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Abstract:  

Abstract scheme  

In this study, we present the development of polyaniline/gold nanorod nanocomposites and the effect of the 

nanorods’ aspect ratio and concentration on the overall electrical conductivity of nanocomposite systems. The electrical 

characterization showed that at the same atomic gold concentration, the conductivity of the nanocomposites increased 

by about 14 % after increasing the gold nanorods’ aspect ratio from 2.9 to 3.8. Furthermore, the conductivity of the 

nanocomposites increases linearly with the concentration of atomic gold, keeping the nanorods’ aspect ratio stable, due 

to increasing the metallic content. The interaction between polyaniline and gold nanorods was investigated by FTIR, 

micro Raman, and XPS spectroscopic techniques, indicating the delocalization of the charges across the polymer chains 

induced by the incorporation of the nanorods. The interaction most likely occurs through the imine nitrogen of the 

polymer’s backbone. The homogenous distribution of the gold nanorods in the polyaniline matrix was verified by TEM. 

Furthermore, the selective photosensitivity of the developed nanocomposites to NIR light was examined, and an 

increase in their current density was detected when the nanocomposites were irradiated at the wavelength that coincides 

with the longitudinal plasmonic resonance absorption of the incorporated nanorods. We foresee applications of the 

developed nanocomposites in numerous optoelectronic sectors. 

Keywords: Polyaniline – Gold nanorods – Nanocomposites – Photodetectors – Polyaniline/gold 

nanorods composites.  

 

Introduction 

 

Polymeric nanocomposites have attracted considerable attention for applications in many technological areas, 

since they combine the lightweight, low cost and processability of polymeric materials with the characteristic properties 

of the embedded inorganic nanoparticles, e.g. conductivity or sensitivity to external stimuli, etc. The interaction 

between the nanocomposite components can be either physical or chemical depending on the surface nature of the 

nanoparticles and the presence of functional groups on the polymer chain. Among the various developed nanocomposite 

systems, the ones used most extensively in the field of flexible optoelectronics are the conductive polymer/metallic 

nanoparticle composites, due to the charge transfer processes occurring at the interface of the nanoparticles with the 

matrix.  
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Conductive polymer polyaniline (PANI) has received particular attention due to its magnificent properties such as 

good stability at ambient environmental conditions, simple and versatile preparation methods and its low cost. Various 

researchers have employed PANI in several application fields, such as anti-corrosive coatings [1], conductive polymer 

composites [2-5], drug delivery [6] and sensors [7-9]. PANI is synthesized by oxidation of aniline in an acidic medium 

either chemically[10] or electrochemically [11, 12]. PANI is an organic semiconductor and its π-conjugation structure is 

responsible for its electrical conductivity either through oxidation-reduction reactions or acid doping processes. Its band 

gap corresponds to the energy required to excite one electron from the HOMO (Highest Occupied Molecular Orbital) to 

the LUMO (Lowest Unoccupied Molecular Orbital). Through camphor sulfonic acid (CSA) doping of PANI, charge 

transfer is induced along the polymeric chain by protonation of imine nitrogen sites [13]. When a vacancy form, one 

electron from the HOMO orbital is relocated to the LUMO level, resulting in a localized polaron. Under an external 

electric field, polarons step to neighboring trapping centers, resulting in the electrical conduction of the polymer. In 

general, the conductivity of the polymer is restricted by the unusual contacts between different crystalline domains 

limiting the polarons ability to jump from one chain to the next. Diverse nanomaterials as carbon nanotubes [14-16], 

titanium oxide [17-19], cadmium sulfide [20-23], metallic nanoparticles [24-26] and graphene [27] with different size 

and shapes have been incorporated in PANI, producing nanocomposites with controllable properties, depending on the 

nature of the nanofillers and their interaction with the polymeric matrix. These nanocomposites were explored in 

different application fields including biology [28], memory devices [29], electrocatalysis [30, 31], biosensors [32] and 

electronics [33]. The merger of polyaniline with metallic nanoparticles to form composites has been attempted so far by 

diverse methodologies [34, 35]. Some of the efficient strategies included are physical mixing [36-38], layer by layer 

deposition [39], polymerization of aniline in the presence of nanoparticles [40], the growth of metallic nanoparticles 

over the PANI chains [41], and finally, the polymerization of aniline combined with the nucleation and growth of 

metallic nanoparticles [42]. Direct mixing gives a simple route for preparing PANI composites with excellent control 

over the ratio of each component. The shape and size of each individual component can be well designed before mixing. 

Furthermore, the physical blending of PANI solution with nanoparticle dispersions prevents severe structural 

deformation of the embedded nanoparticles that can happen in the case of in-situ polymerization due to the extremely 

low pH of the polymerization reaction solution.  

