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Introduction

Hybrid nanocomposite materials containing plasmonic metal nanoparticles (NPs) embedded in a polymer matrix have emerged recently as a boosting area of research. Besides increased electrical conductivity due to the metallic character of the filler such nanocomposites were suggested to work as photochemical catalysts [1], optical sensors [2,3], SERS probes [4,5] or nonvolatile rewritable memories [6]. When sized in a range 5 -100 nm the metal nanoparticles possess optical properties that stem from plasmons -collective oscillations of free electrons excited by incident light of a proper wavelength. Such oscillations have a resonance frequency that can be tuned by their size, shape, aspect ratio, dielectric constant of the environment and their mutual arrangement in 3-dimensional assemblies. For Ag and Au nanoparticles the resonance falls within the visible spectral region and it is accompanied by a local enhancement of the optical electric field in a close vicinity of the nanoparticle surface. The enhancement of incident light and of light scattered nonelastically by molecules adsorbed on the nanoparticle surface is the principle of the surface enhanced Raman scattering (SERS) or surface enhanced resonance Raman scattering (SERRS). Large enhancements of SERS signal of the order of 10 14 were reported on systems that contain "hot spots" formed in properly assembled nanoparticles in dimers or aggregates [7,[START_REF] Creighton | Surface Enhanced Raman Scattering[END_REF][START_REF] Stockman | [END_REF].

The combination of plasmonic properties of metal nanoparticles with semiconductive properties of -conjugated polymers in composite materials brings a promising functionality for advanced optoelectronic applications due to the synergy effect of surface plasmons and delocalized -electrons in the polymer backbone. Superquenching of fluorescence [10] or localization of optical field in a donor-acceptor interface located near the nanoparticle surface, leading to better harvesting of absorbed light for photovoltaic energy conversion [11], are the examples of such phenomena. The effect of metal nanoparticles on the -* absorption band of conjugated polymers and the effect of delocalized -electron system of semiconductive polymers on the electronic coupling between NPs are a hot subject of debate. Understanding and tuning such effects could lead to hybrid optical devices with improved optical properties.

Metal nanoparticles are mostly synthesized by reduction of metal salts in water environment as hydrosols stabilized only by electrostatic forces. The insolubility of semiconductive polymers in water miscible solvents brings major obstacle for the preparation of plasmonic nanocomposites in a form of inks suitable for printable electronics and photonics. For mixing nanoparticles with polymer solutions they need to be stabilized with hydrophobic molecules. Since the enhancement of optical field decreases rapidly, as r -6 , with the distance r from the nanoparticle surface such steric stabilization hinders an efficient interaction between plasmons and conjugated polymer.

-conjugated polyelectrolytes are polymers that combine the semiconductive properties of the hydrophobic conjugated polymer backbone with ionic character of the side-groups, which yield the polymer solubility in water and water miscible solvents and also allow interactions with other charged species in the system. Since metal nanoparticles are usually negatively charged due to the presence of residual ions from their synthesis, conjugated polyelectrolyte can easily adsorb at the nanoparticle surface. Combining polymers with oppositely charged ionic groups multilayer structures can be prepared using layer-by-layer deposition technique.

Recently, we showed that a water soluble derivative of polyacetylene containing cationic pyridinium groups can serve as a suitable matrix for the Ag nanoparticles [12]. Moreover, due to the electrostatic interactions the aggregation of the nanoparticles can be controlled to form fractal aggregates with "hot spots" of extreme enhancement of optical field. In this paper we employed similar approach for the preparation of nanostructured plasmonic materials based on water soluble cationic derivative of polythiophene.

Experimental Section 2.1 Materials:

Regioregular poly{3- [6-(1-methylimidazolium-3-yl)hexyl]thiophene-2,5-diyl bromide}, PMHT-Br, was synthesized using recently developed two step procedure [13]: first the regioregular poly [3-(6-bromohexyl)thiophene-2,5-diyl] was prepared from 3-(6bromohexyl)thiophene by Kumada coupling reaction catalyzed with Ni based catalyst, which was subsequently modified using reaction with 1-methylimidazole. The resulting cationic polythiophene polyelectrolyte is soluble in water, common polar solvents like dimethyl sulfoxide (DMSO) or dimethylformamide and some alcohols.

