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Abstract

:

The conjugated polymer poly {[2-[2′,5′-bis(2″-ethylhexyloxy)phenyl]-1,4-phenylenevinylene]-co-[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene]} (B-co-MP) has been proven to be an excellent laser medium with a high photochemical stability. Moreover, the impact of γ-irradiation on its optical and chemical properties has been investigated. Herein, the spectral and amplified spontaneous emission (ASE) characteristics of B-co-MP at various concentrations under γ-irradiation doses are studied. Various concentrations of B-co-MP in tetrahydrofuran (THF) were prepared. The samples were irradiated with various γ-doses from 5 to 20 kGy using a Co-60 source at room temperature. The absorption, fluorescence, and ASE spectra were dramatically blue-shifted after the γ-irradiation. This indicates that the increment in the γ-irradiation dose led to a widening in the energy gap and reduction in the number of carbon atoms (N). The change in the spectral profiles could be attributed to chain conformational alterations and/or chain scission induced by the γ-irradiation. We anticipate this study to boost our understanding of optical and structural profiles of B-co-MP under various conditions, including γ-irradiation and the potential utility of this copolymer in a variety of applications.
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1. Introduction


Conjugated polymers have drawn considerable attention due to their great number of applications in different disciplines such as light-emitting diodes (LEDs) and luminescent solar cells, as well as their low cost and facile synthesis [1,2,3,4,5]. Among conjugated polymers, the poly(phenylene vinylene) (PPV) group has fascinated researchers due to its novel optical and electrical features [6,7,8,9,10,11]. Conjugated polymers have been foreseen as potential radiation-sensing materials [12,13,14]. Conjugated polymers can be stimulated by injecting charges or utilizing photo-excitation. Optically active organic dyes, such as laser dyes, have spectral features similar to these macromolecules. However, many fluorescent organic compounds, including laser dyes, have a low fluorescence quantum yield under high concentrations due to reabsorption processes, and cannot emit laser light [15]. At variance, the PPV conjugated polymers have a strong absorption and emission, a significant Stokes shift, a high luminescence, and a fluorescence quantum yield, and emit laser light even at higher concentrations. In 1992, researchers discovered that a liquid conjugated polymer (MEH-PPV) produced yellow/red wavelengths that generated laser action.



Furthermore, the efficiency of MEH-PPV was comparable to that of the conventional laser dye rhodamine 6G [16]. The spectral properties of B-co-MP were studied in a few organic solvents. The fluorescence spectrum of B-co-MP for low concentrations showed one peak at 535 nm. The intensity decreased by increasing the concentration and the spectrum’s peak position red-shifted towards and became fixed at 580 nm [17,18]. Under laser pump excitation (Nd: YAG (355 nm)), B-co-MP exhibits an amplified spontaneous emission (ASE) spectrum at 560 nm. This peak may be related to the monomeric state of MEH- PPV as a segment [19].



On the other hand, the ionizing radiation technique is widely used to induce changes in structural and optical properties of polymers subjected to irradiation [20]. According to the experimental findings, ionizing radiation may induce a cross-link or break in polymers’ molecular bonds based on the polymer structure, type of ionizing radiation, and absorbed dose [21,22]. Therefore, investigating the impact of radiation on these polymers is highly needed, which can be potentially exploited in diverse fields. For instance, A.M. Abdul-Kader et al. reported that the optical and electrical properties of poly allyl diglycol carbonate (CR-39) were enhanced upon gamma irradiation in the dose range of up to nearly 1 MGy [23]. In a previous study, gamma irradiation influenced both films and solutions in the chloroform of poly[2-methoxy-5-(2′-hexyloxy)-p-phenylenevinylene] (MEH-PPV). MEH-PPV in solution was sensitive to low doses of ionizing radiation. Recently, polypyrrole and polyvinylpyrrolidone hydrogels with varying concentrations and content were irradiated with gamma rays at 25 kGy to facilitate polymerization and cross-linking, resulting in PPy/PVP hydrogels with optimal mechanical properties [24]. This work attempts to provide a deeper insight into the optical properties of the conjugated copolymer of B-co-MP in tetrahydrofuran (THF) as a function of concentrations and irradiation doses. We highlight that the spectral profiles of B-co-MP and ASE wavelengths change remarkably upon varying the γ-irradiation dose. The low-cost, easy preparation, and the proper dosimetric response of B-co-MP render it an effective tool for biomedical applications.




2. Experimental


2.1. Materials


The copolymer poly B-co-MP was purchased from Sigma-Aldrich, which was used as received. The molecular structure of this compound is seen in Figure 1. The copolymer’s two components, BEHP-PPV and MEH-PPV, had a 60:40 fractional ratio. By dissolving B-co-MP in tetrahydrofuran (THF, with a purity of 99.8%), solutions with variable concentrations were prepared.




