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Introduction

The report of the electroluminescence (EL) of poly para-phenylenevinylene (PPV) in 1990 by Friend et al., led to major eff ts to improve the luminescence properties of conjugated polymers as luminescent active layers [1][2][3]. Indeed, an augmentation in EL intensity and an increase in the effi of the prepared electroluminescent devices based on conjugated-non-conjugated sequences were observed [3,4]. Recently in our laboratory, an improvement of the luminescence properties in solution and solid state (thin fi was observed when the non-con-jugated poly(9-vinylcarbazole) (PVK) was added in the chemical synthesis of poly(3-alkylthiophenes) [5,6]. The preparation of organic light-emitting diodes with blue emission is of great interest. Indeed, phenylene based polymer such as poly-p-phenylene (PPP) or oligophenylenes are an interesting class of blue emit-ting materials [7]. Grem et all reported a blue light emitting EL device using PPP [8,9]. However, the low EL quantum effi found for that device limits its exploitation and fabrication [8,9]. Indeed, as usual for many π-conjugated polymers, poor luminescence properties are obtained in solid state-e.g., thin fi due to the high aromatic π-π interaction and an inevitable fast migration of the photo-generated species [7,10,11]. Consequently, a quenching of redshifted PL is observed in solid state, with low quantum effi of the luminescence and a short fl escence lifetime [10,11]. In order to enhance the blue emission of any poly-p-phenylene derivative it is necessary to combine the organic mate-rial in hybrid organic/inorganic heterostructures [10][11][12]. Insertion of an inor-ganic material in the prepared hybrids reduces the π-π stacking interaction and improves the blue emission [10][11][12]. On the other hand, anthracene derivatives are an important class of fl ophores that has been widely used as co-monomers for designing and synthesizing a new class of blue light emitters [13,14]. Actu-ally, anthracene reduces in these compounds the aromatic π-π interactions in solid state and improves the luminescence properties [15][16][17].

In our previous work, we have synthesized new oligophenylene derivatives by electro-oxidative oligomerization of the 4-(methoxyphenyl acetonitrile) monomer [18]. The obtained oligomer is oligo-[4-(methoxyphenyl)acetonitrile]n (n = 1-5) denoted (OMPA). The chemical structure, as well as the optical properties of the obtained oligomer were also elucidated previously. The possible mechanism of the electro-oxidative oligomerization was supported theoretically by density functional theory (DFT) calculations [19]. Theoretical and experimental investi-gations show that the average length chain is of about 5-MPA units [18,19].

In order to improve the photo-physical properties of the synthesized OMPA oli-gomer, the chemical structure was modified by Knoevenagel condensation of OMPA with 9-anthtraldehyde. The chemical modification procedure is fully described below and the photo-physical properties of the obtained oligomer denoted OMPA-ANTH were studied with optical absorption, steady-state, and time-resolved photo-luminescence spectroscopies. Although the grafting of the anthracene group into the backbone of OMPA is partial, a significant change of the photo-physical properties was observed which is a consequence of modifications in the electronic structure.

Experimental details

4-Methoxyphenylacetonitrile, 4-methoxybezaldehyde, 9-anthraldhyde and tetrabuty-lammonium tetrafluoroborate (Bu) 4 N(BF 4 ) were purchased from ACROS ORGAN-ICS. Chloroform and dichloromethane were purchased from PROLABO. Diethyl ether, ethanol, petroleum ether, and acetonitrile were from PANREAC. The synthe-sis of OMPA oligomer was described elsewhere in our previous paper [19]. The pos-sible mechanism for the electro-oligomerization and the obtained chemical structure were supported by different experimental analyses as well as theoretical calculations [19,20].

