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Organic materials and blends have received a great deal of interests for application in large area, flexible, and 
low-cost organic/hybrid electronics. In this work the optical, structural and the electrical behaviors of a new 
active layer system composed by functionalized gold nanoparticles (AuNPs) and conjugated polymers, were 
investigated. For this purpose, gold nanoparticles with diameter of about 5 nm were chosen, coated with the 
bifunctional π-conjugated ligand (9,9-didodecyl-2,7-bis(acetylthio)fluorene, FL) for their high stability and easy 
dispersibility in organic solvents. The blends based on AuNPs and regioregular poly-3-hexylthiophene (P3HT) 
were prepared by adding an increasing percentage by weight of nanoparticles, i.e. from 10% to 90 wt%, in the 
P3HT polymeric matrix. The presence of nanoparticles was confirmed by UV-Vis spectroscopy, electron micro-
scopy and X-ray diffraction techniques. The optical characterization of the composites demonstrated the possi-
bility to tune the optical behavior of the P3HT by adding increasing percentages of AuNPs into the polymer 
matrix. Their inclusion results in a loss of P3HT crystallinity and in a simultaneous increase of the π-π interaction 
between the polythiophene chain and fluorene ligand. To better investigate the films, Grazing Incident X-ray 
Diffraction (GIXD) measurements were carried out and the blend containing 30 wt% of AuNPs in P3HT reveals an 
optimal condition, combining good structural order and interconnectivity in the polymer matrix. The electrical 
characterization of the AuNPs/P3HT blends reveals an improvement of the electrical conductivity in all the 
prepared blends, that show higher conductivity values compared to the pristine AuNPs and P3HT materials. The 
best performance is achieved adding 30 wt% of AuNPs to P3HT resulting in an enhancement of conductivity by 
about 350% compared to that of the pure polymer. This result could be of great interest for the realization of new 
conductive film composites to use in opto-electronic devices.   

1. Introduction 

The use of nanoparticles to produce stable and highly performing 
polymer blends is an ongoing challenge in the current literature, with 
the prospect of optimizing and improving the performances of materials 
[1,2]. Among others, functionalized metal nanoparticles (MNPs) attract 
attention for their unique physical and chemical properties. MNPs have 
found application in several technological fields, ranging from bio-
labelling [3] and nanomedicine [4] to catalysis [5], and nanoelectronics 
[6,7]. One of the most peculiar properties of metal nanoparticles, and in 
particular gold and silver nanoparticles, is the localized SPR (Surface 
Plasmon Resonance) which can create a strong near-field 

electromagnetic field and far–field propagating waves, which enhance 
absorption of light. For this reason, plasmon-resonant metal nano-
particles have been used to improve the performance of optoelectronic 
devices such as LEDs [8], solar cells [9], photodiodes [10], lasers [11], 
and biosensors [12], because the redistribution of electromagnetic field 
modes around the metal particles enhances absorption and emission 
[13]. 

A key role for the surface stabilization of metal nanoparticles is the 
proper choice of the stabilizing agent, necessary to prevent their ag-
gregation. The use of thiols seems to be one of the best molecular sys-
tems because it has been found that the Sulfur atoms are able to form 
strong bonds with metal atoms of the surface of the particles [14]. This 
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can improve the solubility and stability of the nanoparticles and 
furthermore, it allows them to be functionalized with other active 
groups [15]. 

Among others, the fluorene and polyfluorene derivatives have 
attracted attention because of their pure blue and efficient electrolu-
minescence [16,17]. The chemical structure modification of the fluorene 
backbone allows for tuning its optical properties [18]. Therefore, the 
fluorene-based molecules are of great interest for the functionalization 
of metal nanoparticles [19]. Bifunctional organic and organometallic 
thiols are suitable for the preparation of extended networks: for 
example, 1,4-benzenedimethanetiol has been used for the functionali-
zation of gold nanoparticles forming particles of controlled size 
(2–4 nm) with relevant interconnection degree. This last characteristic 
could be of great interest for the cases where well-ordered 2D or 3D 
nanoparticles arrays are studied for their electronic transport properties 
[20]. Furthermore, when the individual spherical nanoparticles come 
into close proximity, an important phenomenon known as the “inter-
particle electromagnetic coupling effect” take place [21]. Due to a 
cooperation of plasmonic surface resonances of neighboring nano-
particles the optical properties of the whole system are improved. For 
example, Wessels [22] and co-workers compared the optical and elec-
trical properties of thick films composed by 4 nm gold nanoparticles 
interlinked by different organic dithiols. For the AuNPs films inter-
connected with the benzene derivatives, they found an electrical con-
ductivity of one order of magnitude higher that at films interconnected 
with the cyclohexane derivatives, accompanied by a red shift of the 
AuNPs plasmon resonance. 