2.2. γ-Irradiation and Characterization of Prepared Samples


Gamma cells (type GC-220 Excel (manufactured by MDS Nordion, Ottawa, ON, Canada) at the King Abdul Aziz City for Science and Technology (KACST), Atomic Energy Institute, were used for γ-irradiation using a Co-60 source. The irradiation procedure was accomplished in air at room temperature. B-co-MP solutions were exposed to various doses (5, 10, 15, 20 kGy) at a 12.67 kGy/h dose rate. The JASCO V-770 spectrophotometer was used to obtain the UV–Vis absorption spectra; scans were performed at 37 nm/min with a bandwidth of 1 nm throughout the range from 100 to 1100 nm. The fluorescence spectra were recorded using a PerkinElmer LS45 spectrofluorometer. All of these measurements were obtained at room temperature.





3. Results and Discussion


3.1. Absorption Spectra of B-co-MP


Figure 2 reveals the UV–vis absorption spectra of B-co-MP in the THF solution at a concentration of 1 µM, pre-and post-different doses of γ-irradiation. The non-irradiated sample showed double peaks, one around 305 nm and the other around 450 nm. These absorption peaks were attributed to π–π* (HOMO–LUMO) transitions [4]. The same sample was then irradiated with doses ranging from 5 to 20 kGy at a constant temperature (25 °C). The results showed that the central peak at 450 nm was blue-shifted (shorter wavelength), with a significant decrease in the absorbance after irradiation, as demonstrated in Figure 2. As shown in the inset of Figure 2, the peak position shift was linearly proportional to the gamma radiation dose.



Following the same procedure, five different solutions of various concentrations (1, 10, 100, 200, and 400 µM) were prepared and irradiated with four different doses (5, 10, 15, and 20 kGy) for each solution. Figure 3 displays the shift in the central maximum wavelength peak (450 nm) measured as a function of the solution concentration. The shift in the peak was linearly dependent on the gamma dose for each concentration studied. Furthermore, it is noteworthy that the shift amount also relied linearly on the concentration of the prepared solutions; for example, at a fixed γ-irradiation dose (10 kGy), the concentrations of 1, 10, 100, 200, and 400 µM yielded blue shifts corresponding to 7, 11, 14, 22, and 23 nm, respectively (see inset Figure 3). The plausible explanation for the blue shift observed in the primary absorption peak is the change in the polymer structure caused by a reduction in the copolymer’s conjugation length due to a free radical interaction with the polymer backbone caused by solvent radiolysis [25,26].




3.2. Energy Band-Gap of B-co-MP


The energy band-gap (   E g   ), the number of carbon atoms per conjugation length (N), and the refractive index ( n ) all had an impact on the material’s optical properties. The energy band-gap of B-co-MP in the THF was calculated from the absorption spectra before and after γ-irradiation, using the Tauc equation [27].


  α  (  h ν  )  =   B    (  h ν −  E g   )   r    h ν    



(1)




where α is the absorption coefficient,   h ν   is the incident photons energy, B is the constant, and  r  is an empirical power representing the electronic transition type. The value of  r  corresponds to 1/2 or 3/2 for the direct allowed or direct forbidden transitions, respectively. However, it took values of two and three for the indirect allowed and indirect forbidden transitions, respectively [23]. The studied samples showed a direct allowed transition by plotting (αhν)2 versus hv as demonstrated in Figure 4. The straight line’s extrapolation obtained the    E g    values to the hν-axis, and its values are mentioned in Table 1. It could be seen that the energy band-gap of the copolymer increased from 2.28 eV for the non-irradiated to 2.53 eV for the highest dose γ-irradiated samples. The expansion of the energy band-gap can be ascribed to bond breaking in the polymer caused by the interaction of γ-irradiation with a polymer, decreasing the effective conjugation length.




3.3. Carbon Atoms Number of B-co-MP


The carbonaceous cluster is one of the essential factors that influence the optical properties of polymer materials. For example, it is known that the following relation (Equation (2)) is a correlation between the carbon atoms number N per conjugation length and the band-gap, which can be calculated [28].


  N =   2 β π    E g     



(2)




where β denotes the band structure energy of a neighboring π sites pair, and β is correlated with π–π* optical transitions in a –C = C– structure and equal to 2.9 eV. The reduction in the conjugation length caused a blue shift in the prominent absorption spectra of the irradiated samples [21]. The carbon atoms number per conjugation length decreased slightly from eight for the non-irradiated to seven for the irradiated sample of the dose of 20 kGy, as shown in Table 1. The reduction in the unsaturated conjugation length in polymer samples resulted in coloration, where samples became red to blue/green with the increasing in the γ-irradiation dose (data not shown). The values of    E g    can be used to compute the values of the refractive index,  n , for the studied B-co-MP in THF via the following equation [29,30]:


     n 2  − 1    n 2  + 2   = 1 −      E g    20      



(3)







The calculated refractive index is listed in Table 1. Results showed that the index of the refractive value decreased as the γ-irradiation increased, and its value for the studied samples was noticeably high. Thus, these studied samples with a high refractive index could be employed in manufacturing optoelectronic devices and anti-reflective coatings [31].




