon resonance (LSPR) in the visible range, tunghier
by their size and shape. Moreover, they absorb and scatter light order of magnitudes stronger than
other materials.>® Au NPs are also nontoxic, highly photostable and can efficiently bind
biomolecules.?!-3?

The position, width, and intensity of the LSPR band are strongly dependent on nanoparticle size,
shape, and dielectric environment, providing tunable optical responses that have been exploited in
sensing, spectroscopy, and light-matter interaction studies.?3-3

The integration of gold nanoparticles with organic semiconductors and inorganic materials has been
intensively explored for enhanced light harvesting and charge transfer applications. In plasmonic
heterostructures, the LSPR of AuNPs not only extends light absorption into the visible region but also
facilitates hot—electron generation and transfer to adjacent semiconductor or molecular acceptor
states, promoting photocatalytic and photoelectronic processes.

Furthermore, the ad-hoc functionalization of the conjugated backbone of BTTh with -SH end groups
allows to realize an organic ligand able to efficiently binding Au. With this aim we tailored and
prepared the BTTh molecule, by a simple and versatile synthetic protocol.

In this work we report a straightforward strategy for preparing BTTh-Au NPs hybrids based on Au
NPs of different size (30, 70 and 120 nm). We investigated BTTh-Au NPs hybrids by atomic force
microscopy (AFM), ellipsometry, CV measurements, Raman spectroscopy and PL measurements.

We compared BTTh-Au NPs hybrids with layers of BTTh on Au film and glass. CV and ellipsometric

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

characterizations provided valuable insights into properties of BTTh-Au NPs hybrids, including
spectra of refractive index and extinction coefficient, energy gap, HOMO-LUMO levels, charge
transfer, BTTh thickness of BTTh and localized surface plasmon resonance (LSPR) of Au NPs.
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Additionally, chemical-structural properties, such as Au-S and S-H bonds, surface roughness and the
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density of the organic molecule layered on Au NPs were investigated by Raman spectroscopy and
AFM. Noteworthy, based on the collected data, a schematic illustration of the energy levels in BTTh-
Au NPs hybrids as a function of Au NPs size was constructed. Through the relative positions of
HOMO-LUMO energy levels of BTTh, the LSPR and work functions (WFs, from our previous
work)*® of NPs, we can provide insight into the charge transfer between Au NPg and BTTh,
rationalizing why it occurs when Au NPs with size below 70 nm are used to realize the BTTh-Au

NPs hybrids.
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Synthesis

All chemicals were purchased from commercial sources and used without further purification. All
reactions sensitive to air were carried out under a nitrogen atmosphere with anhydrous solvents,
distilled immediately prior to use. THF and toluene were distilled from sodium and benzophenone,
ethanol was distilled from 4A molecular sieves. Column chromatography was performed using silica
gel 60, 40-63 um. Silica gel 60 F254 aluminum sheets were used for analytical TLC. FT-IR spectra
were measured on a spectrophotometer using dry KBr pellets. 'H and '*C NMR spectra were recorded
in CDCI; on a 400 MHz spectrometer at 400 MHz and 101 MHz, respectively. The residual CHCI;
signals at 7.26 ppm and 77.0 ppm were used as the standard for '"H and '3C NMR, respectively.
Elemental analyses were done by an elemental analyzer. Melting points were determined on a

Gallenkamp capillary melting point apparatus.

Synthesis of 5,5°-(5,6-bis(2-hexyldecanoxy)benzo|c][1,2,5]thiadiazole-4,7-diyl)bis(thiophene-2-
carbaldehyde) 3