Based on these results and with the great expectation of the optical 
properties improvement, metallic nanoparticles can also be incorpo-
rated into a π-conjugated polymer matrix to obtain composites with new 
opto-electronic properties for the generation of organic light emitting 
diodes (OLED) [23], photovoltaic devices [24,25] and organic field ef-
fect transistors (OFETs) [26]. 

Recent studies have shown that hybrid organic photovoltaic devices 
with metal particles embedded in the photo-active region, exhibit 
enhanced light absorption and photocurrent: for example, poly(3- 
hexylthiophene)/[6,6]-phenyl-C61 butyric acid methyl ester (P3HT/ 
PCBM) bulk heterojunction solar cells with wet deposited interfacial 
gold nanostructures on the indium tin oxide (ITO) surface, showed an 
increasing power conversion efficiency from 3.04% to 3.65% [27]. 

Among the π-conjugated polymers, the regioregular P3HT is one of 
the most commonly used materials due to the relatively high charge 
transport, that occurs due to its high level of intra- and interchain order 
when it is in the solid state [28]. 

In this work AuNPs functionalized with a fluorene derivative 9,9- 
didodecyl-2,7-bis(acetylthio)fluorene (FL), were used to prepare 
AuNPs/P3HT blend films. The composite materials were investigated by 
means of spectroscopic, morphological, and electrical measurements to 
study their optical, structural and electrical properties. The prepared 
blends showed higher electrical conduction compared to the pristine 
P3HT, and a strong dependence of their optical features on the amount 
of AuNPs present in the polymer matrix was observed. The ability to 
control the optical, structural and the charge transport properties of the 
P3HT polymer by tuning the amount of the AuNPs opens the way for the 
use of these new composite materials in organic-based devices. 

2. Experimental 

2.1. Materials and methods 

Reagents were purchased from Sigma-Aldrich Co and used without 
further purification: potassium thioacetate (KSCOCH3), tetrachloroauric 
(III) acid trihydrate (HAuCl4⋅3 H2O), tetraoctylammonium bromide 
(TOAB), sodium borohydride (NaBH4). Anhydrous solvents: toluene, 
ethanol, CH2Cl2, CHCl3, (Aldrich reagent grade) were used as received. 
9,9-didodecyl-2,7-bis(acetylthio)fluorene (FL) was prepared according 

to previously reported method [29]; P3HT was purchased by Rieke 
RMI-00IEE, the molecular weight (Mw) of the materials was 60,000 
gmol− 1, PDI 2.1 and the regioregularity higher than 96.8%. 

2.2. Gold nanoparticles 

Functionalized gold nanoparticles were prepared with Au/FL molar 
ratio 2/1. The synthesis was carried out following literature procedure 
[29] starting from HAuCl4⋅3H2O in the presence of the 9,9-didodecyl-2, 
7-bis(acetylthio)fluorene (FL), sodium borohydride and the phase 
transfer agent, tetraoctylammonium bromide. The obtained gold nano-
particles show the typical surface Plasmon resonance at 525 nm and the 
absorption of the bonded ligand (FL) at around 300 nm. The obtained 
nanoparticles were characterized and herein the main characterizations 
are reported. 

UV-Vis (λ, nm, CHCl3): 318, 293 (FL ligand absorption), 525 (AuNPs 
plasmon resonance). FTIR-ATR, cm− 1: 2926, 2854 (aliphatic chains), 
1462, 1378, 1260, 1217, 1197, 1122, 1086, 897, 852, 818, 803, 752, 
722,618 (C-S). 

