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Photo-physical effects of the chemical insertion of the

dimethyl-amine moiety on the newly synthesized oligophenylene (OMPA)

I-Introduction

Since the discovery of the light-emitting properties in thephenylene-based conjugated polymers in 1990 [1], potential device applications have been developed, going from optical switching to solar cells [2]. Furthermore, progress in the studying of the fundamental physics of these conjugated polymers provides crucial underpinnings to technological research. These signs of progress have been developed experimentally and using newly computational tools [3][4][5]. In this frame, the comprehension of the correlation between structure and photo-physical properties will provide useful information to design new materials with desired properties and functionalities. Indeed, the photo-physical properties of organic-based materials could be tuned by modulating their electronic structures [6][7][8]. This purpose could be achieved by incorporating appropriate electron-donating or electron-withdrawing groups in the structure of the starting monomer or of the final polymer. Unfortunately, the choice of monomers with appropriate groups is limited since not all of these groups are necessarily tolerant of the synthetic pathway of the polymer. Thus, the post-synthetic covalent modification of the polymeric backbone, by grafting different molecular moieties, is a more versatile strategy that offers more possibilities for controlling the chemical structure of the final material. However, this strategy is not always successful with long polymeric chains because of the steric hindrance effect, solubility problems, and applicability limitation due in particular to low PL quantum yield efficiencies in the condensed state [9]. A way to circumvent these problems is to design small molecules or oligomers that could be used as active layers in organic solar cells, light-emitting diodes, or other sensors [10][11][12]. Previously, we have synthesized new oligophenylene derivatives by electro-oxidative oligomerization of the 4-(methoxyphenylacetonitrile) monomer (referred to as MPA) [13]. The obtained oligomer, oligo [4-(methoxyphenyl)acetonitrile] n , (OMPA), was also successfully characterized by various experimental techniques [13]. Besides, DFT calculations were undertaken to describe the possible mechanism of the electro-oxidative oligomerization. The theoretical and experimental analysis showed that the average length chain is at about 5 units (5-MPA) [13,14]. Optical absorption measurements were carried out at room temperature (RT) using a Varian Cary 5G spectrophotometer. Continuous-wave photoluminescence measurements (PL) were collected on a Jobin-YvonFluorolog 3 spectrometer using a Xenon lamp (450W). Time-resolved photoluminescence experiments (TRPL) were carried out at room temperature with a regeneratively amplified femtosecond Ti:Sapphire laser system (Spectra-Physics Hurricane X) generating 100 fs pulses at 800 nm with a repetitive rate of 1 kHz and an average power of 1W. The laser line is frequency-tripled to obtain an excitation line ƛ exc = 266 nm. 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 OMFA (C= The voltammetric study was performed with a Voltalab10 apparatus from a Radiometer 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 electrolyzes 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 a number 4 glass frit.

In
Quantum chemical computations were performed using DFT [15] implemented in Gaussian 16 program [16]. All calculations on the studied molecules of this work were done at the Performance Computing Center Bordeaux University. Molecular geometries were optimized in theground statewith the Becke-3-Lee-Yang-Parr (B3LYP) exchange-correlation functional [17], LSDA(SVWN5) [14], and PBE0 functional combined with the 6-311G (d,p) basis set [18].LSDA(SVWN5) was used in modelling the unmodified oligomer (OMPA), and it overestimates its experimental vibrational, electronic and optical properties. [14]. PBE0 functional was successfully tested for several small molecules [19][20]. The calculated absorption spectrum of the investigated oligomer was obtained by the Time-Dependent Density Functional Theory (TD-DFT) method. The NBO calculations were performed using NBO 3.1 program as implemented in the Gaussian 16 package. The molecular electrostatic potential mapping (MEP) and the contour plots of the different orbitals were also visualized and obtained from the fully optimized state on the ground state using the GAUSSVIEW program [START_REF] Dennington | GaussView, Version[END_REF].

III-Chemical synthesis procedure:

The unmodified oligomer OMPA was electrochemically prepared by the electrolysis of (4-methoxyphenyl) acetonitrile at a controlled potential of 1.8 V as described in our previous work [13]. In this part, we will firstly describe the modification of the chemical structure of The same previously described experimental procedure was used for the oligomer OMPA modification. The modified oligomer was filtered after precipitation in diethyl ether.