In a 100 mL three-necked round-bottom flask, under a nitrogen atmosphere, were added 1 (1.3 g, 1.68
mmol), 2 (1.4 g, 3.50 mmol), Pd(PPh;), (63 mg, 0.05 mmol) and dry toluene (30 mL). The resulting
mixture was refluxed overnight, then cooled at room temperature, quenched with water and extracted
with ethyl acetate. The solvent was removed under a reduced pressure, and the crude product was
dissolved in ethyl acetate and treated with aq 40% KF solution. The organic layer was dried over
anhydrous Na,SO, and the solvent removed at a reduced pressure. The crude residue was extracted
in a Soxhlet apparatus with hexane and after separation from the solvent, the pure product 3 was
recovered as a dense red-brown liquid (0.98 g, 70% yield,). "H NMR (400 MHz, CDCl3) & 10.02 (s,
2H), 8.36 (d, ] = 4.0, 2H), 7.86 (d, J = 4.0, 2H), 4.00(d, J = 6.6, 4H), 1.93 (quint, J = 6.2, 2H), 1.50 -
1.15 (bs, 48H), 0.87 (t, J = 6.8, 6H), 0.86 (t, J = 6.8, 6H). 3C NMR (101 MHz, CDCl;) & 182.95,
153.81, 150.28, 144.04, 142.92, 135.12, 131.56, 117.71, 79.05, 38.84, 31.73, 31.68, 30.96, 30.95,
29.89,29.54,29.45,29.17,26.60, 26.56,22.50, 13.93, 13.92. FT-IR (KBr): v 2955 (s), 2925 (s), 2855
(s), 1671 (s), 1464 (s), 1442 (s), 1420 (s), 1287 (s), 1226 (s), 1209 (s), 1093 (m), 1224 (s), 955 (m),
913 (m), 673 (m) cm™!. Elemental Analysis calcd for C43H7,N,04S;5: C, 68.86; H, 8.67; N, 3.35; S,
11.49; found: C, 68.95; H, 8.88; N, 3.42; S, 11.41.
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Synthesis of 4,4’~((5,6-bis(2-hexyldecanoxy)benzo[c][1,2,5] thiadiazole-4,7-diyl)bis(thioplferie52" =

5316A

2-diyl))bis(methanylydene))bis(azanylydene))dibenzenethiol (BT Th)

In a 100 mL three-necked round-bottom flask, under a nitrogen atmosphere, compound 3 (0.5 g, 0.6
mmol), 4-aminothiophenol (0.21 g, 1.7 mmol) and dry ethanol (10 mL) were added. The resulting
mixture was refluxed overnight, then cooled at room temperature. The precipitate was filtered and
washed with ethanol to yield the pure product as a dark-red solid (0.61 g, 98% yield). Mp. 95-96°C.
'"H NMR (400 MHz, CDCl;) 8 8.61 (s, 2H), 8.26 (d, J = 3.8, 2H), 7.06-705 (m, 5H), 7.34-7.27 (bs,
1H), 7.25-7.13 (m, 4H), 4.0 (d, J = 6.4, 4H), 1.95 (quint, J = 6.1, 2H), 1.70-1.10 (m, 48H), 0.90-0.77
(bs, 12H). 3C NMR (101 MHz, CDCl;) 6 153.66, 152.94, 151.07, 150.78, 143.75, 139.02, 134.49,
131.80, 131.37, 130.52, 129.63, 121.90, 121.87, 117.86, 78.94, 77.20, 39.05, 31.92, 31.89, 31.21,
30.12, 29.76, 29.67, 29.38, 26.85, 26.82, 22.67, 14.10. FT-IR (KBr): v 2921 (s), 2917 (s), 2852 (s),
1605 (s), 1572 (S), 1445 (S), 1415 (m), 1379 (m), 1351 (m), 1330 (m), 1282 (s), 1191 (s), 1094 (m),
1019 (s), 954 (m), 811 (s), 535 (s) cm’'. Elemental Analysis calcd for CgHgoN4O5Ss: C, 68.53; H,
7.86; N, 5.33; S, 15.24; found: C, 68.61; H, 7.93; N, 5.36; S, 15.20.

Au film and NPs deposition
Au films and NPs supported on c-Si (111) were deposited by sputtering an Au target by a
radiofrequency (rf= 13.56 MHz) Ar plasma.?’ The sputtering time was used as parameter to obtain

NPs with size of 30 nm, 70 nm and 120 nm.

SAMs Formation

SAMs of BTTh on Au NPs were formed using the Au NPs supported on c-Si (111). Before BTTh
functionalization, Au NPs were annealed for 3 h at 250 °C in ultra-high vacuum, in order to reduce
both adventitious contaminants and Au surface roughness. SAMs were formed by dipping supports
for 1 h in 2uM solutions of BTTh in CHCl; at 25 °C (controlled by a thermostatic bath). Samples

were subsequently rinsed with CHCIl; and dried under a N, stream.