2.3. Blend preparation 

The P3HT/AuNPs blends were prepared by starting from the pristine 
chloroform solution of the two systems (at concentration of 2 mg/mL). 
AuNPs and P3HT solutions were stirred for 10 mins at room tempera-
ture, choosing different weight ratios: 90/10 (90 wt% P3HT, 10 wt% 
AuNPs), 70/30 (70 wt% P3HT, 30 wt% AuNPs), 50/50 (50 wt% P3HT, 
50 wt% AuNPs), 30/70 (30 wt% P3HT, 70 wt% AuNPs) and 10/90 
(10 wt% P3HT, 90 wt% AuNPs). The obtained blends have been char-
acterized and herein the main characterizations are reported for the 70/ 
30 polymer/gold ratio as an example, together with the characteriza-
tions of the pristine regioregular PH3T polymer. 

P3HT/AuNPs blends: UV-Vis, (λ, nm, CHCl3): 260, 453, 611. FTIR- 
ATR cm− 1: 2956, 2922, 2852, 1455, 1376, 1257, 1085, 1015, 866, 
796, 701. 

P3HT main characterizations: UV-Vis (λ, nm, CHCl3): 453, 260 (m) 
568 (m), 611 (m). 

FTIR-ATR cm− 1: 3053 (CH vinyl bond stretch), 2954 (CH3 alkyl 
stretch), 2924 (CH alkyl stretch), 2855 (CH2 alkyl stretch), 1565, 1510 
(asym. C––C ring stretch.), 1452 (sym. C––C ring stretch.), 1377 (methyl 
bending), 1261, 1201, 1092, 1022, 816 (out-of-plane aromatic CH 
stretch), 726 (methyl rocking stretch), 667 (characteristic peak of 
sulphur atom on the thiophene ring). Fig. S1 collects FTIR-ATR spectra 
of the samples. 

Film preparation: Films of selected blends have been prepared by 
drop casting of 5 μL of a chloroform solution at concentration of 2 mg/ 
mL, onto silicon wafer substrate at room temperature. FESEM mea-
surements allowed to obtain film thickness (PH3T 18 ± 2 nm; AuFL 
38 ± 4 nm; AuFL/PH3T 70/30 blend 35 ± 5 nm); FESEM images are 
reported in Fig. S7. Rugosity in the range 2–4 nm was measured from 
AFM images. 

2.3.1. Instruments 
UV-Vis spectra were measured by a Varian Cary 100 Scan UV-Vis 

spectrophotometer. The AuNP/P3HT blends were solved in CH2Cl2 so-
lution using a 1 cm quartz cell. A Xenon arc lamp was used as excitation 
source. ATR spectra have been recorded from films deposited on glass by 
casting from CH2Cl2 solutions using a Bruker Vertex 70 spectropho-
tometer. FE-SEM images have been acquired with the Auriga Zeiss in-
strument (resolution 1 nm, applied voltage 6–12 kV) on freshly prepared 
films drop cast from CH2Cl2 solution on a metallic sample holder. 
Atomic Force Microscopy (AFM) images have been recorded by using a 
Veeco AFM Multimode equipped with Nanoscope IIIa, working in tap-
ping mode in air. Samples have been deposited on a silicon substrate, by 
drop casting from a CHCl3 solution. The images were recorded with a 
512 × 512 pixels resolution and corrected by polynomial background 

S. Grigorian et al.                                                                                                                                                                                                                               



Synthetic Metals 283 (2022) 116973

3

filters using the software Gwyddion 2.31. Height images are reported in  
Fig. 2, while the corresponding Ra, rms and phase images are reported in 
the Supporting Information, Figs. S4, S5 and S6. 