PANI hybridized with spherical gold nanoparticles as metallic nanofillers was already used in order to 

enhance the electrical conductivity and extend the diversity of PANI’s applications [37, 38]. The enhancement of the 

electrical conductivity of the resulting nanocomposites is usually explained by the increase of the charge density and 

charge mobility. Under adequate applied voltage, electrons located in imine nitrogens of PANI were proposed to gain 

enough energy to overcome the interface between the polymer and gold nanoparticles [24]. Gold nanoparticles have 

Fermi levels close to the HOMO level of PANI. Therefore, gold nanoparticles abstract one of the pair electrons located 

at the nitrogen atom in the HOMO level in order to transfer it to the LUMO level. Consequently, gold nanoparticles can 

be employed as dopants, enhancing the conductivity of the PANI even at lower acidic doping levels. The structural 

morphology of both PANI and gold nanoparticles, as well as the capping agent used, determine the kind of interaction 

between gold nanoparticles and PANI, which deeply affects the interfacial region and hence the transfer of charge [43]. 

The morphology and the size of metallic nanoparticles incorporated into the PANI are expected to play a crucial role in 

the properties of the resulting nanocomposites. To the best of our knowledge, no investigation regarding the effect of 

the gold nanoparticle’s morphology on the properties of the polyaniline composites was previously reported.  
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Gold nanorods (AuNRs) have interesting properties owing to their anisotropic structure, which has attracted 

much attention for potential use in several applications. The optical and electronic properties of AuNRs depend on their 

aspect ratio (length/width) [44-46], surface functionality [47, 48] and the dispersed medium [49, 50]. AuNRs are 

characterized by dual surface plasmonic absorption peaks, both longitudinal and transversal, corresponding to the 

oscillation of free electrons along the longitudinal and transversal axes of the nanorods, respectively. Therefore, the 

incorporation of AuNRs of different aspect ratios into PANI is expected to add novel interesting properties to the 

nanocomposite materials. 

Here we investigate the interaction of photochemically synthesized AuNRs with PANI of 65 kDa doped with 

Camphor sulfonic acid (CSA). In particular, we first focus on the effect of the nanorods’ concentration and aspect ratio 

on the conductivity of the nanocomposites. AuNRs with three different aspect ratios, from 2.5 up to 3.8, were separately 

embedded into the PANI matrix and characterized. The homogeneous distribution of AuNRs in the PANI matrix was 

investigated by transmission electron microscopy (TEM). The electrical conductivity of the PANI and of the 

nanocomposite films was measured using the transmission line technique. The alterations in the optical properties of 

PANI nanocomposites, due to the different AuNRs used, were monitored by UV-Vis spectroscopy. FT-IR and micro 

Raman spectroscopy were employed in order to evaluate the interaction between AuNRs and PANI chains. 

Furthermore, X-ray photoelectron spectroscopy was used to characterize the chemical bonds in the composites. 

Exploiting the surface plasmon resonance induced local field enhancement, we designed a photodetector sensitive to 

specific wavelengths in the infrared region. The sensitivity and the detection limit of the photodetector were 

determined. 

Experimental 

Materials 

 Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O) (Alfa aesar 99.99%), Cetyltrimethylammonium bromide 

(CTAB) (Fluka ≥99%), Silver nitrate AgNO3 (Aldrich 99.9999%), Ascorbic acid (AA) (Sigma-Aldrich ACS reagent 

99%), Cyclohexane (TCI, 99%), and Acetone (Sigma-Aldrich ≥99.9%) were employed without any further purification. 

PANI of molecular weight 65KD and camphor sulfonic acid (CSA) (Sigma Aldrich) were used as received. N, N 

Dimethylformamide (DMF) (San Carlos 99%) was used as received as a solvent for polyaniline.  High purity Milli Q 

water (18.2 MΩ) was used for the preparation of AuNRs dispersion solutions in all experiments.  

Methods 

I. AuNRs synthesis: AuNRs were synthesized via the photochemical technique as previously reported with 

some modifications [51-54]. First, 0.2 mL of AA (40 mM) was pipetted into three different AuNR growth solutions 

prepared by the sequential mixing of 0.25 mL of HAuCl4.3H2O (24 mM), 3mL of CTAB (80mM), 0.065 mL of 

acetone, 0.045 mL of cyclohexane, and finally three different amounts of AgNO3 (10 mM) [0.04, 0.07, 0.1 mL]. The 

precursor solutions were incubated in the dark for 3 hours prior to UV irradiation with a UV lamp (λ = 254 nm) for 30 

minutes. At the end of the reaction, the color of the growth solution changes from colorless to green, brown, or reddish 

brown depending on the aspect ratio of the resulting NRs. The color of the gold nanorods attributes to the aspect ratio 

and the maximum plasmonic absorption of the nanorods. As the aspect ratio of the gold nanorods increases, their 

maximum plasmonic absorption redshifts and so the color of the nanorods dispersion solution change from colorless to 

different colors based on their aspect ratios. Where the nanorods of aspect ratio 2.5 its dispersion solution is green, and 
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the nanorods of aspect ratios 2.9 and 3.8 their dispersion solutions are brown, and reddish brown, respectively. Finally, 

the AuNR solutions were centrifuged once at 4000 rpm for 10 minutes to separate large gold clusters. The resulting 

supernatant was collected and centrifuged at 14000 rpm for 20 minutes. This was repeated twice to separate the excess 

of CTAB and the unreacted materials from the solution. The supernatant was exchanged with distilled water each time. 