Characterization

CV measurements
The electrochemical properties of BTTh were investigated by cyclic voltammetry (CV) (Figure 1) at
room temperature in CH,Cl, solution, with tetrabutylammonium hexafluorophosphate (TBAPF) (0.1

M) as supporting electrolyte and with a scan rate of 50 mV/s. A typical trielectrode configuration

5
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with ferrocene as the internal standard was used to perform the measurements. The HOMO lexel-of -

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:30:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

BTTh was quantified.

Optical, morphological and structural characterization of BT Th-Au NPs/film hybrids

The optical response of the hybrid systems was investigated by spectroscopic ellipsometry (SE).
Measurements were carried out at an incidence angle of 70° to investigate the optical transitions of
BTTh and to detect the plasmon resonance behavior of the BTTh-Au NPs hybrids using a phase-
modulated spectroscopic ellipsometer (UVISEL, HORIBA) in the energy photon range 0.75-6.50 eV
with a resolution of 0.05 eV.

In order to derive the spectral dependence of the refractive index, n, and extinction coefficient, k, (n
+ 1k), of BTTh from the measured SE spectra of the pseudo-dielectric function, <e> = <g;> + <g,>,
spectra were measured for BTTh films on Au film and analyzed using a two-layer isotropic model
consisting in substrate/organic film/air. The energy dispersion of the optical constants of the BTTh

was modeled using an ensemble of Lorentzian oscillators, according to the equation:

2
Aj w;
N2=m+ik)2=6= g +ig, = g +0j 7 ot— )
1 2 * w; "o "y o

where g is the high frequency dielectric constant, wj, j and Aj are the frequency, width and strength,
respectively, of the j-th oscillator, with each oscillator representing an optical transition, whose
energy and broadening was determined by fitting routine.

Four Lorentzian oscillators were considered on the basis of all possible electronic transitions expected
in the investigated photon energy range.

For the analysis of data, a regression approach was used, building a model representing the sample
structure and calculating € for that model for M photon energies. The calculated values are compared
with the measured data in a fit routine that, using a Levenberg—Marquardt algorithm by varying film

thickness and optical constants, minimizes the mean squared error, 2, defined as,

2 2
2 _ 1 ZM (<51,exp>_<51,cal>i) + (<52,exp>_<52,cal>i) (2)
X T 2mM-p—17t=1 > >

O1,i O2.i

where M is the total number of data points, P is the number of fitted parameters, € exp , €1,cal » E2exp
, €.cal , representing the experimental and calculated real and imaginary parts of the pseudo-dielectric

function, and i is the error of each measured quantity.
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Film thickness and oscillators parameters were the ellipsometric fitting variables. | .  Jevates onine
SE was also demonstrated to be suitable in the case of the optical analysis of Au NPs through the
monitoring of the localized surface plasmon resonance (LSPR) and of its modification upon the
interaction with the organic molecule. Once known the parametric oscillator models for the Au NPs
and the BTTh, they were used as input to derive BTTh thickness and optical response in hybrids,
analyzing them with a four-layer model (Si/AuNPs/ BTTh /air). The change in the LSPR position and
width of Au NPs in hybrids was investigated directly from experimental data. The validity of these
results on the BTTh optical constants and optical thickness (OT) has been confirmed statistically on
a large number of samples.

The BTTh optical gap was calculated plotting (ahv)? as a function of energy.

Raman and PL spectra were collected using a LabRAM HR Horiba-Jobin Yvon spectrometer with
473 nm laser sources under ambient conditions (laser power 1 mW). The use of the laser at 473 nm
was necessary to extend the energy range of PL measurements to 2.6 eV in order to include BTTh
optical emissions. The excitation laser beam is focused through a S0XLWD optical microscope (N.A.
= 0.5, spot size of ~1 um? and depth of laser focus of ~7.6 um). In order to correctly quantify the
magnification of signals of molecules interacting with the surface of plasmonic nanostructures, all
sample collection and handling conditions were kept invariant throughout all the measurements, i.e.
the laser power, accumulation time and exposure time.

Non-contact intermittent mode atomic force microscopy (AFM) was used for characterizing

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

morphology and RMS (root mean square) of BTTh on glass, and Au NPs and Au film before and

after BTTh functionalization using an AutoProbe CP Thermomicroscope. A high aspect ratio probe-
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super sharp tip with a radius of curvature of 2 nm (ESP Series Probes-VEECO) was used to reduce

the convolution effect of the tip on the lateral size of NPs.