Poly [(thiophene-3-yl)acetic acid], PTAA, was synthesized according to the reference [14]. Chemical structures of both cationic polythiophene, PMHT-Br, and anionic polythiophene, PTAA, are shown in Figure 1.

Silver colloid containing borate-stabilized Ag nanoparticles was prepared by reduction of AgNO 3 with NaBH 4 according to the procedure described in refs [12,15,16]. Briefly, 3.5 mg of NaBH 4 was dissolved in 75 ml of deionized water and cooled to 2 ºC. After reaching this temperature, 9 mL of 2.2·10 -3 M aqueous solution of AgNO 3 (pre cooled down to ~ 8 ºC) was dropwise added under vigorous stirring. Stirring was continued for 45 min. As a result, the yellowish sol was obtained that was aged for several weeks before being used in further experiments.

Gold colloid containing citrate stabilized gold nanoparticles (Au NPs) was prepared by the citrate reduction of HAuCl 4 according to the procedure of Lee and Meisel [17]: 125 ml of 1.2 mM solution of HAuCl 4 was brought to boiling under vigorous stirring. To this solution 12.5 ml of 1% sodium citrate solution was added rapidly. The reaction mixture quickly changed the color from pale yellow to dark red. The boiling continued for 10 min and then the hydrosol was cooled down under stirring for another 45 min. Concentration of silver and gold in the resulting hydrosols was 2.4·10 -4 M and 1.1·10 -3 M, respectively.

Ag-NPs/PMHT-Br and Au-NPs/PMHT-Br sols for UV-Vis and SERS spectroscopy were prepared by adding a measured volume of the stock solution of PMHT-Br (1•10 -1 M of monomer units in DMSO) to 2 mL of Ag or Au hydrosol, respectively. Molar concentrations of PMHT-Br in resulting sols, c pol , were set to be: 5•10 -8 M, 5•10 -7 M, 5•10 -6 M, 1•10 -6 M, 1•10 -5 M and 1•10 -4 M. The same procedure was adopted for the preparation of sols with anionic polythiophene PTAA.

PMHT-Br/Au-NPs/PTAA multilayered structures were prepared using the layer-by-layer deposition technique. A solid substrate (quartz, mica, ITO) was consecutively immersed into aqueous solutions of the cationic PMHT-Br, Au hydrosol and the anionic PTAA, each for 10 min. The concentration of polymer solutions was 10 -5 M. Between subsequent immersions the samples were washed by water to remove the polymer not attached by electrostatic forces.

Instrumentation

UV-Vis absorption spectra were recorded in the spectral range 200 -800 nm using a double beam Perkin Elmer Lambda 950 UV-Vis spectrophotometer. The sols were measured in a 1 cm quartz cuvette, multilayered thin films deposited on quartz substrates were placed in a solid sample holder during the measurement.

TEM images of Ag and Au colloids were obtained with a JEOL JEM 200 CX transmission electron microscope. The samples were prepared by depositing a small drop of the sol onto a copper-mesh grid covered by a carbon foil and left to dry on air.

SERS spectra of Ag/PMHT-Br and Au/PMHT-Br systems were measured from solutions placed in a 1 cm five-window quartz cuvette at room temperature. Spectra were recorded with a Raman spectrometer equipped with a monochromator (1800 gr/mm grating, Jobin-Yvon-Spex 270M) and a CCD detector (100 x 1340 pixels, Princeton Instruments) in a right angle scattering geometry. The excitation with 514.5 nm line (argon laser Innova 300) was used for the Ag/PMHT-Br sols, whereas the Au/PMHT-Br sols were excited using 647.1 nm line (Kr + ion laser, Melles Griot). The spectra were accumulated for 150 s for each measurement. Necessary post-acquisition spectra treatment was done by the SPECTRACALC program (Galactic Industries Corp.). A baseline correction, normalization (the 618 cm -1 DMSO band was used as an internal intensity standard) and quantitative analysis of Raman spectra were carried out using factor analysis.

Results and Discussion

TEM images of Ag and Au nanoparticles as deposited from corresponding colloids on carbon coated grids are presented in Figs. 2a and2b. The colloids were stable for weeks and nanoparticles are well dispersed when deposited on the substrate. It shows that nanoparticles in the hydrosols are efficiently electrostatically stabilized. The mean sizes of the nanoparticles were determined by image analysis of TEM pictures as 10 nm and 15 nm for Ag and Au nanoparticles, respectively.