X-ray studies of the pristine AuNPs and the blends were carried out at 
beamline BL9 of DELTA. synchrotron radiation facility Dortmund, 
Germany. The films were measured by grazing incident x-ray diffraction 
(GIXD) technique at the fixed incident angle of αi = 0.13◦. The energy of 
the x-ray used in this experiment was 13 keV, corresponding to wave-
length of 0.95 Å. This beamline is dedicated to small angle x-ray scat-
tering and GIXD experiments using image-plate 2D detector MAR345 
(3450 ×3450 pixels, resolution of 100 µm per pixel). The detector to 
samples distance in the experiment was 338.1 mm and the angular scale 
is calibrated measuring the diffraction pattern of the silver behenate. All 
diffraction patterns were collected at the same conditions and the 
samples were exposed for 180 s 

The electrical characterization has been carried out by means of a 
Keithley 595 quasi-static CV meter. The measurements have been car-
ried out at fixed potential of 5 and 10 V and in ambient condition (room 
Temperature and constant relative humidity, RH). The samples have 
been deposited by drop casting from a Chloroform solution on the 
interdigitated chips purchased from Fraunhofer Institut für Photonische 
Mikrosysteme, Dresden, Germany. These testbeds have the following 
geometrical characteristics: test chip size 15 × 15 mm2; 30 nm Au 
contacts, channel length L = 10 µm and width W = 10 mm; in total 20 
interdigitated channels. Gold pins have been maintained at fixed dis-
tance by using a custom designed holder on purpose made for this study. 
The holder for electrical measurements has been created with Solid-
Works and printed with a homemade Arduino based 3D printer, and it is 
shown together with a scheme of the chip in the Fig. S2. The filament 
used is 1.75 mm PLA (polylactic acid). 

3. Results and discussion 

3.1. Blends preparation and morpho structural characterizations 

In this work, blends based on stabilized gold nanoparticles and 
regioregular P3HT polymer have been prepared and characterized. 

AuNPs stabilized with the bifunctional thiol FL, (schematized in Fig. 1, 
together with a reaction scheme) form an interconnected system of 
nanoparticles with individual AuNPs with size of approximately 5 nm 
(see Fig. 2a, FESEM image). Interestingly, the presence of two terminal 
thiols induces the interconnection of nanoparticles and the long 
aliphatic chains ensure good solubility in organic solvents. Furthermore, 
the use of the conjugated FL linker induces a delocalization effect of the 
electrical charges in the whole system and has been selected for the 
potential interaction with the P3HT polymeric matrix. Typically P3HT 
reveals rather complex microstructure as a function of molecular weight 
[30]. The focus of present study lies on the high molecular weight P3HT 
due to its ordered microstructure and enhanced transport properties. 
The effect of incorporating highly monodispersed AuNPs, into P3HT was 
investigated by morphological, optical, structural and electrical mea-
surements. For this purpose, different weight ratios between the starting 
materials have been used to investigate the effect of increasing amount 
of AuNPs in the P3HT matrix. 

FESEM and AFM microscopies were used to obtain information on 
the morphology of the AuNPs/P3HT blends. The optical characteriza-
tions of the blends were carried out by UV-Vis characterization, while 
ATR spectroscopy was used to characterize the 50/50 blend to verify the 
presence of the main functional groups of the composite (see Fig. S1). X- 
ray studies provided the arrangement of pristine AuNPs and its modi-
fication in the polymer matrix. Electrical measurements showed a syn-
ergistic effect, passing from the two materials (AuNPs and P3HT) to the 
blend conductivity. 

The pristine systems, AuNPs and P3HT, and some selected blends 
(AuNPs/P3HT= 50/50) were characterized by AFM and FESEM mi-
croscopies. The acquired images are shown in Fig. 2. FESEM analysis 
shows that the AuNPs are spherical with a diameter of about 5 nm; NPs 
can be observed both as isolated objects and as extended linked particles 
domains (see Fig. 2a). Similar domains, which can also be noticed by 
AFM (Fig. 2d), are probably due to the presence of the bifunctional thiols 
that stabilize the NPs surface. On the other hand, the P3HT polymer 
appears almost flat in both the FESEM and AFM patterns, respectively 
(Fig. 2c,f), without any special texture and an average roughness of few 
nanometers. 

