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Abstract

:

The increasingly intense consumption of plastics and, above all, their improper disposal in the environment are causing serious environmental concerns. Great efforts have been made for the development of new methods aimed at facilitating and speeding up the identification and sorting of different materials in the plastic recycling process. In this field, new strategies based on fluorescent tagging have been developed. This work concerns the synthesis and characterization of new fluorescent copolymers of polyethylene (PE) and polystyrene (PS), which are among the most produced and consumed plastic materials. The synthesized copolymers are potentially suitable for use as fluorescent markers of PE and PS. Ethylene-co-N-pentenyl carbazole (P(E-co-PK)) and styrene-co-4-(N-carbazolyl)methyl styrene (P(S-co-SK)) copolymers were prepared by Ziegler–Natta and free radical polymerization, respectively. If excited at 300 nm, both P(E-co-PK)s and P(S-co-SK)s give fluorescence emissions resulting in them being optically active. Moreover, due to the low amount of fluorescent units, they show chemico-physical properties such as those of their corresponding homopolymers (PE and PS). P(E-co-PK)s and P(S-co-SK)s have been also tested as fluorescent markers of PE and PS. The experimental results demonstrate that from PE/P(E-co-PK) and PS/P(S-co-SK) blends prepared using only 1% by weight of fluorescent copolymer, distinguishable fluorescent emissions can be still detected.
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1. Introduction


Due to their incredible versatility and wide functionality as well as their low costs, the demand for and consumption of plastic materials are constantly growing worldwide. It is expected that global plastics production, estimated to be 390.7 million metric tons in 2021, will continue to grow in the coming decades [1,2,3]. Unfortunately, the continuous increase of plastic products placed on the market is also giving rise to serious concerns due to the indiscriminate and thoughtless disposal of plastic waste in the environment. In the last decade, plastic waste mismanagement has become such an urgent concern that the 2015 European action plan for the circular economy has valued plastics as one of five priority areas [4]. A “new plastics economy”, which has among its key elements the expansion and improvement of the non-biodegradable plastic recycling processes, has been promoted [5]. In this context, many researchers from both academia and industry have devoted their studies to new strategies leading to the improvement of collection, sorting and recycling technologies [6]. To improve both the cheapness and speed of plastic mechanical recycling processes, automated sorting systems based on the intrinsic chemico-physical properties of polymers have been developed. For this purpose, infrared (IR) and near-infrared (NIR) spectroscopy allowing for recognition of the chemical functional groups present in a specific material have been largely utilized [7,8,9,10]. However, spectroscopic methods for recognizing plastics can fail due to possible degradation of the material over time affecting its identification. On the other hand, the use of tracer additives giving to a specific plastic material a unique identification feature has been proposed too [11,12,13,14,15,16,17,18,19,20]. Processes based on intelligent luminescent labels for rapid automatic sorting packaging have been recently developed [21]. Fluorescent markers to tag different plastics allowing for their identification and consequent sorting during the mechanical recycling process have been tested [22]. A fluorescent tracer can be applied to the plastic as a coating or by adding it in the compounding step [23]. Both methods necessarily involve the use of selected tracers that are stable during the entirety of the plastic products lifetime and that do not decompose during the recycling processes of plastic materials usually involving high temperatures [23]. The fluorescent coating can be accidentally removed from the plastic material it covers, and moreover, it is not suitable for materials such as polyethylene or polypropylene due to their low adhesiveness. Hence, mixing a fluorescent tracer into a specific plastic material is probably the best way to tag it.



Recently, some of us reported the synthesis of new copolymers of propylene and the fluorescent comonomer N-pentenyl-carbazole (P(P-co-PK) contained in low amounts (see Scheme 1) [24]. Such copolymer samples can be readily prepared by copolymerization of the two comonomers (N-pentenyl-carbazole and propylene) using Ziegler–Natta (Z-N) catalytic systems and they can show chemico-physical properties very similar to isotactic polypropylene (i-PP) as well as the distinctive fluorescence of the carbazole group. We also demonstrated that P(P-co-PK)/commercial i-PP homogeneous blend films containing 1% by weight of P(P-co-PK) retain the same optical feature of P(P-co-PK).