Infrared spectra were obtained with a Bruker vector 22 Fourier transform spec-trophotometer. Samples were prepared in pellets of KBr mixed with the organic compound under study. Optical absorption measurements were carried out at room temperature (RT) by using a Varian Cary 5G spectrophotometer. Continuous-wave photoluminescence (PL) spectra were collected at RT from the front face geometry of the samples with a Jobin-Yvon Fluorolog 3 spectrometer equipped with a CCD camera using a xenon lamp (450 W) as an excitation source. Time-resolved photolu-minescence experiments (TRPL) were carried out at RT with a regeneratively ampli-fied femtosecond Ti: Sapphire laser system (Spectra-Physics Hurricane X) generat-ing 100 fs pulses at 800 nm with a repetitive rate of 1 kHz and an average power of 1 W. The laser line is frequency-tripled to obtain an excitation line ƛ exc = 266 nm. The Emission are temporally resolved with a high dynamic range Hamamatsu C7700 streak camera coupled to an imaging spectrograph with a temporal resolution less than 20 ps and processed using the HPDTA Hamamatsu software.

Optical measurements of the samples (OMPA and OMFA) were investigated in dilute chloroform solution and as thin films. For optical measurements, a diluted chloroform solution of OMPA and OMPA-ANTH (C =1.5 × 10 -5 M) was prepared. Thin films were obtained by simple deposition of a prepared chloroform solution (C =1.5 × 10 -3 M) by drop-coasting onto silica.

The voltammetric study was performed with a Voltalab10 apparatus from a Radi-ometer driven by the Volta Master software. The working electrode was a 2 mm diameter platinum disk; the reference electrode was an SCE (Tacussel SR110) and the counter electrode was a platinum wire. The preparative electrolyses were carried out in a two-compartment cell, under nitrogen, at a controlled potential versus an SCE (Tacussel C12). The potentiostat and the current integrator were Tacussel PRT 1-100 and IG 5, respectively. The working electrode and the counter electrode were a 4 cm 2 and a 0.25 cm 2 platinum gauze, respectively. The separation between cell compartments was realized by with four glass frits.

Results and discussion

1-Chemical modification of MPA/OMPA by 9-anthraldhyde using the Knoevenagel condensation way

The unmodified oligomer oligo [4-Methoxyphenylacetonitrile] (OMPA) was electrochemically prepared by the electrolysis of (4-methoxyphenyl) acetonitrile at a con-trolled potential of 1.8 V as described in our previous work [18]. First, we describe the modification of the chemical structure of the 4methoxyphenylacetonitrile (MPA) monomers by Knoevenagel condensation of MPA with the 9-anthraldehyde: a 50 mL reaction vessel was equipped with a magnetic stirrer, reflux condenser, gas inlet, and a rubber septum. It was charged with 1 mmol of MPA dissolved in 20 mL of anhydrous ethanol. To this mixture was added drop-wise, with stirring, 5 mL of a solution of sodium ethanolate (2 M) and then 1mmoL of 9-anthtraldehyde. The reaction was controlled by thinlayer chromatography. When the reaction was over, the mixture was cooled in an ice bath, then the modified monomer MPA-ANTH pre-cipitated as a yellow powder and it was removed by filtration and washed with dis-tilled water and then by ethanol. To purify this product, it was taken in chloroform and precipitated in petroleum ether. The yield of the reaction is 67%. The obtained MPA-ANTH exhibits good solubility in commonly used organic solvents such as chloroform (CHCl 3 ), dichloromethane (CH 2 Cl 2 ), and THF. The chemical structure of the modified and unmodified monomers (MPA/MPA-ANTH) was checked first by 1 H and 13 C NMR spectroscopies in CDCl 3 given in the supplementary material. of a solution of sodium ethanolate (2 M) and then 1.2 mL (10 -3 M) of anthraldehyde. The mixture was refl ed and stirred under argon atmosphere for 24 h, the mixture was cooled in an ice bath, then the obtained sample was precipi-tated and washed with distilled water and then by ethanol and fi ed.

To purify the sample, OMPA-ANTH was taken in chloroform and precipitated in petro-leum ether. The obtained oligomer exhibits good solubility in commonly used solvents (CHCl 3 , CH 2 Cl 2 , THF…). 1 H and 13 C spectroscopies (supplementary material) confi m the modifi and the chemical structure according to the presented Schemes 2 And 3.