Fig. 2. FESEM (upper row) and AFM (lower row) height images of cast deposited samples: a, d) AuNPs; b, e) AuNPs/P3HT 50/50 blend; c, f) P3HT polymer.  
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Finally, AuNPs/P3HT blend characterization shows that NPs incor-
porated in the polymer matrix shows a certain texture with a homoge-
neous distribution of the nanoparticles as highlighted in Fig. 2b,e. The 
optical characterization of the two pristine systems (AuNPs and P3HT) 
and of the P3HT/AuNPs blends prepared with different weight ratios, 
was carried out from chloroform solutions. The results are reported in  
Fig. 3. Gold nanoparticles show the typical surface resonance band at 
approximately 527 nm. This value indicates the presence of very small 
AuNPs, while the peak at about 300 nm is due to the absorption of the FL 
ligand which stabilizes the surface. The UV-Vis spectrum of regioregular 
P3HT shows an absorption with a maximum at 453 nm and two addi-
tional peaks at longer wavelength, i.e. at 567 nm and 611 nm respec-
tively [31]; a further peak is observed at 260 nm. The absorption peak at 
565 nm is attributed to 0–0 transition of the intrachain excitons [32], 
while the peak at 610 nm originates from the interchain π–π * transition 
of P3HT [33,34]. Usually, the peak at ~450 nm indicates the coiled 
conformation of the polymer while the peak at 610 nm could give in-
dications on the presence of crystalline aggregates [35,36] and its in-
tensity is often used to monitor the in situ crystallization process of P3HT 
from solution [37,38]. From this consideration we can consider that two 
phases coexist in the pristine P3HT polymer, the coiled conformation 
plus the presence of some crystalline aggregates [39,40]. When AuNPs 
are added to the P3HT matrix, the intensity of the two lower energy 
peaks begins to decrease and some major changes occurs. When the 
amount of 50% of AuNPs is reached the peak at 567 nm starts to 
disappear, while the other at 611 nm shows a very low intensity, indi-
cating a decrease of π-π stacking [31]. 

This means that a strong presence of AuNPs at the higher concen-
tration perturbs the crystallinity of the polymer scaffold. 

On the other hand, the peak at 260 nm shows a linear increase of 
intensity by increasing the amount of the AuNPs in P3HT and its shape is 
broadening. This behavior could be explained by the overlapping of this 
absorption with that of the fluorene ligand (at around 300 nm) which 
stabilizes the nanoparticles surface, indicating a probable π-π staking 
between the fluorene molecules and thiophene rings. This π-π staking 
could be favored by the interaction of the aliphatic chains between 
fluorene and P3HT. 

Previous structural studies carried out on AuNPs stabilized with 9,9- 
didodecyl-2,7-bis(acetylthio)fluorene [41] have demonstrated the 
presence of π-π interactions between couples of paired fluorene moieties 
belonging to two neighboring particles. In this case, the insertion of 
AuNPs into the P3HT matrix may have a strong influence on the local 
order as has been confirmed by nanoscale X-ray studies [42]. It was 
found that the P3HT film is characterized by substantial orientational 
ordering of crystalline domains induced by gold nanoparticles. 

To better visualize this phenomenon, the UV–vis spectra of AuNPs, 
P3HT and P3HT/AuNPs= 10/90 blend are shown in Fig. 3b. Using 
blends with different P3HT/AuNPs ratio we observed the following 
trend: with addition of AuNPs up to 30% by weight P3HT maintains its 

Fig. 1. Synthesis and drop casting deposition scheme for AuNPs stabilized with 
9,9-didodecyl-2,7-bis(acetylthio)fluorene (FL). 

Fig. 3. UV-Vis spectra (in CHCl3) of a) AuNPs (red line), P3HT (blue line) and 
P3HT/AuNPs blends: 90/10 (cyan line),70/30 (pink line), 50/50 (green line), 
30/70 (grey line), 10/90 (orange line); b) AuNPs (red line), P3HT (blue line) 
and P3HT/AuNPs 10/90 blend (green line). 
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spectral features with pronounced aggregate phase. A further increase of 
AuNPs contents in the blends causes a decrease of intensity with no 
detectable features related to the intra- and interchain transitions. This 
fact is also evident by the transition from aggregate to the amorphous 
phase without a vibronic structure characteristic of the crystalline state 
and by observing the blue shift in absorption spectrum [43,44]. Inter-
estingly, in the case of more dilute 0.2 mg/mL P3HTconcentration in 
chloroform, a similar red shift and vibronic structure of the aggregate 
phase was observed for aged solutions which are advantageous for the 
mobility of charge carriers [45]. 