20 µL of the AuNR dispersions were deposited over carbon coated copper grid for TEM investigation. The resulting 

value of Au ion concentration obtained by ICP measurements and the dimensions of AuNRs, measured from TEM 

micrographs, were used to estimate the concentration of AuNRs. The AuNRs used for the preparation of the 

nanocomposites have aspect ratios of 2.5, 2.9 and 3.8.  

 

II. PANI/CSA-ES preparation(PANI/CSA-ES-ES): A 0.5 wt% PANI solution was prepared by dissolving 0.075 

g of PANI in 14.925 g of DMF. The solution was stirred for 24 hours, and then 0.15 g of CSA was added to the PANI 

solution. The PANI/CSA-ES Emeraldine Salt (PANI/CSA-ES-ES) solution was stirred for another 24 hours, then 

filtrated twice using filter paper with pore sizes of 0.2 µm. 1 mL of the final filtrated PANI/CSA-ES-ES solution was 

dried and weighed in order to evaluate the final concentration of PANI/CSA-ES in the solution after double filtration. 

The final concentration of PANI/CSA-ES-ES in DMF solution was 4 mg/mL. The pH of the PANI/CSA-ES-ES 

solution was 4.35. 

III. PANI/CSA-ES-AuNRs Nanocomposites Preparation: The composition and the concentration of the 

components of the prepared nanocomposite films are summarized in Table 1. Briefly, a specific amount of AuNRs 

dispersed in water was mixed with a certain volume of PANI/CSA-ES solution (2 mg/ml concentration) to obtain a total 

volume of 1 ml. The nanocomposite solutions were sonicated for 1 hour. An aliquot of each nanocomposite solution 

was drop cast over different substrates including glass, silicon wafer, and a microelectrode array containing gold square 

electrodes sputtered over a silicon substrate with a thickness of 100 nm, for further investigation. The gold square 

electrodes each have an area of 100 µm2. The thickness of the polymer and nanocomposite layer was adjusted to be 0.2 

µm by controlling the drop casting process and measured with a profilometer (AMBIOS XP2 Technology) through 

applying a probe with a pressure force of 0.1 mg/mm2 along a 5 mm scanning distance.  

Table 1: the composition of each PANI/CSA-ES-AuNRs used in the study. 

Composite Name Volume of 

PANI/CSA-ES 

solution (µl) 

AuNRs aspect 

ratio 

AuNRs 

Concentration (nM) 

Au Concentration 

[Au] (ppm) 

Au percentage (wt 

%)  

Comp I 900  2.5 65 2.6 0.130 

Comp II 965 2.9 65 2.0 0.100 

Comp III 938 3.8 65 1.9 0.095  

Comp IV 917 3.8 87 2.6 0.130 

Comp V 866 2.5 87 3.4 0.170 

 

Characterizations 

A Jeol Electron Microscope (JEM 1011) operating at 100 KV was used for transmission electron microscope 

(TEM) measurements of the AuNRs and nanocomposites. A 20 µL solution of both AuNR dispersion and 

nanocomposites were drop casted over a carbon-coated copper TEM grid of 300 meshes and dried at room temperature. 
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The optical absorption investigations were carried out with a Varian Cary 6000i UV-Vis-NIR spectrophotometer. For 

collecting the optical absorption spectra, 200 µL of the PANI/CSA-ES-ES and nanocomposite solutions were separately 

deposited and then dried over a clean glass slide substrate. After drying the polymer and nanocomposites films, their 

spectra were measured using a clean glass slide as a reference. Fourier-Transformed Infrared (FT-IR) spectra of 

conductive PANI and the nanocomposites were performed by a Bruker Vertex 70v FT-IR instrument in transmission 

mode. The Spectra were collected under a vacuum in the range of 500-4000 cm-1 at a resolution of 4 cm-1 using a DTGS 

detector. Polymer and nanocomposite films deposited on glass substrates were used for measuring the FTIR spectra. X-

ray photoelectron spectroscopy (XPS) measurements were made using a Specs Lab2 electron spectrometer with a 

monochromatic X-ray source radiation at 1253 eV and equipped with a Phoibos analyzer Has 3500 (Emispherical 