(cc)

The work functions of the Au NPs were measured by Kelvin probe electrical force microscopy
(KPFM) through the measurement of the local variation of the surface potential (SP). All details are
reported in our previous paper.3°

3. Results and Discussion

Synthesis of BTTh
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Scheme 1. Retrosynthetic route to organic molecule BT Th.

The small organic molecule BTTh was synthesized following the retrosynthetic route in Scheme 1.
Compounds 1 and 2 were prepared following the literature procedure.’!-3¥-3° Compound 3 was
prepared following the Stille synthetic protocol by reacting reagents 1 and 2, in the presence of
Pd(PPh3), as the catalyst, in toluene at reflux. After purification by Soxhlet extraction with hexane
and following separation from the solvent, compound 3 was obtained as a dense red-brown liquid.
Finally, by reacting compound 3 with 4-aminothiophenol in dry ethanol at reflux, compound BTTh
was obtained in almost quantitative yield as a dark-red powder. Compound BTTh precipitates in the

reaction medium and can be purified by a simple filtration and following washing with ethanol.

CYV characterization
According to the eq. Exomo = -(Eonset(ox1) — E1/2(re) T 5.16) (eV), the HOMO level was quantified as —
5.42 eV, as shown in Fig. 1. The LUMO level of BTTh was derived according to Erymo = E°P* +

Enomo (€V), where E,°P is the optical gap, estimated from ellipsometric analysis of thin films.
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0.0 0.4 0.8 1.2 16 2.0
V vs Ag/AgCl

Fig. 1 Cyclic voltammograms of BTTh in CH,Cl, solution (¢ = 1x10-3) [TBAPFg] 0.1M, scan rate of
50 mV/s. The oxidation onset potential (E_onset(ox)) used for the determination of the HOMO energy

level is indicated. EHOMO = '(Eonset(oxl) — El/Z(Fe) + 516) (CV) ELUMO = Egopt - EHOMO

Morphological characterization of BTTh-Au NPs/film hybrids

In Fig. 2 AFM images 2D 3 um x 3 pum of BTTh deposited on (a) glass, (¢) Au film and (d-f) Au-
NPs of different size are reported. BTTh forms on glass agglomerates with high RMS, ~11 nm (Fig.
2a and 2b), while on Au film the coverage is homogenous with RMS = 1.1 nm (Fig. 2c and 2b) as a
consequence of the anchoring of BTTh through the S-H group to gold. The RMS of hybrids increases
from 2 nm to 12 nm with increasing NPs size (Fig. 2b). 3D 500 nm x 500 nm topographical images
of BTTh on Au NPs (Fig. 2 d’-f") compared with images of AuNPs before BTTh deposition (Fig.
2h’-1’) highlighted that the RMS and morphology of hybrids are not significantly altered after BTTh
deposition on NPs, suggesting conformal anchoring of BTTh to Au NPs by the —SH end groups.
The contrast in morphology between BTTh on glass and on Au (NPs and film) clearly indicated the

important role of the —SH group anchoring the gold in addressing the uniform organic layer.
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Fig. 2 AFM images 2D 3 um x 3 um of BTTh on (a) glass, (c¢) Au film and (d-f) 30-, 70-, 120 nm Au
NPs. (b) Evolution of the RMS calculated on 2D 3 um x 3 pm areas for the different samples. 3D 500
nm x 500 nm topographical images of Au film and Au NPs after (c¢’-f”) and before (g’-1") BTTh
deposition. Representative line profiles on 3D 500 nm x 500 nm images are also shown, all in the
same scale from 0 to 54 nm. RMS data are also reported. 2D 3 um x 3 um and 3D 500 nm x 500 nm

images have the same vertical scale, that is, respectively, 0-82.27 nm and 0-62 nm.

Ellipsometric characterization of BT Th-Au NPs/film hybrids

Optical and structural properties of BTTh films on glass and Au NPs/film were investigated by
ellipsometry. Fig. 3a shows the spectra of the refractive index and extinction coefficient derived for
the BTTh layer on Au film with an estimated optical thickness (OA) of 42.3 + 1.7 nm. The spectrum
of the extinction coefficient shows four main transitions that can be associated to the molecule
structure, namely the transition at 2.35 eV (~528 nm) corresponding to the n-rt* transition,* at 3.23
eV (~ 384 nm) due to the m—n* transitions of its conjugated backbones, at 4.80 eV (~ 258 nm) and
6.21 eV (~ 200 nm) due to benzene-derivates. By the Tauc-plot of (athv)? vs energy, in Fig. 3b, an
optical gap of 2.16 = 0.04 eV was estimated for BTTh (useful parameter for the construction of the