2-Photo-physical properties of the OMPA-ANTH 2-1-Infrared analysis of the OMPA-ANTH

Normalized infrared spectra of the modified and unmodified OMPA oligomers are presented in Fig. 1, and the corresponding depicted vibrational modes are sum-marized in Table 1. The infrared spectrum of the unmodified OMPA prepared oli-gomer shows vibrations at around 665, 757, 927, 1026, 1180, 1413, 1461, 1504, 1608, 1664 cm -1 , resulting in the vibrations of the characteristic chemical group of OMPA oligomer [18]. Elsewhere, by analyzing the normalized infrared spectrum of the anthracene modified OMPA oligomer (OMPA-ANTH) we note firstly the pres-ence of the main vibrations of unmodified OMPA, however their positions and their intensities are slightly modified (see Fig. 1 and Table 1). Besides, we detect the dis-appearance of a few main vibrations of pure OMPA oligomer at 1082, 1372, and 1115 cm -1 and the appearance of new vibrations at 619, 773, 885, and 1624 cm -1 , which are attributed to the main vibrations of anthracene chemical group [20,21]. These observations confirm the formation of OMPA-ANTH chains.

2-2-Electrochemical measurements

Cyclic voltammetry measurements were performed using a three-electrode cell setup with 0.1 M tetrabutylammonium tetrafluoroborate (Bu) 4 N(BF 4 ) as a supporting electrolyte in degassed acetonitrile. Figure 2 illustrate the cyclic voltam-mograms of OMPA-ANTH oligomer. The E HOMO and the E LUMO were calculated according to the empirical method [22,23], where: E HOMO (eV) = -(E onset oxi + 4,4) and E LUMO (eV) = -(E onset red + 4,4) with the onset potentials measured vs. an ECS electrode. E onset oxi and E onset red were estimated from the obtained cyclic voltammo-grams (E onset oxi = 1.08 eV, E onset red = -0.79 eV). Therefore, E HOMO and E LUMO were estimated to be respectively -5.48 eV and -3.61 eV. Consequently, the energy gap E g = E HOMO -E LUMO is estimated to be 1.87 eV. Note that going from unmodified OMPA to anthracene modified OMPA leads to an observed increase in E HOMO and E LUMO , from -5.83 eV and -3.5 eV, respectively, for pure OMPA [18] to -5.48 and -3.61, respectively, for the anthracene modified oligomer. Consequently, the energy gap Eg = E HOMO -E LUMO decreases from 2.33 eV for the unmodified oli-gomer to 1.87 eV for the modified one.

2-3 Optical absorption observations

The ultraviolet-visible absorption spectra of the anthracene modified oligomer (OMPA-ANTH) are investigated in a diluted solution state, using chloroform (CHCl 3 ) as a solvent and in solid state (thin film). The normalized optical absorption spectra of the OMPA-ANTH oligomer are depicted together with that of unmodified OMPA oligomer in Fig. 3. Both obtained spectra of OMPA-ANTH exhibited a fine vibronic structure typically obtained for anthracene and anthracene derivatives [25,26], oppositely to the optical absorption spectrum of pure OMPA oligomer (Fig. 3) [18]. The optical absorption spectrum of OMPA-ANTH in solution and solid state displays a narrow intense transition at 260 nm, with three weak ones at 356, 370, and a last one at 390 nm, corresponding to the π-π* transition. Noting that, going from solution to solid state, no red-shift detected on the obtained optical transition. As mentioned above unmodified OMPA absorbs in solution in the UV part at 240, 270, and 340 nm [18]. A red-shift of the optical transition and in particular the π-π* transition from 340 to 390 nm under the chemical insertion of the anthracene group is observed. Using the well-known formula E g = 1240/λ onset where λ onset is the onset of the absorption wavelength [26], the optical bandgap E g is estimated. The onset of absorption of modified OMPA is at 490 nm in solution. Going from OMPA to OMPA-ANTH a red-shift of λ onset from 400 nm [18] to 490 nm is obtained in solu-tion, indicating consequently a decrease in the optical bandgap from 3.1 eV for unmodified OMPA [18] to 2.53 eV for OMPA-ANTH in solution state. Going from OMPA-ANTH solution to solid state a red-shift of the onset of the absorption wave-length is observed from 490 to 514 nm, implying an optical band gap at around 2.4 eV in solid state.