Energy Analyzer). The applied voltage of the Mg Kα X-ray source was 10 kV and the applied current was 15 mA. The 

pressure in the analysis chamber was approximately 2 x 10-9 mbar. Large area lens mode was used for both wide and 

narrow scans. For the wide scan, the energy pass was 90 eV, the energy step was 0.5 eV and the scan number was 4. For 

the narrow high-resolution scans (N1s and Au4f) the energy pass was 50 eV, the energy step was 0.2 eV and the scan 

number was 20. The spectra were then analyzed using CasaXPS software. The variations in the polymer bond vibration 

induced by the incorporation of AuNRs were tracked by a Horiba John Yvon HR800 UV Raman Lab system coupled 

with a laser source of 635 nm wavelength to scan AuNRs, polymer and nanocomposite samples in the range of 100 to 

1800 cm-1.  The conductivity of the polymer and nanocomposite films was measured by a Suss MicroTec PM5 probe 

station and Keithly 2612 semiconductor parameter analyzer system. Gold and silver ion concentrations were determined 

by Thermo Fisher Scientific Inductively coupled plasma (ICP, ICAP 6300 DUO) atomic emission spectrometer. In the 

photosensitivity experiments, CW 705 nm Red diode laser Thorlabs Fabry-Perot was employed as a light source to 

irradiate the nanocomposite film.   

Results and Discussion 

The morphology and optical properties of the AuNRs synthesized by the photochemical method are presented 

as supporting information. The UV-Vis absorption spectra of PANI/CSA-ES and PANI/CSA-ES-AuNRs 

nanocomposites are shown in figure 1 (a). The characteristic peaks of PANI/CSA-ES at ~350 nm (3.58 eV) ~420 nm 

(2.95 eV) and ~800 nm (1.55 eV) attributed to π–π*, polaron-π* and π–polaron transitions, respectively, are all evident 

in the spectrum [55]. The shoulder at ~420 nm is usually assigned to the protonation of the polymer chains due to 

doping, and the generation of interband gap state associated with polaron production [55-59]. The embedding of AuNRs 

into PANI/CSA-ES significantly strengthens the intensity of the absorption peak at ~350 nm compared to the shoulder 

at ~420 nm, and redshifts the absorption of the π-polaron transition from ~800 nm (1.55 eV) to ~850 nm (1.45 eV). The 

increase of the absorption at 350 nm implies the augmentation of the π–π* transition through the interaction of the 

AuNRs with the polymer chains.  The high wavelength polaron band, in the range of 750 to 850 nm, is usually related 

to a “compact coil” conformation of the polymer. Therefore, the redshift of this band may suggest an increase in the 

conjugation length of the polymer by uncoiling the polymer chains [37b]. Hence, the redshift of the π-polaron transition 

by incorporating the AuNRs with the PANI/CSA-ES from 800 to around 850 indicates the change in the stacking 

structure of the PANI chains within each other and increases the active conjugation length, resulting in a significant 

decline in the π-polaron band transition energy gap. This may be evidence of the intercalation of the AuNRs in between 

the PANI chains. It is important to notice that this redshift is unrelated neither to the aspect ratio nor the concentration 

of the NRs. The involved AuNRs interact with the PANI/CSA-ES polymer chains and boost the charge transfer 

transition by generating more polarons or lowering the π-polaron transition energy gap. The characteristic absorption 
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spectra of AuNRs (the Longitudinal and Transverse Surface Plasmon Resonance (LSPR), and (TSPR)) completely 

cover that of PANI giving rise to a small shoulder in the range between 570 and 710 with a hump at around 600 nm 

(appointed by black arrow) and possibly affecting the redshift of the absorption peak relevant to the π-polaronic band 

transition. The new humps around 600 nm may refer to the novel charge transfer transition between the AuNRs and the 

PANI/CSA-ES polymer chains as its position is irrelevant to the NR’s aspect ratio.  

 Figure 1;  

 Figure 1 (b) depicts the FTIR spectra of PANI/CSA-ES and of PANI/CSA-ES/AuNR composites with AuNR 

aspect ratios 2.5 and 3.8 (composites V and IV, respectively). The bands observed for the PANI/CSA-ES emeraldine 

salt (ES) at 2367 and 1742 cm-1, attributed to C=N-Ar and C=NH+ stretching vibrations, and the band at 1594 cm-1, 

assigned to the quinonoid ring stretching[60-63] do not change with the incorporation of AuNRs to the PANI/CA 

matrix. Similarly, the absorption peak at 824 cm-1 assigned to the aromatic C-H out-of-plane-bending on p-disubstituted 

ring, the vibration peaks at 786 – 791 cm-1 assigned to the stretching vibration of the p-disubstituted benzene ring 

