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INTRODUCTION

Nowadays, the study of the reactivity and modification of carbon allotropes, particularly graphene, became one of the most promising research topics in nanoscience. Graphene has attracted the attention of many scientist working on this area due to its unique chemical, mechanical, electrical, and thermal properties [1,2]. Graphene exhibits remarkable properties that make it the best prospect for potential applications in organic electronics and in the elaboration of novel optoelectronic devices [3,4], electrodes [5], supercapacitors [6], new sensors [7], high performance biomedical materials [8] and new catalysts [9] among others.

Graphene can be prepared by different methods such as mechanical exfoliation [2], graphite oxidation [10], thermal deposition [11,12], and liquid-phase exfoliation of graphite [13][14][15][16]. Nevertheless, recently the Hummers oxidation-reduction method demonstrated to be very efficient and has been extensively used to prepare graphene in large scale. The interaction of graphene with donor and acceptor molecules can be exploited to tune its electronic properties via charge-transfer [17][18][19]. Many polycyclic aromatic compounds tend to interact with graphene, allowing a non-covalent functionalization of this highly conjugated material [20,21] and other related carbon allotropes, such as single-wall carbon nanotubes. Graphene easily form stable noncovalent bonds with conjugated organic molecules by π-π stacking and Van der Waals interactions [22][23][24][25][26], which causes a quenching of the emission of these chromophores in the electronic excited state, due to a photoinduced electron transfer [27][28][29][30].

On the other hand, fluorescence quenching of pyrene [31] and porphyrin [32,33] by graphene has been investigated and recently reported in the litterature, however, the quenching mechanism has not been completely clarified. Theoretical simulations proved that a wide range energy transfer occurs in the fluorescence quenching of an emitter interacting with graphene [34,35]. Therefore, fluorescence quenching by graphene has been efficiently employed for the selective detection of certain biomolecules [36] and other analogue compounds [37][38][39]. Moreover, fluorescence quenching of other -conjugated polymers, and emissive dyes such as 1-pyrenebutyric acid by graphene has been also explored [40][41][42][43][44][45][46].

It is very well known that pyrene is a highly fluorescent compound extensively used for polymer labeling because of it easily forms excimers. In addition, pyrene shows a long singlet lifetime that facilitates the study of the photophysical processes [47]. An excimer emission takes place when a pyrene in the excited state interacts with another pyrene in the ground state, after which a photon is delocalized along the conjugate, thereby provoking a significant change in the fluorescence spectrum. We have reported the synthesis and characterization of many series of conjugated polymers and oligomers containing pyrene moieties. Our investigations mainly focused on the effect of the internal stacking of pyrene units on the optical and photophysical properties [48][49][50][51]. These polymers can be prepared either chemically or electrochemically, but the electropolymerization showed advantages over other synthetic approaches, because no catalyst is necessary and a doped polymer film is deposited on the electrode surface, so that it is possible to characterize in situ and control of thickness of the obtained polymer film [52].

Given the importance of graphene chemistry, firstly we decided to explore whether this conjugated compound can form composites with these pyrene containing polythiophenes, which this can be monitored by quenching of the excited pyrene in thin films in aqueous suspension. Secondly, we investigated the fluorescence quenching of the prepared series of polythiophenes having pyrene units in the presence of graphene (Figure 1, vide infra) [53]. These polymers showed interesting optical properties, and we studied their fluorescence quenching after having been associated with graphene via noncovalent interactions.

EXPERIMENTAL WORK

Preparation of reduced graphite oxide (rgo)

Graphene was prepared from graphite by the Hummers method [54]. Initially, graphite oxide (GO), previously obtained from graphite powder, was treated with hydrazine hydrate 50% heating at 95º C for 24 h [55]. The resulting solid was separated by filtration and washed many times with deionized water to give pure reduced graphite oxide (rGO).