UV-Vis optical absorption spectrum of a pure PMHT-Br polymer solution in DMSO/water (1:100, v/v) mixture is shown in Fig. 3, curve a. The pure polymer is characterized by its well developed absorption band with a maximum at 423 nm, which results from the  * transition of the conjugated polythiophene backbone. The UV-Vis extinction spectrum (involves absorption and scattering of the incident light) of the Ag hydrosol shows a strong extinction band with a maximum at 395nm, characteristic for the surface plasmon resonance extinction (SPE) of isolated spherical Ag nanoparticles (Fig. 3, curve b) with the diameter below 30 nm, embedded in water environment [START_REF] Creighton | Surface Enhanced Raman Scattering[END_REF]18]. Similarly, Fig. 3, curve c, shows the UV-Vis extinction spectrum of the prepared gold hydrosol, with a strong SPE band centered at 520 nm, which is typical for isolated spherical gold nanoparticles [17] dispersed in water.

Figs. 4 and5 show the UV-Vis extinction spectra of Ag and Au hydrosols respectively just after the addition of PMHT-Br polymer dissolved in DMSO/water mixed (1:100) solvent at various concentrations. Upon addition of the PMHT-Br into the colloids immediate pronounced color changes were observed at certain concentration range of the added polymer.

At the lowest concentrations of the polymer admixed into the Ag hydrosol as c pol = 5·10 -8 M the SPE spectrum of the hydrosol remains almost unchanged, only a small decrease in the absorbance was observed. When increasing the concentration of the added polymer solution to c pol = 5·10 -7 M, (Fig. 4 curve b), the formation of a new plasmon band was observed on the long wavelength edge of the Ag hydrosol SPE band. With further increasing the polymer concentration this band becomes broader and shifts towards longer wavelengths, reaching a maximum absorbance for the polymer concentration c pol =1·10 -6 M, with extinction maximum at 512 nm (Fig. 4 curve c). At this concentration, the sol becomes unstable with a tendency to fast aggregation. When the concentration of the added polymer exceeds the critical c pol value, the mixed sol becomes stable again and the long wavelength extinction band decreases, finally observed only as a broadening of the main SPE band of the parent hydrosol (Fig. 4, curves d -e).

It should be noted that the absorbance of the pure polymer solutions with the same concentrations for which the most pronounced spectral changes were observed is negligible compared to the SPE of the nanoparticles in the hydrosol and it cannot substantially contribute to the overall optical absorbance of the mixture. It means that the spectral changes upon addition of the polymer to the nanoparticles in the hydrosol can be assigned only to the processes and structure changes affecting the surface plasmon band of the metal nanoparticles. Only at the highest polymer concentration used within the experiment a small red shift of the maximum of the SPE band of Ag nanoparticles together with the band broadening were observed, which can be explained by its overlap with the pure polymer optical absorption.

Similar behavior was observed when adding the PMHT-Br polymer to the hydrosol containing Au nanoparticles with the following differences (see Figure 5): the SPE band of the pure hydrosol is centered at 524 nm, the new absorption band upon the addition of the polymer solution appears at longer wavelengths, it reaches its maximum at  = 684 nm at higher polymer concentrations c pol = 5·10 -6 and it is more pronounced (see Fig. 5,curve d). In addition to these spectral changes, another band with a peak wavelength  = 423 nm also appeared at higher polymer concentration (c pol = 1•10 -4 M) that can be assigned to the absorption of conjugated polymer PMHT-Br.