(bending of C=C) and the vibrational peak at 1040 cm-1, assigned to the O=S=O stretching mode of Camphor sulfonic 

acid[56], hold steady after the addition of AuNRs. Remarkably, the peak at 1167 cm-1, assigned to the in-plane bending 

vibration mode of C=NH+ in the quinonoid ring after incorporating the AuNRs, blue shifts to 1153 cm-1. The blue shift 

of this band is usually attributed to electron delocalization in the PANI chain. Furthermore, the peak of doped PANI at 

1507 cm-1, assigned to the ring stretching vibration of benzenoid C=C, blue shifts to 1466 and 1475 cm-1 in case of 

nanocomposites IV and V, respectively. These results unambiguously indicate that the extent of the polaron 

delocalization in the nanocomposites is larger than that in PANI/CSA-ES, confirming the role of the AuNRs as 

secondary dopants in PANI. 

Figure 2;  

 In Figure 2, the Raman measurements of PANI/CSA-ES and nanocomposite samples are reported. The 

characteristic vibrational peaks related to PANI in its different forms and after AuNRs hybridization are assigned in the 

graph. The vibrations of the C-H (quinonoid ring) increased in intensity both with CSA doping and AuNRs embedding, 

as results comparing the intensity of the peak at 1148 cm-1 with the vibrational peak at 1189 cm-1 [64]. The C-N 

stretching vibration peak, at 1229 cm-1 remarkably shifts after AuNRs incorporation to 1269 cm-1, suggesting the 

tendency of AuNRs to interact with C-N bonds of PANI chains. The intensity of the vibrational peak at 1343 cm-1, 

assigned to the C-N
.+ radical cation band stretching, increased with both acid doping and NRs incorporation [65-68]. 

The peak at 1398 cm-1, usually assigned to the free charge carrier vibration, shifts from 1404 for the doped form to 1416 

cm-1 for the nanocomposite, suggesting enhancement of the delocalization[69]. Moreover, the stretching vibration of the 

quinonoid ring C=N bond, at 1470 cm-1, shifts slightly in the nanocomposite to 1472 cm-1. The incorporation of the 

AuNRs affect the vibrational mode of both the benzenoid and quinonoid ring in PANI polymer chains as indicated by 

the small shifts of the peaks at 1572, 1608, and 1642 cm-1, assigned to C=C stretching of the quinonoid ring and C-C 

stretching of the benzene ring. 

Figure 3;  

Next, XPS characterization was performed on PANI Emeraldine Base (PANI-EB), PANI/CSA-ES and on the 

nanocomposite type IV samples. The deconvolution of N 1s core-level spectrum of PANI-EB leads to two major peaks 
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at 399.1 and 401.6 eV representing, respectively, the imine and amine groups, as shown in Figure 3 (a). Upon acid 

doping, the imine band increases whereas the amine one decreases, and this relative change of intensities becomes more 

prominent in the case of the nanocomposite with added AuNRs. The enhanced change in the ratio between amine and 

imine bands in the nanocomposite might be attributed to the modification in the doping level of the PANI as 

aforementioned in the electronic absorption spectra. Furthermore, the slight red shift in the amine and imine peak 

positions, which was observed with both acid doping and NR incorporation, can be attributed to the attenuation of the 

electron-cloud richness at the N atoms. Similar positive shifts up to 1.2 eV have been reported for PANI decorated with 

the gold clusters.  Finally, the Au 4f core-level spectrum peaks of the AuNRs in the composite did not show any 

significant variation compared to pure gold, since the strong metal core signal [70] is not expected to be significantly 

affected by possible charge transfer between the nanocomposite components.  

Figure 4;  

Figures 4 a-c, show the TEM micrographs of PANI/CSA-ES-AuNR nanocomposites with NRs of different aspect 

ratios, drop casted from their solutions directly on the TEM grids. The AuNRs are clearly homogeneously distributed in 

the PANI matrix without any aggregation regardless of their aspect ratio. Furthermore, it was observed that the AuNRs 

with a high aspect ratio used in the experiments has a smaller width than low aspect ratio AuNRs. According to 

previous reports, a CTAB bilayer coats the AuNRs’ surface after their synthesis exhibiting a positive charge on the 

external surface [71]. The positively charged NRs may be intercalated between the negatively charged doped polymer 

chains by electrostatic interactions. Therefore, by mixing PANI/CSA-ES with positively charged AuNRs, the 

conformation structure of the polymer chains may change where the AuNRs lie onto the polymer chains or stand as a 

connecting bridge between two adjacent polymer chains, as schematically shown in the scheme of Figure 4 (d). The 

latter possibility would increase the d-spacing between the polymer chains depending on the longitudinal axis length of 

the NRs. Accordingly, the electric delocalized charges would transport between PANI chains through NR bridges as 

well as by hopping. When the NRs lie onto the polymer chains, they most likely facilitate the charge transport across 

the PANI chains. 