Electrochemistry

ITO/glass rectangular plates (dimensions = 0.8 cm x 5.0 cm), consisting on 100 nm thickness ITO (25-35 ohms) deposited on glass (1.1 mm thick), were purchased from SOLEMS. The were cleaned and degreased by sonication for 15 minutes in CH 2 Cl 2 . Afterwards, they were rinsed with acetone, then with ethanol and allowed to dry at ambient atmosphere in the absence of dust. Cyclic voltammetry measurements were recorded with an Autolab PGSTAT100 potentiostat controlled by GPES 4.09 software (Metrohm France SAS, Villebon Courtaboeuf France). The experiments were achieved at room temperature (298  2 K), in a homemade airtight three-electrode cell connected to a vacuum/argon line. The obtained polymers were deposited at a scan rate of 0.1 Vs -1 and the electroactive area was about 1.4 cm². No sooner did the electropolymerization finish, the electrode plates were rinsed by dipping them twice in fresh CH 2 Cl 2 and then allowed to dry in a test tube at room temperature.

Interaction of the polymer surface with rgo

rGO (15 mg) was dispersed in distilled water (30 mL), and the resulting mixture was sonicated for 30 min at 60°C, then it was allowed to cool down to room temperature for 30 min. Afterwards, the upper suspension was collected and poured by 5 mL aliquots in test tubes. The plate of ITO/glass covered by polymer was dipped into the solution either overnight at room temperature, or for 2 minutes at 45°C, under gentle stirring in order to favor the contact of dispersed graphene with the polymer surface, without releasing the deposited polymer. Then, the plate was withdrawn from the solution and rinsed twice by dipping it in distilled water in order to ensure the entire removal of non-aggregated rGO, then it was allowed to dry at open air.

Atomic force microscopy

Atomic Force Microscopy experiments (SmartsSPM-1000, AIST-NT) were employed to analyze the surface morphology of the obtained deposited films. The topography was measured in tapping mode with a silicon tip of 4 nm-radius curvature. We evaluated the film thickness by measuring the step created by scratching the surface in different points of the film with the intention of getting an average value.

RESULTS AND DISCUSSION

Electropolymerization of the monomers

Thiophene monomers having a pyrene moiety in the 3-position of the aromatic ring can be polymerized by chemical or electrochemical methods to produce thin films deposited on ITO or glass substrates. Herein, we present the continuation of our investigation [53] consisting on the electrochemical preparation of homogeneous films of about 100 nm thickness and the interaction of the obtained polymers e-TPP3 and e-TPP4 with graphene via non-covalent interactions. The structures of the polymers are shown in Figure 1. As we can see, the spacer between the thiophene and the pyrene moiety has an alkyl-ester, where the ester function is separated from the thiophene ring by one carbon and from the pyrene unit by an alkyl chain. Both monomers show similar electrochemical behavior, exhibiting an oxidation potential peak at 1.4 V/SCE, due to the thiophene ring [53]. The optimum upper voltage to produce a good electroactive polymer was 1.6 V/SCE. Using a higher maximum value leads to an overoxidation process, with a decreasing current value from one cycle to another, giving rise to a poor quality film (Figure 2). The growth of the polymer layer onto the electrode showed to be regular up to 1.6 V/SCE (Figure 3), leading after 5 cycles of sweeping to homogeneous deposits, having a thicknesses of around 80 nm for e-TPP3 and 130 nm for e-TPP4, as measured by AFM. For each monomer, we formed 10 films under the same conditions. The obtained voltammograms are strictly identical for a given monomer, thereby indicating a noticeable stability of the electrolyte solution. Moreover, the films exhibited good and stable electroactivity in CH 2 Cl 2 (see insets in Fig. 3). Surprisingly, the rigidity of the monomer structure proved to be an advantage to assist the electropolymerization, since the observed currents were twice higher for e-TPP4 than for e-TPP3 from the first electropolymerization cycles. In this case, the polymerization process as well as the films quality are satisfactorily reproducible for each monomer. 