energetic scheme in hybrid systems).
10
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Fig. 4a show spectra of the imaginary part of the pseudodielectric function, <e,>, of 30, 70 and 120
nm Au NPs, before (continuous line) and after (scattered filled points) BTTh anchoring. Bare 30-, 70
- and 120 nm Au NPs have LSPR at 2.15 eV, 1.65 eV and 0.9 eV, respectively. After anchoring, a
different LSPR red-shift and broadening is experimentally observed. Specifically, we only found a
LSPR red-shift and broadening upon BTTh functionalization of 30 and 70 nm Au NPs. No LSPR
shift and broadening are measured for 120 nm Au NPs after BTTh anchoring.

Generally, the LSPR energy red-shift observed in BTTh-Au NPs hybrids is due to the combination
of two factors,*'-#? i.e., (i) the increase of the local refractive index by the backbone of the molecule
surrounding the AuNPs; (ii) the change in the electron density of AuNPs due to the electron
withdrawing capabilities of thiols. Thiols are more electronegative than gold,® so, it is expected that

thiols withdraw electrons from the AuNPs.
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Therefore, Fig. 4a showed that BBTh-Au NPs hybrids with size < 70nm yielded films, with Righ
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refractive index indicative of a dense molecular packing* and showed reduction of the density of free
electrons® due to the charge transfer. On the contrary, BTTh on 120 nm AuNPs hybrids showed a
low molecular packing and no charge transfer occurred.

The LSPR broadening is indicative of via radiative and non-radiative decay channels and charge
transfer from AuNPs to BTTh molecule.*>*’ For 120 nm-AuNPs after functionalization with BTTh
the LSPR broadening does not change significantly while for NPs < 70 nm it increased due to decay

channels and charge transfer processes.

PHOTON ENERGY (eV)

<100 o) ~
> 0 1200 &
E 80 o
£ g
B 60 100§
o

% 40 ° S
-t a
[0] —_
5 20 o 1o 3
2 <
2 0, ‘ ‘ L~ 9 =

30nm 70nm 120nm

Fig. 4 (a) Spectra of the imaginary part of the pseudo-dielectric function, <¢,>, in the energy range
0.75-3 eV, of Au NPs with different size, 30, 70 and 120 nm, before (continuous line) and after
(scattered filled points) BTTh anchoring. The <g;> spectra of Au film before and after
functionalization is also shown for comparison as inset. (b) Evolution of the change in the LSPR

energy position and broadening after functionalization as a function of NPs size.

The decrease of the real part,<e;> of the pseudodieletcric function of Au film after its
functionalization with BTTh is indicative of the electron transfer of electron from Au to BTTh as
discussed in ref.3¢ From the analysis of the ellipsometric spectra, average BTTh optical thickness
values of 32 £5 A on 30 nm and 70 nm Au NPs and 62 = 5 A on 120 nm Au NPs and on Au film

have been determined.
12
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Considering for BTTh a molecular length in the range 10-25A (measured by the CHEN3d Fitibed:
software) depending on the cis and trans configuration respect to the benzothiadiazole and on the
spatial configurations of the aliphatic ether chains and the S-Au bond length of = 2A, a BTTh

monolayer is formed on 30 nm- and 70 nm-Au NPs.

Photoluminescence and Raman measurements of BTTh-Au NPs/film hybrids

Fig. 5 shows normalized PL spectra of Au NPs in the energy range 1.8-2.5 eV, before (filled areas)
and after (continuous lines) BTTh adsorption compared with PL spectrum of BTTh on glass (black
line) and Au film (grey line).

The PL spectrum of BTTh on glass and Au film show one main band at ~2.34 eV (indicated as B),
and a wide shoulder in the range 2.17-2.3 eV (indicated as B®).

BTTh on glass

B’

BTTh on Au film

BTTh on 120nm

1
BTTh on?
BTTho T

1.8 2.0 2.2 2.4
Energy (eV)

— e —
——-—___
) S

Normalized Intensity (a.u)
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Fig. 5 Normalized PL spectra on glass and Au NPs of different size before (filled argas) and ‘after: -
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(continuous lines) adsorption of BTTh. The violet dotted lines indicates the position of the C, D and
E of bare Au NPs and film while B band position of BTTh is indicated by a black dotted line.