In order to investigate the role of AuNRs on the nanocomposites’ electrical conductivity, the concentration and the 

aspect ratio of the AuNRs were changed independently and the electrical conductivity was measured. At a stable 

AuNRs molar concentration of 65 nM, the electrical conductivity of the nanocomposites decreased with increasing 

aspect ratio, as shown in Figure 5 (a). It should be noted here that for stable molar concentration, the atomic gold 

concentration [Au] decreases with increasing aspect ratio due to the decrease in the volume of a single nanorod. 

Consequently, the role of the [Au] concentration and NRs aspect ratio were evaluated separately, and it was found that 

at a stable [Au] concentration, the electrical conductivity of the nanocomposites increased by 14% with increasing 

aspect ratio by 51% from 2.9 to 3.8, Figure 5 (b). This can be assigned to the increase of the effective contact surface 

area between the AuNRs and PANI chains with increasing the aspect ratio of the NRs, inducing enhancement of the 

charges mobility (or enhancement of the probability of charge transfer) between PANI chains and AuNRs. However, at 

a constant embedded nanorod aspect ratio in the nanocomposites, a considerable rise in the electrical conductivity of 

around 32% was measured by increasing the [Au] concentration from 65 to 87 nM, Figure 5 (c). The decrease of [Au] 

concentration would be expected to reduce the rate of the charge transfer between AuNRs and PANI chains (decreasing 

the degree of metallization of the nanocomposite). Therefore, the electrical properties of the nanocomposites depend 

primarily on the amount of [Au] embedded in the polymer and secondly on the aspect ratio of the embedded AuNRs.  
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Figure 5;  

It was proposed that when gold nanoparticles are introduced into the PANI matrix alongside an adequate 

electric field, charge transfer may be induced between PANI and gold nanoparticles through electron transfer from the 

imine nitrogen sites of the polymeric chains to the gold nanoparticles [72]. Therefore, gold nanoparticles act as a 

dopant, inducing the formation of additional polarons, and therefore leading to charge carrier density increase. The 

charge transfer efficiency was shown to be affected by the charge donating ability of the conjugated polymer PANI, the 

nanoparticles, size [58, 59, 70] and concentration [73], as well as the nature of the interface between gold nanoparticles 

and PANI. Furthermore, the presence of gold nanoparticle connections between the polymeric chains provides 

additional conductive pathways, reducing the trapping centers due to the heterogeneous nature of the polymer 

crystallographic domains. In our system, where the spherical gold nanoparticles were replaced by AuNRs, their 

elongated morphology is expected to further influence the charge mobility between PANI and AuNRs. As mentioned 

above, the positive charge of the NRs surface facilitates electron transfer between imine nitrogen sites of PANI and 

AuNRs. The charge transfer between AuNRs and imine nitrogens of polymer chains through a tunneling process is 

schematically shown in Scheme 1. That process may be induced by the electric field leading to a charge density 

increase. The increase of the charge density is enhanced not only by increasing the gold concentration but also by 

increasing the AuNRs aspect ratio, through the increase of the interfacial surface area with PANI chains.  

Scheme 1;  

 

 Light sensing application 

 The selective sensitivity of the PANI/CSA-ES/AuNRs nanocomposites of specific light wavelength was 

investigated as an application. AuNRs with an aspect ratio of 2.5 and 3.8, corresponding to LSPR absorption peak 

maximums at 650 and 732 nm, (AuNRs650, and AuNRs732), respectively, were used to prepare the nanocomposites by 

mixing the same [Au] concentration with PANI/CSA-ES solutions. The photosensitivity of the nanocomposites was 

explored by measuring the variation of the current density across the nanocomposite films at different irradiances at the 

wavelength of 705 nm. Figure 6 (a) shows the relationship between the current density that passes through the 

nanocomposites and the incident light intensity at a constant applied voltage of 1 V, while Figure 6 (b) depicts the 

absorption spectra of the AuNRs used for the preparation of the nanocomposites, (the blue arrow indicates the laser 

wavelength used in the experiment). The variation of the current density was measured under irradiation of the 

nanocomposite films within a range of 0 to 150 mW/cm2, and with steps of 10 mW/cm2. Compared to the 

nanocomposites containing AuNRs650(Comp V), the nanocomposites containing AuNRs732 (Comp IV) show higher 

values of current density upon irradiation with 705 nm. The measured current density of Comp IV increased linearly 

with increasing irradiance from 30 to 130 mW/cm2. The sensitivity of the Comp IV, estimated from the slope of the 

current density versus irradiance curve, is 6.2×10-4 µA.µm-2.mW-1. On the other hand, the nanocomposites containing 

AuNRs650 (Comp V) did not exhibit any current density alteration, even at high irradiances. The incorporation of the 