Optical properties of the obtained polymers

Figure 4 shows the absorption and emission spectra of e-TPP3 and e-TPP4 films electrodeposited on ITO. Because of the film thickness, e-TPP4 polymer exhibits higher absorption and emission intensity than e-TPP3, at least twice. Both polymers display absorption bands in the range between 350-500 nm. The lower value is restricted by the substrate absorbance while the upper value is extended, due to the homogeneity of the deposited polythiophene film.

Monomer TPM3 exhibits a λmax at 345 nm, due to the typical S 0 → S 2 transition of pyrene. In the corresponding polymer e-TPP3 this band is bathochromically shifted and broadened, showing λmax at 380 nm followed by a shoulder at 450 nm. The onset of the absorption band is estimated to be at 500 nm, related to an electronic band gap of 2.4 eV; this value corresponds to short oligothiophene chains [56,57]. The fluorescence spectra of the prepared polymers do not exhibit any well-structured "monomer" emission band at 390-410 nm as expected for free pyrene molecules, but only an intense broad emission band centered at λ = 540 nm, arising from an energy transfer from the pyrene units to the oligothiophene in thin films, since usually pyrene excimers appear at 480 nm [47]. e-TPP4 behaves similarly to its analogue but shows broader absorption and emission bands. 

Surface analysis of the polymer films

The topography of the electrodeposited films was investigated by Atomic Force Microscopy (AFM). Both films have a homogeneous aspect, showing small grains regularly dispersed on the surface, where e-TPP4 is slightly rougher than e-TPP3. In Figure 5 (bottom), we can observe that these grains have almost the same size for a given polymer, with an average diameter of 0.05 m for e-TPP3 and 0.1 m for e-TPP4. As a result, the measured arithmetic roughness (Ra) is smaller for e-TPP3 (4.5 m) than for e-TPP4 (10 m). 

Interaction with Graphene

Pyrene was employed as anchoring group and fluorescent label in this work because of its strong - interactions with other conjugated molecules and its remarkable photophysical properties like high quantum yield, long singlet lifetime, and sensitivity to the polarity of the environment. That is why it has been successfully used for the detection of oxygen [58], trinitrotoluene [59], and other related explosives [60]. Herein, we aim to demonstrate the ability of the prepared polymer films to form composites with graphene, employing the fluorescence quenching of pyrene to detect the stacking. For this purpose, we decided to use the most emissive polymer e-TPP4 as fluorescent probe.

e-TPP4 films contain polythiophene chains with free pyrene units on the surface as it was confirmed by the specific fluorescence features of the emission spectrum. To demonstrate the potentiality of these polymers to form composites through non covalent interactions, we used reduced graphene oxide (rGO) because it is a very good linker that undergoes π-π stacking with pyrene [61], which can be monitored by fluorescence quenching. Usually, the interaction between both species is assisted by ultrasonic treatment of the mixture, but it is not appropriate here, since in some cases undergoes severe delamination of the film from the ITO surface. To overcome this problem, we used the dipping technique in a saturated aqueous solution of rGO, with a concentration about 4.74 mg/mL [62].

After dipping the polymer probes into the solution (see Experimental work), the fluorescence spectra of the films were recorded. The corresponding absorption and emission spectra are shown in Figure 6. We can notice that the interaction of the pyrene containing polythiophene with rGO solutions gives rise to a quenching effect at different extent depending on the employed conditions. At room temperature, the interaction of rGO with pyrene is very weak, which can be seen by a minor decrease in the emission intensity, even after one night of dipping. Working at slightly higher temperature, i.e. 45°C, we can detect a significant interaction between rGO and pyrene, which causes a substantial emission quenching (Figure 6). AFM analysis of the films after dipping did not provide any direct evidence of a significant change on the surface topology: the features previously seen before dipping were observed again, with no specific signs of the presence of graphene. Demonstration of absorbed graphene onto the surface was achieved via "in phase" AFM measurements as shown in Figure 7. This experiment clearly shows a more contrasted image after (right bottom), and before dipping (right top). This reveals the presence of two different components on the film surface, resulting from the interaction of the pyrene containing polythiophene with graphene. Moreover, in the "in phase" cliché of the dipped polymer (right bottom), the location of clear zones (of a few tenth of nanometers diameter) fits well with those of the apparent relief peaks, evidenced by the topology examination (right top), which are due to the presence of adsorbed graphene on pyrene units. Other aromatic compounds can be used to prepare this kind of composites such as porphyrinic systems able to form complexes via π-π interactions [63]. 