When BTTh is anchored on Au NPs, PL spectrum becomes more complex with the appearance of
two additional bands, at ~1.98 eV (626.16 nm) (C-band) and at ~2.12 eV (584.81 nm) (D-band) due
to NPs that are added to the E band of Au film at ~ 2.4 eV. C and D bands in Au NPs are due to
interband (d-sp) transitions between energy states sp of conduction band and d of valence band.
According to the solid state model of the gold metal, luminescence is produced by the radiative
recombination of electron—hole pair between the 5d- and 6sp- bands, which corresponds to the E
band. In noble metal nanoparticles, bands split into a series of energy levels due to the quantum size
effect.8->7 The relationship between level spacing (8) and particle size is given by 6cc1/d3, where d is
the particle size of nanoparticles. So, more transitions from discrete valence states to excited states
take place in the Au NPs, generating additional bands, C, at ~1.97 eV, and D, at ~2.13 eV, bands, at
energy lower than the E band. Increasing the NP size the intensity of both the C- and D-bands
decreases and their broadening increases while the E-band intensity increases and strongly blue-shifts.
PL spectrum of BTTh-30 nm Au NPs hybrid shows that the C and D bands of Au NPs are broad and
low intense and the B and B’ emission bands of BTTh predominate, while the E band of NPs overlap
the B band of BTTh. PL spectrum of BTTh-70 nm Au NPs hybrid shows that the C and D bands of
Au NPs are more evident as well as the B and B’ bands of BTTh. The E band of NPs continues to
overlap the B band of BTTh.

After BTTh adsorption on 120 nm Au NPs (green line), PL spectrum of NPs does not change showing
a broad E band at ~2.4 eV (E band), blueshifted with respect to B band, and low intense C and D
bands. B and B’ bands of the BTTh adsorption are not evident.

In order to investigate the role of —SH end group of BTTh in anchoring Au (NPs/film), Raman
measurements were performed for BTTh layered on glass and Au (NPs/film) in three different ranges,
200-400 cm!, 600-1800 cm! and 2000-3000 cm™!. The results are summarized in Fig. 6 (a-c).

In the range 200-400 cm™! (Fig. 6a), bands due to Au-S-C and Au-S modes dominates in BTTh-Au
NPs/Au film hybrids. In particular, we observed Au—S—C bending modes at ~210 cm™!, Au- S radial
modes (R) at ~ 260 cm™! (indicated by yellow area) and tangential modes (T) at ~ 300 cm™! (indicated
by cyan area).’® The tangential Au—S vibrations are those of the shorter and stronger Au-S bonds
while the radially directed Au—S vibrations are those of the longer and weaker bonds. Plotting the
ratio between the intensity of tangential and radial modes, Iiyng/Iraq, as shown in Fig. 7a, we found that

going from Au film to NPs, and decreasing NPs size, the Iiug/liaq ratio increases from ~0.5 to 2.
14
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According to refs,*8-% this is an indication of the formation of shorter and stronger AusS bondy!in 301
nm-based BTTh-Au NPs hybrids.

a) ©
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Fig. 6 (a) Raman spectra of BTTh on glass (black line), Au film (grey line), 120 nm Au NPs (green
line), 70 nm Au NPs (red line) and 30 nm Au NPs (blue line), in three different ranges (a) 200-400
cm! (b) 600-1800 cm'! band assigments are indicated. R and T areas in yellow and cyan,
respectively,indicate Au-S radial and tangential modes, and (c¢) 2000-3000 cm!. * indicates bands at

1060, 1350 and 1440 involved in the Raman analysis of ratios shown in Fig. 7b.

In the range 600-1800 cm! (Fig. 6b), bands due to the C-S stretching at ~660 cm™!, the C-S-C
deformation mode in the range 690-730 cm! and the C-S ring stretching in the range 722-880 cm!,
and C-N bending modes in the range 520-1022 cm™! are evident.®!-%® Moreover, the signals at ~1080,

1180, 1230, 1300, 1350, 1436, 1500, 1571 and 1650 cm™!' can be attributed to main in-plane ring

15
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skeleton modes of C-C, C-N and C-H bonds.®1-63:6671 A]] spectra are dominated by the band @< 1440
cm! due to (C=C, C-H) and differ in the ratio between the intensity of band at 1060 cm™! (C-C, CH)
and 1350 cm! (C-H, C-C) with respect to band at 1440 cm™'.