AuNRs650 with PANI/CSA-ES neither accelerates the mobility of the charge carriers nor generates new charge carriers 

under the irradiation conditions. Where the wavelength of the irradiation beam is far from exciting the LSP conduction 

electrons, as the maximum absorption of the LSPR is shorter by around 50 nm. The sensitivity of Comp IV to 705 nm 

light may originate from the excitation of the conduction electrons of the AuNRs with a laser beam when its wavelength 

is close to the maximum of the LSPR of the NRs (Figure 6 (b)), which appeared as an increment in the current density 
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with increasing irradiance. Therefore, the enhancement of the nanocomposite conductivity upon irradiation could be 

assigned to the excitation of the AuNR’s LSPR, thereby increasing the charge mobility between AuNRs and PANI.                                             

Figure 6;  

 

Next, the response time of the system of PANI/CSA-ES-AuNRs732 nanocomposite films upon irradiation at 705 nm was 

investigated to understand the dynamics of the system and reproducibility of the photosensitivity. The changes in the 

current density of the Comp IV film versus time upon on/off NIR irradiation cycles, at an irradiance of 100 mW/cm2 

and an applied voltage of 1 V, are shown in Figure 7 (a). The reversibility of the photoresponse of the tested films was 

confirmed repeating 7 cycles of irradiation/dark every 30 seconds. The irradiation intervals are highlighted in red and 

the dark intervals in black. As shown in Figure 7 (b), no enhancement of the current density was recorded on the 

PANI/CSA-ES polymer film without NRs, implying insensitivity of the pure doped PANI under the experimental 

conditions. The acid doping of the PANI generates charge carriers that are responsible for the electrical conductivity. 

Even with the high absorption of the PANI/CSA-ES film at the range from 700 to 80 nm, the irradiation with a laser 

beam of 705 nm light wavelength appears to be ineffective in boosting the current density by accelerating the existed 

charge carriers or creating new ones. It is clear that irradiation of the PANI/CSA-ES and Comp V films with 705 nm 

light did not exhibit any change in the passed current density, while the Comp IV containing AuNRs732 show a 

pertinent response.  This reveals the importance of the AuNRs and the role of LSPR excitation with an appropriate 

light beam in the enhancement of the photosensitivity of the nanocomposite films.  

The current density response curve to irradiation and dark recovery, depicted in Figures 7 (c) and (d), is fitted by 

equation (1) [74, 75].  

J = J2 + (J1 – J2) / (1 + exp ((t – t0) / dt))            (1) 

Where J1 and J2 are the initial and final current density values, respectively, while t0 and dt represent the time of the 

central point of the current inflection and the time interval of significant current density change. After starting and 

suspending the NIR irradiation, the current density takes about 5.0 and 3.5 s to rise and fall, respectively. The rate of 

current density fall (≈ 8.5 × 10-8 µA.µm-2.s-1) is higher than that of the rise (≈ 5.8 × 10-8 µA.µm-2.s-1). This result sheds 

light on the kinetics of the charge carriers’ separation and recombination as they are the main electronic processes 

stimulated by NIR irradiation. Since the selected wavelength of irradiation, 705 nm, is close to the LSPR maximum 

absorption (≈ 732 nm) of the AuNRs used, the irradiation causes AuNRs stimulation, affecting the electron dynamics 

(electron-electron and electron-phonon scattering) in the conduction band [44]. Irradiation of the AuNRs leads to 

surface plasmon coherent electronic oscillation as well as enhancement of the d-sp interband electronic transition [76]. 

The electrons excited to the sp-orbital and the holes in the d-band of the NRs can be redistributed at the interface 

between AuNRs and PANI. The excited charge transfer reduces the recombination of the electrons and holes in both 

PANI and AuNRs. Therefore, the excited charges of AuNRs transfer by hopping to PANI chains, increasing the charge 

density over the nanocomposite lattice. By suspending the irradiation, the excited electrons collapse and fall down to the 

d orbital, leading to recombination of charge carriers. The presence of charge trapping centers on the polymer chains 

might be responsible for the delay of the response to irradiation’s variation with respect to the current drop. These 

charge trapping centers result from the morphologically complex nature of PANI, which consists of amorphous regions 

among the crystalline domains [77-83]. 
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Figure 7;  

  

The role of the AuNRs on the overall photosensitivity of the nanocomposites was further studied by measuring the 

maximum charge generation rate (Gmax) [74, 75]. The complete calculation and the experiment conditions are 

represented as supporting information. The results showed that the Gmax of the PANI/CSA-ES is unaffected by the 

irradiating light wavelength. However, in the case of the nanocomposites, the Gmax is enhanced for irradiation close to 

the NRs plasmonic maximum absorption. This gives an insight into the plasmonic excitation of the embedded NRs and 

its impact on the enhancement of the charge transfer between the PANI and the AuNRs.     