The yieldobtained was about 60%. The oligomer obtained exhibits good solubility in commonly used organic solvents such as chloroform (CHCl Particularly, in the 13 C NMR spectra, we note the appearance of the signal at 42 ppm, corresponding to the methyl carbons of the dimethyl-amine group. Added to that, the signal at 23 ppm, corresponding to benzylic carbons observed in the 13 C NMR spectrum of OMPA with high intensity [13], appears in the 13 C NMR spectrum of OMFA with weak intensity, and evidenced the quantitative or partial modification. The obtained material Oligo((Z)-3-

(diméthylamino)-2-(4-méthoxyphenyl) acrylonitrile) denoted (OMFA)

IV-Experimental investigations IV-1-Electrochemical measurements

Cyclic voltammetry measurements were performed using a three-electrode cell setup with 0.1 M tetrabutylammoniumtetrafluoroborate (Bu4NBF4) as a supporting electrolyte in degassed acetonitrile. We studied the electrochemical behavior of the oligomers to understand their electrochemical stability in p and n-doped states. Figure 1 illustrates the cyclic voltammograms of the OMFA oligomer. The E HOMO and the E LUMO were calculated with the empirical method [START_REF] Janietz | [END_REF][23], where: E HOMO (eV) = -(E onset oxi + 4,4) and E LUMO (eV) = -(E onset red + 4,4) with the onset potentials were measured vs. an ECS electrode. E onsetoxi and E onset red were estimated from the obtained cyclic voltammograms (E onsetoxi = 1.4 eV,E onset red = -0.9 eV).

Energy gap was also deduced by E H-L = E HOMO -E LUMO which is estimated to be 2.33 eV. The electrochemical obtained data of the prepared oligomers are presented in Table 2.

IV-2-Infrared observation

Unmodified and modified oligomers (OMPA and OMFA) are characterized by infrared spectroscopy using the Kbr technique. Normalized infrared spectra of both oligomers are presented in Figure 2 for the range 600-2400 cm -1 . Noting that the characteristic vibrations of OMPA are presented and assigned in Figure 1 following the results presented in our previous paper [13]. The chemical condensation of the OMPA oligomer induces a partial effect on the infrared vibrational properties (see Figure 2). In fact, under the Knoevenagel condensation, a new peak appears at around 1388 cm -1 assigned to the C-H vibration of the CH 3 -N-CH 3 introduced group. We notice the disappearance of the peaks located at 1083 and 1670 cm -1 which are observed in the infrared spectrum of the unmodified OMPA oligomer. Meanwhile, a slight shift of the aromatic C=C vibration from 1610 to 1620 cm -1 appears. Also, a decrease in the intensity of several collected mode vibrations and especially for the C-H vibration at 760-815 cm -1 and that for C≡N vibration at 2200-2250 cm -1 was observed. These observed trends are the results of the partial grafting of the dimethyl acetal group to obtain the OMFA oligomer.

IV-3-Steady-state optical absorption spectroscopy

The normalized optical absorption spectrum of OMFA oligomer in solution is depicted in Figure 3A. As mentioned previously [13], unmodified OMPA absorbs in the UV region with optical absorption bands located at 240, 270, and 340 nm (Figure 3C). From the obtained optical absorption spectrum, the onset of absorption wavelength λ onset is at about 405 nm.

Using the following formula = onset  1242 [24], the optical bandgap is estimated to be 3.06 eV. From the optical absorption spectra of the OMFA oligomer, we deduce that going from OMPA to OMFA no change of the short optical transitions is detected at 240 nm. While the chemical modification induces firstly a redshift of the optical absorption band located at 270 nm to 290 nm, secondly the π-π* optical transition shifts from 340 nm to 380 nm for the OMFA. Added to that, a red-shift of λ onset is observed from 405 nm for unmodified OMPA to 457 nm for OMFA, indicating a decrease in the optical bandgap from 3.06 to 2.71 eV for the OMFA oligomer. To give information on the eventual solid-state effects on the optical properties, the optical absorption spectrum of the OMFA oligomer thin film is presented in Figure 3B. The thin film was obtained by drop-casting a prepared solution of OMFA on a silica substrate. Going from solution to solid-state, a redshift of the detected optical transition was observed, especially the maximum absorption from 380 nm in solution to 398 nm in a solid-state. Elsewhere, the onset of absorption increase from 450 nm to 490 nm inducing a decrease of the optical bandgap from 2.71 eV to 2.53 eV in a solid-state.