X-ray studies of the pristine AuNPs and the blends were carried out 
by Grazing Incident X-ray Diffraction (GIXD) technique on thin films. 
The 2D-GIXD pattern of the pristine AuNPs is shown in Fig. 4a. The GIXD 
pattern reveals an intense powder ring at higher q-values and cantered q 
= 2.68 Å− 1 which corresponds to the scattering from the Au (111) set of 
atomic planes. 

Furthermore, a weaker ring centered at the q = 1.45 Å− 1 corre-
sponds to of the π-π conjugation between the neighboring aromatic rings 
of the fluorene bridges [46] and slightly textured along out-of-plane 
direction (qz). Upon addition of polymers shown in Fig. 4, the most 
intense (100) peak of P3HT at the smaller of q = 0.38 Å− 1 is becoming 
visible with preferential edge-on orientation [47]. 

This preferential orientation is typical for solution cast P3HT films 
with the π-stacking and hexyl side chains in– and out-of-plane directions 
with respect to the substrate [48] (see Fig. S3). Generally, P3HT crys-
tallites possess thermodynamically more stable edge-on or face-on ori-
entations (flipped on 90◦) relatively to the substrate. The favorable 
orientations of P3HT can be controlled by epitaxial growth [48] or 
mechanical rubbing [49]. In the case drop casting, P3HT crystallites 
formation was monitored by time-resolved X-ray diffraction and 
revealed preferential edge-on orientation for the pristine polymer [50]. 
In the blends the Au (111) peak is accordingly decreasing, with increase 
of amount of the polymers accompanied with improvement of the 
polymer order (see Fig. 4b). The integrated line profiles for the different 
P3HT/AuNPs blends are shown in Fig. S4. The strongest P3HT structure 
with pronounced the Au (111) peak at higher q-values corresponds to 
the 70/30 P3HT/AuNPs blend. Further addition of AuNPs causes 
reduction of polymers peaks, whereas the 30/70 P3HT/AuNPs blend 
provides strong enough polymer structure and enhanced Au peak in 
comparison to the 50/50 P3HT/AuNPs blend. For all blends the gold 
peak position and its full width at half maximum (FWHM) of 0.12 Å− 1 

remains unchanged. Concerning polymer matrix, we did not detect any 
substation shift of the P3HT peaks position. However, the FWHM has 
increased from 0.028 Å− 1 to 0.038 Å− 1 (coherent length decreased on 
26%) for the blends of 30/70 and 70/30 P3HT/AuNPs, correspondingly. 
Interestingly, the 70/30 P3HT/AuNPs blend reveals an optimal condi-
tion that combines good structural order and interconnectivity in the 
polymeric matrix. 

3.1.1. Electrical measurements 
The measurements were carried out on AuNPs functionalized with 

the FL, on the pristine semiconductive P3HT and on several blends 
prepared from a mixture of different amounts of PH3T and AuNPs, with 
weight ratios ranging from 90/10–10/90 (P3HT/AuNPs). Measurements 

were carried out three times for each sample with a two-point probe, 
considering the moderate conductivity of the materials. The obtained 
average current values measured at 5 Volt and 10 V are reported in  
Fig. 5. 

The P3HT/AuNPs samples show the same electrical trend for both 
applied voltages and the increment of the electrical current is propor-
tional with the increase of the applied voltage. 

The most interesting feature is that the pristine AuNPs do not show a 
high level of conductivity, but when the nanoparticles are inserted into 
the P3HT polymer matrix they are inducing a significant improvement 
of its electrical conductivity (the conductivity values of the two pristine 
systems and of the blends are reported in Table S1 together with the 
percentage of the electrical increasing carried out by the addition of the 
nanoparticles). 