Further studies on the roles of the PANI oxidation states, the doping degree, and the surface chemistry of the AuNRs 

are important to fully understand the nature of the charge transfer between the AuNRs and the PANI chains. This could 

lead to an optoelectronic device with selective characters.   

 

Conclusions 

 PANI-AuNRs nanocomposites were prepared by mixing different aspect ratio AuNRs with PANI/CSA-ES. 

The NRs were homogeneously dispersed in the PANI/CSA-ES matrix, reflecting a good affinity between the capping 

molecules of the NRs and the polymer matrix. The addition of NRs, independent from the aspect ratio, has an impact on 

the electronic transitions of the nanocomposite. Both of the π-π* and polaronic band-π* transitions were enhanced by 

AuNR incorporation, as the absorption spectra reveal. FTIR and micro Raman spectra manifested, that the mingling of 

AuNRs with PANI/CSA-ES induced the extension of the electronic delocalization across the polymer due to the affinity 

of the NRs to the nitrogen atoms of the polymer backbone. The incorporation of the NRs boosts the nanocomposites’ 

electrical conductivity of about one order of magnitude. The nanocomposite’s conductivity was increased both by 

increasing the atomic gold concentration and the NR’s aspect ratio. The increase of the NR’s surface at the larger aspect 

ratios lead to the enhancement of the interaction between the NRs and polymer chains through expanding the interfacial 

contact area, facilitating the charge transition between the polymer and the NRs. The selective photodetection of the 

nanocomposites was also examined. Irradiation of the nanocomposites at a wavelength near the wavelength of their 

longitudinal plasmonic resonance induces the delocalization of the NRs surface plasmonic electrons. The interaction 

between the excited surface plasmon and PANI accelerates the charge transition between PANI and the NRs and 

reduces the charge recombination. The result is an increased current density when the nanocomposites were irradiated at 

a wavelength that coincides with the longitudinal plasmonic resonance absorption of the incorporated nanorods.  
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Figure Captions  

Figure 1; Normalized spectroscopic characterization of PANI and nanocomposite solutions: (a) UV-Vis absorption spectra of 

PANI/CSA-ES and PANI/CSA-ES/AuNRs nanocomposites with different NR aspect ratios 2.5 (Comp I), 2.9 (Comp II) and 3.8 

(Comp IV) and loadings (pH = 4 for all solutions) and (b) FT-IR spectra of PANI/CSA-ES and two nanocomposites with 2.5 (Comp 

V) and 3.8 (Comp IV) AuNRs aspect ratios. 

Figure 2; Raman spectra of the PANI Emeraldine base, acid salt, and PANI/CSA-ES/AuNRs Comp IV. 

Figure 3; XPS spectra of Polyaniline-Au nanorods, (a) N (1s) deconvoluted spectra of PANI-EB, (b) N (1s) deconvoluted spectra of 

PANI-ES, (c) N (1s) deconvoluted spectra of PANI-ES/AuNRs composites, (d) the core level spectra of Au 4f in AuNRs 

incorporated with PANI-ES. 

Figure 4; TEM images of, (a) Comp. I, (b) Comp. II, and (c) Comp. III. The scale bar is 100 nm for all images. (d) Proposed 

arrangement of AuNRs and PANI chains.    

Figure 5; Conductivity measurements of PANI/CSA-ES and PANI/CSA-ES-AuNRs nanocomposites: (a) Effect of AuNR aspect 

ratio and atomic gold concentration [Au] on the electrical conductivity, (b) effect of AuNRs aspect ratio at constant [Au] on the 

electrical conductivity, and (c) the effect of the atomic gold concentration [Au] on the electrical conductivity of the resulting 

nanocomposites for the same aspect ratio.  

Scheme 1; Charge transfer processes between imine nitrogen of PANI and AuNRs. 

Figure 6; (a) Photosensitivity of the PANI/CSA-ES-AuNRs nanocomposites at an applied voltage of 1 V. Red triangles and black 

squares refer respectively to measurements on Comp IV with embedded AuNRs732, and on Comp I, with embedded AuNRs650. (b) 

The absorption spectra of the AuNRs aqueous dispersions, where the blue arrow indicate the wavelength of the laser that was used 

during the experiment. 

Figure 7; Conductivity response of (a) PANI/CSA-ES-AuNRs (AuNRs of LSP 732 nm) (Comp IV) nanocomposite film and (b) PANI/CSA-ES 

film toward fluctuated NIR irradiation (λ = 705 nm, light irradiance: 100 mW/cm2) at an applied voltage of 1 V. The upward and downward 

transitions of the third conductivity response cycle are zoomed in (c) and (d), respectively, accompanied with the sigmoidal fitting (the solid line). 
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Enhanced resolution
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