IV-4-Steady-state photoluminescence spectroscopy

The photoluminescence excitation spectrum (PLE) recorded for the maximum emission (480 nm) of the OMFA oligomer in chloroform solution was obtained by varying the excitation wavelength from 250 to 450 nm (Figure 3A). The PLE spectrum presents a maximum optical band at 380 nm, reproducing also the π-π* optical transition observed in the optical absorption spectra of OMFA obtained in solution.

Figure 4 presents the photoluminescence dependence on the wavelength excitation light:

PLE maps OMPA and OMFA oligomers obtained by varying the excitation wavelength in the UV range under 2 nm steps. By analyzing the obtained PLE maps, a drastic change was observed in the emission properties going from OMPA to OMFA PLE maps. Under shortwavelength excitation (λ exc =260-320 nm), vibronic photoluminescence spectra with maximum emission at around 360 and 480 nm were obtained in the case of OMPA. For OMFA, a vibronic emission profile was also obtained under UV excitation (260-300 nm)

However, oppositely with that of OMPA, a weak transition at around (300-400 nm) and an intense one at around 500 nm are observed. Moreover, under higher excitation wavelength (λ exc varying for 320 to 440 nm) a broader unstructured emission profile was obtained for both oligomers. Meanwhile, going from OMPA to OMFA a red-shift of the maximum emission was obtained, indicating an enhancement of the effective conjugation lengths [24,25].

Moreover, we present in Figure 5 the photoluminescence spectra of OMPA and OMFA under both short (λ exc =290 nm) and high excitation wavelength (λ exc =360 nm). From these spectra, we confirm the assumption derived from PLE maps of the studied oligomers. In fact, under 360 nm excitation, PL spectra of OMPA and OMFA present a structure less and broad profile.

PL spectra of OMFA present a red-shift at around 60 nm compared to that of OMPA. Under λ exc = 290 nm excitation, a vibronic PL profile occurs for both oligomers with two emission transitions at around 360 and 490 nm. A strong decrease of the PL maximum emission located at 350 nm was obtained when going from OMPA to OMFA. From these observations, we can deduce that the grafting of the dimethyl-amino group changes dramatically the optical properties and also modify the photo-generated excitonic species. These trends could result from modification of the effective conjugation length under the chemical grafting.

IV-5-Time-resolved photoluminescence investigation

In this part, time-resolved photoluminescence (TRPL) spectroscopy has been used to better understand the possible photo-physical mechanism such as inter and intra-exciton formation and migration of the photo-generated species into the prepared oligomers. In Figure 6, we present TRPL decays of OMPA and OMFAobtained under laser excitation wavelength at λ exc =266 nm. Figures 6A and 6B depict the normalized TRPL dynamics in the 1ns range for both oligomers deposited in thin films by drop-casting the oligomer solution onto silica and in diluted chloroform solution in the range 0-5 ns on a semi-logarithmic scale, respectively.