2-4-Steady-state photoluminescence observations

The excited state of the as-prepared samples is, first, investigated by steadystate photoluminescence measurement (PL) in a diluted chloroform solution state. The normalized photoluminescence spectra of OMPA and OMPA-ANTH, under UV excitations at λ 1exc = 260, λ 2exc = 350 and λ 3exc = 390 nm, are presented in Fig. 4. Under λ 1exc = 260 nm excitation, the unmodified OMPA oligomer presents an intense and large emission with a vibronic profile showing two maximum emissions at 380 and 490 nm. For λ 2exc = 350 and λ 3exc = 390 nm excitations, broad PL spectra were obtained in solution, with maximum emission λ emi2 and λ emi3 at 470 and 490 nm, respectively. Upon insertion of anthracene, the emission properties of the oligomers were greatly modified and all obtained spectra of OMPA-ANTH exhibited vibronic structures typical of anthracene and anthracene derivatives [24,25] for different excitation wavelengths.

2-5-Transient photoluminescence observations

In this part, time-resolved photoluminescence spectroscopy (TRPL) has been used to better understand the possible photo-physical mechanisms -such as inter and intra-exciton formation and migration of the photo-generated speciesinto the modified and unmodified oligomers. a semi-logarithmic scale in the range 0-5 ns. Figure 5b presents TRPL decays of thin films of these oligomers on a semi-logarithmic scale in the range 0-1 ns. A single monoexponential fit cannot reproduce the experimental decays especially in solid state. This suggests the presence of multiple exciton decay mechanism as it could be expected in solid state film. All obtained decays are simulated using two coupled exponential convoluted with a Gaussian laser pulse according to the model presented by Faulques et al. [START_REF] Faulques | Spectroscopy of Emerging Materials[END_REF]28]. In this model, the two coupled exponential decays convoluted with the contribution of apparatus function given by the Gaussian temporal dependence G (t) of the laser pulse, according t o t h e f o l l o w i n g r a t e e q u a t i o n s

1 = 2
In these equations n1 and n2 are the populations of the excited states levels 1 and 2, respectively and k 1 and k 2 are the inverse of the lifetimes τ 1 and τ 2 . In this simple model [START_REF] Faulques | Spectroscopy of Emerging Materials[END_REF], the populations of levels 1 and 2 are coupled in order to account indirectly for a migration process from the short to the long segments [START_REF] Faulques | Spectroscopy of Emerging Materials[END_REF]28]. Photogenerated charges populating the higher energy level 1 migrate toward defects and fast relax on the lower energy state 2 with lifetime τ 1 . At longer time, the photogenerated charges on level 2 are less mobile and consequently survive longer with a slower time constant τ 2 . Furthermore, n 1 and n 2 represent the total populations of photogenerated charges in the energy states 1 and 2. These populations include photogenerated charges recombining radiatively and nonradiatively.

The decaying population is defined as n = A 1 n 1 + A 2 n 2 , where A 1 and A 2 are proportional to the PL intensity from levels 1 and 2, respectively. The average intensityweighted lifetime τ mean is defined according to the following formula:

A 1 r 2 + A 2 r 2  1 mean A r 1 2 + A 2 r
For clarity, the weight corresponding to the relative population of photogenerated charges contributing to each of the decay times (A i , i ) is calculated by the following formula:

P i (%) = A i r i ΣA i r i
All deduced parameters from the simulation of decays of OMPA and OMPA-ANTH solution and thin film are presented in Table 2. For both oligomers prepared in solution, TRPL decays tend to have a single exponential behavior with a slower decay time. When going to the condensed prepared films, TRPL spectra of both samples present a faster decay with a biexponential character. These results are essentially due to different photo-generated species under laser wavelength excitation going from solutions to thin films. Indeed, previous studies [6,29,30] show that the strong macromolecular interactions in the condensed state favor the migration of the photo-generated species from short chains to longer ones leading to photoluminescence quenching [6,28,29]. The effect of the chemical grafting of anthracene units into the backbone of the prepared OMPA oligomer on the photo-physical properties is observed in the solution or condensed state. Indeed, TRPL decays of OMPA modified by anthracene prepared in solution or thin films are slower compared to those of the unmodified OMPA oligomer in both states. Thus, this result shows that solid-state interactions favor a fast migration of the photo-generated species through a fast decay channel with a lower average lifetime τ mean . Actually, it has been shown that an increase of τ 2 and τ mean is a signature of the increase of the effective conjugation length on the chemical structure 29]. Indeed, the chemical insertion of the anthracene group into the backbone of the OMPA oligomer induces an increase of τ 2 and τ mean lifetimes (see Table 2) in the diluted and condensed state. One can conclude first that the conjugation in the oli-gomers increases, which is confirmed by the augmentation of the optical bandgap and the increase in the onset and the maximum of absorption. Second, the increase in the PL lifetime is a sign that the inter-chain interaction in OMPA-ANTH is less important than that in the OMPA oligomer.

2-6-Thermal investigations

Thermal properties of the modified and unmodified oligomers were investigated by thermogravimetric analysis (TGA) under nitrogen atmosphere. Figure 6 shows the TGA curve of pure OMPA and OMPA-ANTH oligomer measured for the tempera-ture range varying from 0 to 700 °C. Modified and unmodified oligomers remain stable until around 300 °C. In the studied range of temperature, we can distinguish four thermal stability regions. A slow and negligible weight loss is observed until 130 °C for both oligomers (at around 5% at 130 °C). These behaviors are most prob-ably due to the departure of residual solvents used in the synthesis step and also Fig. 6 TGA curve of OMPA and OMPA-ANTH to unreacted used substance under chemical reactions. Between 130 °C and 300 °C, both oligomers remain stable with a weak weight loss of about 15% at 300 °C. Elsewhere, until 300 °C pure OMPA decomposes slowly compared to modified OMPA (OMPA-ANTH). This feature is due to the degradation of the added anthracene group in this range of temperature. Anthracene and anthracene-based polymer remain stable until 300 °C and undergo a fast degradation between around 300 °C and 480 °C [30]. In the last range (T > 480 °C), a fast decomposition is observed for both oligomers, which is slower for the OMPA-ANTH.

Conclusion

In this work, we have successfully modified the chemical structure of the synthe-sized OMPA oligomer using the chemical Knoevenagel condensation route. The grafting of the anthracene functional group induces a decrease in the optical and electronic bandgap. Added to that a substantial change is observed in the emission properties. Finally, we showed that the post-synthetic chemical modification of our oligophenylene is a versatile molecular engineering tool enabling the design of new materials with modulated functionalities and photophysical properties.
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Table 2

 2 Decay times (τ 1 , τ 2 ,

	(A 1 , A 2 ) and percentage τ mean ), pre-exponential factor	Samples	(P 1% ) τ 1 (ns) (A 1 )	(P 2% ) τ 2 (ns) (A 2 )	τ mean (ns)
	contributions P 1 , P 2 to emission of levels 1 and 2 of OMPA and OMPA-ANTH oligomers in	(Solution) OMPA	(8.7) 0.4	(4.2) 2.32	1.82
	solution and solid states		(31)	(68)	
		OMPA (Thin film)	0.034 (15.17)	0.23 (1.67)	0.11
		OMPA-ANTH (Solution)	(55) (6) 0.34	(45) (3.6) 3.22	3
		OMPA-ANTH	(6)	(94)	
		(Thin film)	0.041 (3.56)	0.37 (31)	0.2
			(50)	(49)	
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