CONCLUSIONS

Polythiophenes having pyrene units and flexible alkyl spacers were successfully electrosynthesized and characterized. Thin electroactive polymer films deposited on ITO plates (e-TPP3 and e-TPP4) were prepared. The fluorescence spectra of these polymers show two emission bands: a pyrene monomer emission band at λ = 390-410 nm due to, and a broad excimer emission band at λ = 540 nm, resulting from intermolecular pyrenepyrene interactions.

Based on the importance of graphene chemistry and its behavior in the presence of organic chromophores, we demonstrated how the interaction of the pyrene labeled polymer with rGO solutions gives rise to the incorporation of graphene via non covalent interactions under optimal conditions. This can be monitored by the quenching effect of the e-TPP4 polymer emission. At room temperature, the interaction of rGO with pyrene is quite weak, however, when we work at higher temperature (45°C), we notice a significant interaction between rGO and pyrene, which provokes a substantial fluorescence quenching. From these results, we can conclude that these polythiophenes are optimal precursor materials for the obtainment graphene composites via π-π interactions and the remaining non-associated pyrene units can act as fluorescent probes, making these compounds very useful in the field of organic electronics.

Figure 1 .

 1 Figure 1. Electropolymerization of TPM3 and TPM4 to obtain the corresponding polythiophenes: e-TPP3 and e-TPP4.

Figure 2 .

 2 Figure 2. Electrosynthesis of e-TPP3 1.5 10 -3 mol L -1 in CH 2 Cl 2 + 0.1 mol L -1 (n-Bu 4 N)[PF 6 ] using cyclic voltammetry between 0 and (left) 2.0 and (right) 1.8V/SCE on ITO electrode (10 cycles ). Scan rate = 0.1 V.s -1 . The first cycle is plotted in red, the intermediates in blue, and the 10 th in purple.

Figure 3 .

 3 Figure 3. Electrochemical polymerization of TPM3 (left) and TPM4 (right) by cyclic voltammetry between 0 and 1.6 V/SCE in 1.5 10 -3 mol L -1 monomer + 0.1 mol L -1 (n-Bu 4 N) [PF 6 ] CH 2 Cl 2 solution onto ITO electrode. Scan rate = 0.1 V.s -1 . Red = 1 st cycle, blue = 2 nd -4 th cycles, purple: 5 th cycle. Inserts = electroactivity in CH 2 Cl 2 of the formed films at 50 (blue), 100 (red), 500 mV/s (green).

Figure 4 .

 4 Figure 4. Absorbance and emission (λexc = 340 nm) spectra in thin film of e-TPP3 (red) and e-TPP4 (blue) deposited by electropolymerization on ITO/glass.

Figure 5 .

 5 Figure 5. AFM surface topography of e-TPP3 (left) and e-TPP4 (right) thin films deposited by cyclic voltammetry on ITO/glass electrodes. Examined areas: 15 x 15 m (top), 2.5 m (bottom).

Figure 6 .

 6 Figure 6. Fluorescence spectra recorded on e-TPP4 thin films deposited on ITO/glass by electropolymerization, then being placed in contact with an rGO solution at different temperatures and times.

Figure 7 .

 7 Figure 7. AFM images of e-TPP4 thin films deposited by cyclic voltammetry on ITO/glass electrodes before (left) and after (right) dipping in aqueous saturated rGO solution at 45°C for 2 min. Top: topographic examination. Bottom: phase signal measurement. Examined areas: 15 x 15 m
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