The dynamics of the photo-excited states of all samples are fitted by a bi-exponential model [26] assuming that the total population of photogenerated species is 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 decay time τ mean writes as τ mean = [A 1 (τ 1 ) 2 + A 2 (τ 2 ) 2 ] / [A 1 (τ 1 ) + A2 (τ 2 )]. The lifetimes presented in Table 1 show two-decay components: a fast one (τ 1 ) attributed to the nonradiative recombination, and a slow component (τ 2 ) that can be ascribed to the radiative recombination after the interaction. For oligomers prepared in solution, TRPL decays tend to be monoexponential with slower decay time. TRPL decays of thin films present a faster dynamic with biexponential behaviors. The calculated average lifetime τ mean for OMFA in dilute chloroform solution is 2.3 ns and 0.18 ns in the thick film, while for OMPAτ mean , it reaches 2.1 ns in dilute chloroform solution and 0.15 ns in the thick film. The dramatic decrease of τ mean for both oligomers going from solution to thin films is a signature of the increase of the effective conjugation length [27] in the condensed state due to the alignment of the oligomer chain onto the silica substrate, upon chloroform evaporation. In a diluted solution, oligomer chains are well separated favoring the formation of singlet intra-chain excitons under laser excitation. In this state, strong intermolecular interactions are negligible and inter-chain migration of the photo-generated species is precluded [28]. Consequently, a strong PL emission is observed in the solution state associated with a slow decay mechanism.

Furthermore, in thick film oligomer chains are aggregated in bundles favoring inter-oligomer interaction, which enhances the formation of non-emissive inter-chain photo-generated species migrating rapidly through the material. Consequently, quenching in the emission could be observed with faster decay dynamics.

IV-6-Thermal investigations

Thermal properties of the modified and unmodified oligomers were investigated by thermogravimetric analysis (TGA) under nitrogen atmosphere. 

IV-7-Theoretical investigations

In this section, DFT quantum chemical calculations are performed to study the effect of the dimethyl-amino group on the optoelectronic properties of the as-synthesized oligomer and to rationalize the obtained experimental observations. In this part, we are going to study the effect of the chemical insertion on simple monomer units (MPA) and the oligomer OMPA.

The study on the simple monomer is presented in the supplementary data.

Based on our previous paper [14], the 5-MPA oligomer overestimates the experimental properties of the unmodified OMPA oligomer [14]. On the optimized 5-MPA, we graft a dimethyl-amine chemical group (Figure 8). The chemical structure of modified and unmodified 5-MPA is optimized on the ground state with DFT tools and using various functionals. The results listed in shown in the previous paper [29], the calculated frequencies using the used basis set must be corrected with the scale factor 0.988. The obtained calculated infrared spectrum is presented with the experimental one in Figure 1. It is seen that the theoretical infrared spectrum reproduces experimental one on the obtained band positions and intensities. Also, the theoretical optical absorption spectrum is computed by TD-DFT/LSDA/6-311G(d,p) on chloroform solution and presented with the experimental one (Figure 3D). The obtained simulated optical absorption spectrum reproduces the experimental one with a slight difference in shape. For most of organic conjugated polymer, the first calculated (TD-DFT) vertical electronic transition corresponds to the HOMO->LUMO transition, which energy commonly considered as the optical energy gap [30]. In our case, using Gauss sum software [START_REF] O'boyle | cclib[END_REF] on the obtained TD-DFT calculation, the vertical electronic transition is found at 498 nm with a weak oscillator strength f (0.012), and correspondingto HOMO->LUMO transition (96%). The optical energy gap is deduced to be 2.50 eV reproducing the experimental one ( =2.71 eV).

These obtained results confirm our choice and validate the obtained structure model of the modified OMPA (OMFA).

From the fully optimized chemical structure, frontier orbitals such as HOMO and LUMO are computed with 0.02 isovalue and presented in Figure 8. Also, HOMO and LUMO energy levels are computed. The chemical insertion of the dimethyl-amine on the focused site induces a change in the frontier orbitals distribution HOMO/LUMO (Figure 8). 2).

A focused study shows that a change in the electronic properties has a direct impact on the photo-physical properties [34]. To further showing the charge distribution on the optimized chemical structure of the OMFA oligomer, the molecular electrostatic potential (MEP) of the optimized OMFA is presented in Figure 9. The obtained surface visualizes the charged regions of the studied molecule [35]. Areas with blue color (high electrostatic potential)

indicate the absence of electrons while areas with red colors (low electrostatic potential) indicate an abundance of electrons [36]. It is seen that the dimethyl group presents blue color confirming the donating character of the added group, while the C≡N group presents intense red color confirming the accepting character of this site. These trends are confirming by NBO calculation on the OMFA optimized chemical structure. The donor group presents a positive NBO atomic charge, while the acceptor one presents a negative value [36]. NBO analysis shows that the dimethyl-amino added group presents positive NBO atomic charge (0.162), which confirm the addition of a donating moiety on the molecule, while C≡N group presents a negative NBO atomic charge (-0.133) confirming that C≡N group is an acceptor site on the molecule.