Fig. 7b shows the evolution of I1440/11960 and I1440/1350 ratios as a function of the investigated samples.
We found that in BTTh-30 nm and BTTh-70 nm Au NPs hybrids and BTTh-Au film, I;44¢/11060 and
L1440/11350 ratios are lower as an indication of the increase of m electron density in C-C bonds and
higher intra- and interchain order and packing of BTTh chains. On the contrary, in BTTh on 120 nm-
Au NPs and on glass, higher T440/T1060 and Ij440/11350 ratios are observed due to a lower chain
packing.”?

Finally, in the range 2000-3000cm™! (Fig. 6¢), the S-H streching mode from —SH end group dominates
the spectrum in the BTTh on glass. On the contrary, all hybrids with Au do not show it, supporting
the anchoring of S-H end groups of BTTh to Au.

Correlating Raman data with the optical thicknesses (OT) from ellipsomerty, we found that BTTh
arrange on Au film in a thicker layer with more dense molecular packing with respect to BTTh on

120 nm AuNPs.
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Fig. 7 Evolution of the (a) [Ay.s (@300cm-1)/15,s (@ 260cm-1) and (b) I1440/11060 and 1;440/11350 ratios
as a function of used substrate. OT indicates the optical thickness from ellipsometry.
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Our results agree with previous Raman studies on oligothiophenes which demonstrated that the
increase in C-C intensity (decrease in I1440/11060 and I1440/11350 ratios) is also correlated to an increased
charge transfer from C=C bonds, measured in BTTh-30 nm Au NPs and BTTh-70 nm Au NPs
hybrids, according to ellipsometric analysis in par. 3.2.73

It should be noted that the observed bond strengthening, as revealed by Raman, arises from static

charge transfer between BTTh and Au NPs, and is independent of plasmonic excitations

Construction of the band structure in BT Th-Au NPs/film hybrids

In order to understand and explain the different electrical behavior of Au NPs as a function of their
size in hybrids, the energetic levels of BTTh and Au NPs are investigated. Combining LSPR and gap
values from ellipsometry, HOMO and LUMO levels from CV measurements with the WFs of Au
NPs and Au film measured in a previous paper by kelvin probe force microscopy, KPFM)3, the
diagram of the energetic levels before (Fig. 8) and after alignment (Fig. 9) can be built.

In Table 1 we summarized the energy values of HOMO and LUMO levels of BTTh, the WFs of Au
film and Au NPs with their corresponding LSPR from ellipsometric measurements discussed in par.

34

Table 1: HOMO and LUMO energy levels of BTTh and LSPR of Au NPs measured by cyclic
voltammetry and ellipsometry and WFs of Au film and Au NPs determined by kelvin probe force
microscopy (KPFM) in ref.3¢

BTTh 30nm AuNPs 70 nm AuNPs 120 nm Au NPs

Homo

(eV)

Lumo

(eV)

WF (eV) -4.06+0.05 -4.63 £0.05 -4.7520.05
LSPR

(eV)

-5.42

-3.2610.04

2.15+0.05 1.65+0.05 0.90 £0.05
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Since organic molecules generally do not have (quasi-)free electronic charges, we_followed ther

common approach to consider their Fermi level coincident with the so-called charge-neutrality level

(CNL).7+76

BEFORE ALIGMENT
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Fig. 8 Band diagrams showing the absolute energy position of the Fermi level and LSPR of Au NPs
and film and the HOMO and LUMO of BTTh derived by ellipsometry, CV analysis and KPFM.
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Fig. 9 Energy levels of Au NPs, Au film and BTTh after alignment. Representative main radiative
and non-radiative decay mechanisms, scattering, I'scatering, hot electron transfer, I'ygr and chemical
interface damping, ['cip, involved in a BTTh-Au NPs hybrids are also indicated. The different
contribution of the three energy transfer mechanisms from NPs as a function of size is represented by
the different length of arrows for I'ygr and I'cip and width of the £* symbol for I'scatering. The violet

arrow indicated the excitation energy while the yellow one the charge transfer direction in BTTh-Au

film hybrids.