It is observed that the best result was obtained with an amount of 
AuNPs equal to 30 wt% with respect to P3HT matrix, where the current 
at 10 V voltage of P3HT is increasing by more than 4.5 times. Interest-
ingly, the combined in situ structural and electrical characterizations of 
the pure P3HT system, revealed that higher conductivity strongly cor-
relates with the softening of the grain boundaries and overall inter-
connectivity of the polymer matrix [50]. This increase of conductivity 
agrees with that found by Unwin and co-workers [46] for 
dodecanethiolate-protected gold nanoparticles, C12-Au blends of 
Langmuir-Schaeffer films. In this study the conductivity of the 
P3HT/AuNPs blend with ~33% by weight of nanoparticles, showed the 
highest conductivity for ultra-thin films. In the case of ultra-thin Lang-
muir-Schaeffer films it is assumed that P3HT chains are rather disor-
dered and can improve their order upon inclusion of the AuNPs. 
Moreover, the drop cast films of pristine P3HT initially provide a high 
degree of order with pronounced π-π staking and, therefore, the addition 
of AuNPs mainly improves orientational order and interconnectivity of 

Fig. 4. 2D GIXD patterns of the pristine AuNPs (a), the blend 70/30 P3HT/AuNPs (b), the blend 50/50 P3HT/AuNPs (c).  

Fig. 5. Electrical responses at 5 and 10 applied volts for P3HT/AuNPs blends 
with increasing AuNPs weight percentages. 
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the network. 

4. Conclusions 

In this work, functionalized gold nanoparticles were used to prepare 
new P3HT/AuNPs composites. The prepared blend films were studied 
with morphological, optical and electrical characterization to investi-
gate the influence of the inclusion of increasing amounts of AuNPs into 
the polymer matrix. The morphological characterization carried out by 
the FESEM and AFM microscopies revealed the formation of a fairly flat 
and uniform blend film where the AuNPs form a well dispersed layer 
without the presence of nanoparticle aggregates. 

The optical characterization shows a strong influence on the P3HT 
absorption spectra over the whole UV-Vis range caused by the AuNPs. In 
particular, the two P3HT peaks at lower energies (567 nm and 611 nm) 
undergo to a progressive decrease in their intensity by adding increasing 
percentages of nanoparticles; the amount of 30% by weight of AuNPs 
seems to be the most relevant providing the highest level of conduc-
tivity. For AuNPs/P3HT blends up to 30 wt% UV-Vis shows intra- and 
interchain transitions maintaining its structural features with increased 
effective conjugation length, with more linearized and better ordered 
polymer chains [51]. Conversely, a further increase in AuNPs content 
reveals a blue shift in absorption spectrum without any feature of the 
mentioned transitions. On the basis of previous studies carried out on 
the P3HT morphological evolution during the aging time [42,52] a 
correlation of this behavior with a loss of P3HT crystallinity towards a 
coiled conformation was considered when AuNPs are included in its 
matrix. GIXD investigations of the structural changes following the 
addition of polymers revealed reorganization occurring in the AuNPs 
network. The overall intensity of Au (111) is reduced as the polymer 
increases, providing an optimal condition of relatively high degree of 
order; homogeneity of the film corresponds to blends with addition of 
30 wt% AuNPs in P3HT. This in turn will increase the homogeneity of 
the Au network and improve interconnectivity within polymer matrix. 
On the other hand, the presence of the π-conjugated fluorene derivative 
on the nanoparticles surface, can give rise to staking interactions with 
the P3HT thiophene rings. This phenomenon is evidenced by the 
convolution of the fluorene absorption peak (at about 300 nm) and the 
P3HT absorption at 260 nm; this peak undergoes a linear increase in its 
intensity by adding increasing quantities of nanoparticles and a broad-
ening of its shape is observed for the higher amount of AuNPs (90 wt%). 

The electrical investigations showed an interesting result: all the 
prepared blends show a higher conductivity if compared with that of the 
two pristine systems. With only the 10 wt% of AuNPs the conductivity of 
the P3HT is improved more than 2.5 times and the best performance is 
achieved with the 30% in weight of AuNPs with an improvement of its 
electrical conductivity of 4.5 times. In conclusion, these AuNPs/P3HT 
composites provide an advantageous combination of ordering, homo-
geneity and overall interconnectivity that could be of great interest for 
organic devices-based applications. 
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