The appearance of the second extinction band in the long wavelength region of the SPE spectrum is an indicator of an increased mutual interaction of plasmons localized within individual nanoparticles and it should be explained by a formation of nanoparticle aggregates [19]. The system under study contains two oppositely charged species: (i) Ag or Au nanoparticles that are negatively charged due to the presence of surface ions, as confirmed by the zeta potential measurements, and (ii) positively charged N-methylimidazolium side groups of the polymer. Hence, we can expect that the cationic polythiophene is effectively adsorbed at the NP surface due to the electrostatic attractive forces and it compensates the surface charge of the nanoparticles. As a result the nanoparticles aggregate, which is manifested by their characteristic optical spectra and fast sedimentation from the solvent. In particular, in the case of the Ag/PMHT-Br sol system with the critical polymer concentration c pol = 1•10 -6 M, and of the Au/PMHT-Br system with c pol = 5•10 -6 M, respectively, the amount of positively charged N-methylimidazolium groups of the polymer present in the solution allows for the full coverage of the nanoparticle surface by the polymer. Consequently, it allows for the charge compensation resulting in a fast aggregation of nanoparticles into large assemblies manifested by the presence of two SPE bands in their extinction spectra (Fig. 4, curve c, and Fig. 5, curve d). The higher critical concentration observed for hydrosols with Au nanoparticles compared to the silver ones can be easily explained by the larger surface of Au nanoparticles. At higher cationic polymer concentrations, the excess of the positive charge prevents the nanoparticles from their aggregation. This explanation is confirmed by both the increased hydrosol stability for the system with the 1•10 -4 M polymer concentration, and by the SPE spectra exhibiting a single broad extinction band red-shifted from that of the parent hydrosol.

SERS spectra of the Ag/PMHT-Br and Au/PMHT-Br sol systems normalized to the DMSO signal are shown in Fig. 6a and6b. The samples were excited by the laser lines that are out of the PMHT-Br polymer resonance and closest to the respective position of the long wavelength SPE maxima, i.e. at 514.5 nm and 647.1 nm, respectively, and Raman spectra were measured immediately after the system preparation as a function of polymer concentration.

The onset of SERS intensity enhancement appears at c pol = 5•10 -8 M and increases up to the critical concentration 1•10 -6 M (for Ag NPs) or 5•10 -6 M (for Au NPs) and then slightly decreases for higher concentrations. For the critical concentration the substantial increase of the SERS intensity is correlated with the appearance of the second SPE band in the extinction spectra. Strong correlation between the occurrence of the nanoparticles aggregates, optical spectra and SERS activity has previously been reported for the metal nanoparticles in colloidal systems and explained by the adsorbate induced particle aggregation [7]. In our experiments the highest Raman signals were clearly obtained for the systems containing large nanoparticles aggregates, in which a localization of polymer segments in the hot spots can be expected and in which the optical excitation closely matches the extinction band of the aggregates (512 nm or 684 nm, for Ag and Au nanoparticles, respectively) resulting in the strongest enhancement of Raman scattering by an electromagnetic mechanism [20,21]. In the systems containing higher than critical concentration of the polymer the decrease of SERS intensity can be explained by weakening of the localized optical field between the nanoparticles caused by the increased interparticle spacing in the loosely packed metal nanoparticles/polymer aggregates, as well as by the poor matching between the excitation laser lines and maximum of SPE bands.

The SERS spectrum of the cationic polythiophene is dominated by the intense band at 1463 cm -1 , characteristic to the C  =C  bond of the thiophene ring. This band was used for the evaluation of the SERS enhancement factor. The SERS enhancement factor in these composite systems was at least 10 4 , as obtained from the comparison of the Raman signals of the polymer solution and of the composite sols with the same polymer concentration to the reference DMSO signal.

Optical properties of Ag/PTAA sol systems were also studied for the comparison. The absorption spectrum of the anionic PTAA polymer in a DMSO/water (1:100) solution shows its maximum at 417 nm (Fig. 7, curve a). Contrary to the cationic PMHT-Br there was no formation of the second SPE band observed in the extinction spectra upon the addition of the PTAA to the hydrosol at any concentration. Only a slight increase of the SPE band was observed due to the overlap of the polymer and Ag hydrosol absorption (Fig. 7,curve c). Similarly, no enhancement in the Raman signal occurred after mixing the Ag NPs with the PTAA (not shown here). It is obvious that in case of the anionic polymer, which contains COO -negatively charged side groups, adsorption of the polymer to the nanoparticle surface is not allowed due to the electrostatic repulsion and, hence, no aggregation is possible. As a result, no enhancement of the Raman scattering has been observed.