3.4. Fluorescence and ASE Spectra


On the other hand, B-co-MP’s fluorescence spectra in THF at various concentrations (1, 200, and 400 µM) pre-irradiation were recorded. The result shows that there was only one fluorescence peak around 535 nm. The spectrum’s wavelength was red-shifted and fixed at 580 nm when the concentration increased, as shown in Figure 5.



After that, a solution of 1 µM was irradiated with four different doses under a constant temperature of 25 °C. The results showed that the spectrum exhibited a blue shift as the γ-irradiation dose increased. For example, at the 5 kGy dose, the profile of the fluorescence spectrum blue-shifted 9 nm. Once the exposure dose increased to 10 kGy, the fluorescence spectrum shifted about 16 nm. Eventually, at a dose of 15 and 20 kGy, the fluorescence spectrum moved 26 and 35 nm, respectively, as shown in Figure 6. These findings were consistent with the absorption profiles as described earlier.



B-co-MP’s fluorescence peak in THF for the five concentrations (1, 10, 100, 200, and 400 µM) with four different doses (5, 10, 15, and 20 kGy) are presented in Figure 7. The study revealed that the solutions with high concentrations had more substantial blue shifts than diluted ones under the same operational conditions (see the slope of the equations displayed in Figure 7). This result was in line with our hypothesis that the B-co-MP is an excellent material for gamma detectors that can be used for dosimetric purposes.




3.5. ASE Spectra


The ASE spectrum of B-co-MP in THF at a 400 µM concentration pre-γ-irradiation is shown in Figure 8. An Nd:YAG laser (λ = 355 nm) was used to excite the solution. The ASE peak was centered at 560 nm with a spectral bandwidth of 5 nm at the full-width half maximum. At this concentration, the ASE at 560 nm did not coincide with the fluorescence peak (580 nm). Previously, we demonstrated that B-co-MP formed ASE only as a monomer (560 nm) due to the MEH-PPV segment [17]. We exposed the same solution to different gamma doses (5 to 20 kGy), followed by laser excitation at an energy of 12 mJ. In Figure 8, the ASE peak was observed at 554 nm with an FWHM of 8 nm at 5 kGy. Doubling the gamma dose to 10 kGy yielded a blue shift to 535 nm with an FWHM of 11 nm. At 15 kGy, the ASE peak shifted to 506 nm with an FWHM of 13 nm. Interestingly, for the 20 kGy, we observed laser-induced fluorescence with an FWHM of 25 nm and no ASE detected.





4. Conclusions


To sum up, B-co-MP’s optical characteristics in THF at different concentrations were obtained pre-and post-γ-irradiation with varying doses. The results showed that a dose greater than 5 kGy directly affected the peak positions of the absorption and fluorescence spectra. Under high γ-irradiation doses, the absorption, fluorescence, and ASE spectra shifted to the blue region. These effects extended to the energy band-gap value and the number of carbon atoms per cluster in the polymeric samples. In addition to its low cost and ease of preparation, the polymer B-co-MP is an excellent candidate for medical, dosimetric, and optoelectronic devices.
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Figure 1. Molecular structures of the copolymer B-co-MP. 
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Figure 2. UV–vis absorption spectra of B-co-MP in THF at a concentration of 1 µM at different gamma doses. 






Figure 2. UV–vis absorption spectra of B-co-MP in THF at a concentration of 1 µM at different gamma doses.



[image: Applsci 12 01606 g002]







[image: Applsci 12 01606 g003 550] 





Figure 3. The main absorption peak wavelength (λmax) of the B-co-MP in THF versus gamma doses at different concentrations. 
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Figure 4. Photon energy (hν) and (αhν)2 of B-co-MP in THF at a concentration of 1 µM at different gamma doses. 
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Figure 5. The fluorescence spectra of B-co-MP in THF measured for different concentrations pre-irradiation. 
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Figure 6. Fluorescence spectra of B-co-MP in THF at a concentration of 1 µM at different γ-irradiation doses. 
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Figure 7. The main fluorescence peak wavelength (λmax) of the B-co-MP in THF versus gamma doses for different concentrations. 
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Figure 8. ASE spectra of B-co-MP in THF at concentration of 400 µM for different doses. 
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Table 1. The variation of optical energy band-gap (   E g   ), the number of carbon atoms per conjugated length (N), and refractive index ( n ) for B-co-MP in THF at a concentration of 1 µM at different gamma doses.
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	Gamma Dose (KGy)
	Optical Band-Gap Energy (eV)
	Number of Carbon Atoms per Conjugated Length (N)
	Refractive Index (n)





	0
	2.28
	~ 8.0
	2.62



	5
	2.34
	~7.8
	2.60



	10
	2.4
	~7.6
	2.58



	15
	2.45
	~7.4
	2.56



	20
	2.53
	~7.0
	2.54
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