V-Conclusion

Using the Knoevenagel condensation reaction we have modified the backbone of our electrosynthesized (OMPA). Experimental and theoretical investigations show that the insertion of the dimethyl-amino group changes their electronic and photophysical properties as a result of an intramolecular charge transfer that occurred between thedonor dimethylamino and the acceptor cyano groups. The induced charge transfer leads to a decrease of the electronic and optical bandgaps. Therefore, enhancing the charge transfer in new organic oligomers should induce lower optical band gaps. 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.

  this paper, we have modified the chemical backbone of the OMPA synthesized oligomer by the Knoevenagel condensation with the dimethylformamide dimethyl acetal (DMF-DMA). Photo-physical properties of the new oligo [3-(dimethylamino)-2-(4methoxyphenyl)acrylonitrile] (OMFA) were studied by the means of optical absorption, steady-state, and time-resolved photoluminescence techniques and compared to those of the unmodified OMPA. We present the chemical modification route and the effect of the grafting of the dimethyl-amino group on the photo-physical properties of the synthesized OMPA as well as DFT calculations to better understand the photophysical and electronic properties of this compound. II-Experimental and theoretical details 4-Methoxyphenyl acetonitrile,N,N-Dimethylformamide dimethyl acetal, and tetraethylammoniumtetrafluoroborate were purchased from ACROS. Chloroform and dichloromethane were purchased from PROLABO. Diethyl ether, ethanol, petroleum ether, and acetonitrile were purchased from PANREAC.
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 421 Scheme 2: MFA chemical synthesis processThe13 C NMR spectrum of MFA, presents main chemical signals at:δ= 42,51, 55.43,
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 3 Scheme 3: Chemical synthesis of OMFA oligomerThe analysis of the 1 H and13 C NMR spectra of the modified oligomer confirmed that

  Figure 7 shows the weight loss versus temperature of OMPA and OMFA. Both oligomers present small weight loss (at around 10%) under 247°C, which is, most probably, due to the departure of residual solvents used in the synthesis part and also unreacted used substance under chemical reactions. Until T1= 485 °C a second stability level for OMPA is observed, the insertion of the dimethyl acetal chemical group induces the decrease of the T 1 from 485 °C to 440 °C due to the degradation of the dimethyl-amine moiety from the backbone of the oligomer. Finally, fast degradation is observed under 485 °C for OMPA and 440°C for OMFA and until at around 600°C. It is seen that the use of the partial insertion of the chemical CH 3 -N-CH 3 induces a slight decrease in the stability of the oligomer.

  For 5-MPA optimized structure, HOMO and LUMO are localized on different sites on the chemical structure. Under the insertion of the dimethyl-amine group, the HOMO and LUMO distributions change. The HOMO localizes essentially on the dimethyl-amine group and in the grafted corresponding phenyl ring (See Figure8), while the LUMO localizes on the other part of the molecule. On the molecule containing the donor-acceptor system, HOMO electron distributions are localized on the donor fragment, while LUMO ones are localized on acceptor fragments[32][33]. These trends suggest that the insertion of dimethyl units localizes a donor fragment near the modified phenyl ring, and the acceptor one on the other side of the molecule. The change of the local distribution induces an increase of E HOMO and a decrease of E LUMO , and the energy gap E H-L = E HOMO -E LUMO decreases from 3.14 to 2.37 eV (see Table

  Table 2 indicate that DFT/LSDA/6-311G (d, p) overestimates the E HOMO , E LUMO , and the energy gap E H-L = E HOMO -E LUMO . Similar observations are found for unmodified OMPA[14]. In Figure8, we present the optimized chemical structure of OMPA and OMFA using DFT/LSDA/6-311G(d,p). Based on the optimized OMFA chemical structure, the theoretical infrared spectrum is computed by DFT/LSDA/6-311G(d,p). As it is
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