Layer by layer deposition of thin films: The electrostatic interactions that take place during the aggregation of sol systems were successfully utilized also for the preparation of PMHT-Br/Au-NPs/PTAA multilayered structures by layer-by-layer deposition technique. The optical spectra of such structure cast on a quartz substrate recorded between the consecutive immersions of the substrate into the aqueous solutions of the cationic PMHT-Br, Au hydrosol and anionic PTAA are shown in Fig. 8. The optical spectra confirm the progressive build-up of the layered structures. Apparently, the coverage of the deposited cationic layer by adsorbed Au nanoparticles is not complete, leaving some uncompensated cationic groups for the subsequent adsorption of the PTAA layer. As can be seen, the surface plasmon resonance of Au nanoparticles contributes markedly to the overall extinction of the composite. The SPE band of the first Au layer was observed at 536 nm that corresponds to weakly coupled Au nanoparticles arranged in 2-dimensional assembly. The observed red shift of the plasmon extinction maximum to 574 nm for the alternating polymers multilayer containing 7 Au layers proves an increased electronic coupling of plasmons in the multilayer structure with increasing number of layers.

Conclusion

It has been shown that the aggregation of Au or Ag nanoparticles facilitated by their electrostatic interactions with cationic polythiophene provides systems containing assemblies of electronically coupled plasmonic nanoparticles. Such systems showed the formation of "hot spots" with a strong local electromagnetic field enhancement effects, evidenced by the enhanced Raman scattering (SERS). Maximum enhancement was achieved when the components ratio provided the charge balance between the nanoparticles and cationic polythiophene, at which the nanoparticles are nearly single-polymer-layer coated and a tight coupling of plasmons of adjacent nanoparticles is allowed. By subsequent adsorption of Au nanoparticles and polythiophenes with cationic and anionic side-groups the alternating multilayer structures were prepared using layer-by-layer deposition technique. These layers showed efficient coupling of plasmons of individual nanoparticles, evidenced by the shift of their plasmon resonance frequency. 
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 1 Fig. 1. Chemical structures of a) cationic polythiophene, poly{3-[6-(1-methylimidazolium-3yl)hexyl]thiophene-2,5-diyl bromide}, PMHT-Br, and b) anionic polythiophene, poly[(thiophene-3-yl)acetic acid], PTAA.
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 2 Fig. 2. TEM images of a) borate stabilized Ag nanoparticles, b) citrate stabilized Au nanoparticles.
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 3 Fig. 3. Curve a: UV-Vis optical absorption spectrum of the pure polymer PMHT-Br (cpol = 1·10 -5 M) in DMSO/water (1:100 v/v) mixed solvent, curve b: surface plasmon extinction (SPE) spectrum of the parent Ag colloid, curve c: SPE spectrum of the parent Au colloid.
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 4 Fig. 4. Extinction spectrum of the parent Ag colloid (curve a), and extinction spectra of Ag colloid with various concentrations of added PMHT-Br polymer: 5·10 -7 M (curve b), 1·10 -6 M (curve c), 1·10 -5 M (curve d) and 1·10 -4 M (curve e).

Fig. 5 .

 5 Fig. 5. Extinction spectrum of the parent Au colloid (curve a), and extinction spectra of Au colloid with various concentrations of added PMHT-Br polymer: 5·10 -7 M (curve b), 1·10 -6 M (curve c), 5·10 -6 M (curve d) and 1·10 -4 M (curve e).

Fig. 6 .

 6 Fig. 6. SERS spectra hydrosols with various concentrations of added PMHT-Br polymer: a) Ag hydrosol, excitation wavelength 514.5 nm, b) Au hydrosol, excitation wavelength 647 nm. Concentrations of the polymer shown in the figure.
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 7 Fig. 7. UV-Vis optical absorption spectrum of pure PTAA polymer (1.0·10 -5 M) in DMSO/ water (1:100) mixed solvent (curve a), SPE spectrum of the parent Ag hydrosol (curve b) and SPE spectrum of silver hydrosol upon addition of PTAA polymer at concentration 1·10 -5 M (curve c).
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 8 Fig. 8. Increase of the optical extinction of a PMHT-Br/Au/PTAA multilayer structure during the layer-by-layer deposition. The concentration of both polymer solutions used for the deposition was 10 -5 M. The shift of the maximum of the SPE of Au nanoparticles is marked.
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