An excited plasmon generated into Au NPs can have three main metal-to-molecule charge-transfer
processes, i.e. a radiative decay by scattering of electrons at the surface of the AuNP, with a plasmon
decay rate I'sayering (indicated by the £ symbol), a non-radiative indirect charge transfer from the
SPR states”’-7°, with a decay rate I'ygr, where HET is the hot electron transfer (indicated by pink

arrow) and a non-radiative direct interfacial-charge transfer from the Au Fermi level, with a decay
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rate I'cip where CID means chemical interface damping (indicated by the cyan arrow) 30 Thesg thtee!
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processes compete with the quick relaxation of hot electrons via electron—electron scattering back to
the Fermi level before they can transfer to the molecule, in addition to the decay of plasmons into
heat.

The competition between these three photo-induced metal-to-molecule charge-transfer processes in
organic molecule-NPs hybrids depend both on NPs size and, hence, on the corresponding alignment
of the energetic levels of organic molecule and NP.

Specifically, I'cagiering has been demonstrated to occur for Au NPs with size larger than 35-40 nm and
becomes significant for 100-130 nm-AuNPs.8!-82

On the contrary, the contribution of the hot electron transfer, I'ygr, depends on the relative energetic
position of SPR with respect to the WF,-LUMO,,o1ccule €nergy barrier.?? If the energy of the hot
electrons, SPR, is larger than WFs,-LUMO ,01ecule, the hot electrons can be efficiently transferred to
the conduction band of the molecule. Increasing NPs size, the efficiency of this mechanism is
expected to decrease because hot electrons have smaller excitation energies and their number
decreases.’082

The chemical interface damping, I'¢cip, is a plasmon damping channel, which arises from the direct
transfer of hot electrons generated in Au to the LUMO of strongly interacting adsorbate molecules.
It is particurarly efficient in thiol-functionalized molecules/metal nanoparticle systems, where a
strong interaction between them take place thanks to the capacity of thiol group to covalently bind
the gold, causing significant orbital mixing between sulfur and gold atoms.8%-33-8 This process is more
efficient than I'ygr because it does not require specific band energy alignment and it does not suffer
from electron—electron scattering relaxation back to the Fermi level before they can transfer to
molecules from the nanoparticle surface.®> The contribution of CID predominates in small NPs, with
size < 20 nm;30-83-36

Therefore, acting on NP size, the relative contributions of the different damping mechanisms,
Iscatterings I'ner and I'cip, as shown in Fig. 9, change yielding tailoring of electron transfer in BTTh-
Au NPs hybrids. Specifically, Au NPs with size 30-70nm are able to efficiently transfer energy to the
molecule thanks to the combination of the three radiative decay mechanisms while in 120 nm Au NPs
surface plasmons decay mainly through radiative scattering, the I'ygr is forbidden because SPR is
lower than WF 5,-LUMO01ecule and I'cpp negligible. This explains why the PL spectrum of 120 Au
NPs hybrids does not change after BTTh absorption not showing its PL bands.
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In the case of BTTh-Au film hybrids the direction of the electron charge transfer is copfrolled by the -
chemical potentials of the two species. The chemical potential of a metal, pM, and an organic
molecule, pORG, are defined as:
tm = -Oym 3)
Horg == (IP-EA)/2 4)

The chemical potential of Au and BTTh are 4.75 eV and 3.987 eV, respectively.

Charge is transferred from the species with higher chemical potential to the one with lower chemical
potential, i.e. from Au film to BTTh.37-88 Moreover, since HOMO of BTTh is at lower energy than
the Au Fermi level (IP > WF), Au will donate electrons to BTTh .73

4. Conclusions

We designed and prepared small organic molecule-Au NPs hybrids by anchoring the BTTh molecule
via -SH end groups to Au NPs with size in the range 30-120 nm, comparing them with BTTh on Au
film and glass. We found that Au NPs with size <70 nm form uniform monolayers with high intra-
and interchain order and high molecular density thanks to the role of the —SH end group anchoring
the gold. Our experimental analysis also demonstrated that there is charge transfer between BTTh
and Au NPs only for size <70 nm.

Combining Ellipsometric, Raman and PL measurements with HOMO/LUMO data from CV and WFs
from KPFM, we constructed the scheme of the energy levels at the interface BTTh/Au NPs to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

rationalizing the right energy level alignment in order to promote an efficient charge transfer.

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:30:11 PM.

Our work highlights how it is possible to forecast and control the direction of the metal-induced

charge transfer in different organic molecule—metal NPs hybrids, providing a useful tool to optimize

(cc)

the emission properties of organic emitters.
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