Therefore, we suggested that P(P-co-PK)s, due to their high compatibility with i-PP and similar stability, can be used for the fluorescent tagging of i-PP allowing for its detection in the recycling processes of plastics [24]. Starting from these foregoing results, we hypothesized that this approach could be used to obtain fluorescent copolymers of other common plastic materials such as polyethylene (PE) and polystyrene (PS), thus making it suitable to be used for the fluorescent tagging of their homologous homopolymers.



In this paper, we report the synthesis and the microstructural, chemico-physical, and optical characterization of new fluorescent copolymers such as poly(ethylene-co-N-pentenyl carbazole) (P(E-co-PK)) and poly(styrene-co-4-(N-carbazolyl)methyl styrene) (P(S-co-SK)). P(E-co-PK) samples were obtained by Z-N insertion copolymerization, whereas P(S-co-SK)s were prepared by free radical copolymerization. For all of the copolymerization tests, the used amount of the fluorescent comonomer was low enough so that the copolymer samples exhibited chemico-physical properties very close to their homologous homopolymer ones, but high enough to exhibit fluorescent properties, too. Finally, the first results concerning the effectiveness of P(E-co-PK)s and P(S-co-SK)s as fluorescent labels of their commercial homologous homopolymers are also reported.




2. Materials and Methods


2.1. Materials


All of the manipulations involving air- and moisture-sensitive compounds were carried out under a dried and purified nitrogen atmosphere by using Schlenk or glovebox techniques. The glassware and vials used in the ethylene copolymerization were dried in an oven at 120 °C overnight and exposed to a vacuum–nitrogen cycle three times. The reagents and solvents were purchased from Sigma-Aldrich s.r.l. (Milano, Italy). Toluene was purified by refluxing it for 48 h over sodium and distilling it before use; methylaluminoxane (MAO) was used as 10% wt. toluene solution. The catalytic precursor rac-dimethylsilylbis(1-indenyl) zirconium dichloride was purchased from Strem Chemicals, Inc. (Newburyport, MA, USA) and was used as received.




2.2. Measurements


The NMR spectra of the monomers, N-pentenyl-carbazole (PK) and 4-(N-carbazolyl)methyl styrene (SK),were acquired by using a Bruker Advance 400 spectrometer (Bruker, Germany) (1H, 400 MHz; 13C, 100 MHz) operating at 298 K. The samples were prepared by dissolving 5 mg of the monomer in 0.5 mL of deuterated chloroform (CDCl3). The used internal chemical shift reference was tetramethylsilane (TMS). The NMR spectra of P(E-co-PK)s were acquired by using an ASCEND 600 spectrometer (Bruker, Germany) (1H, 600 MHz; 13C, 150 MHz) operating at 373 K. The samples were prepared by dissolving 20 mg of P(E-co-PK) in 0.5 mL of TCDE (tetrachlorodideuteroethane). The used internal chemical shift reference was hexamethyldisiloxane (HMDS). The NMR spectra of P(S-co-SK)s were recorded on an ASCEND 600 spectrometer (1H, 600 MHz; 13C, 150 MHz) operating at 298 K. The samples for the NMR analysis were prepared by dissolving them in 0.5 mL of CDCl3 (deuterated chloroform) and 20 mg of P(S-co-SK). The used internal chemical shift reference was tetramethylsilane (TMS).



Molecular masses (Mn and Mw) and dispersities (Mw/Mn) of P(E-co-PK)s were obtained by an integrated HT-SEC system at 135 °C. o-dichlorobenzene (ODCB) was used as the mobile phase, with a flow rate of 0.8 mL/min. The measurements were acquired with a GPCV 2000 system from Waters (USA) equipped with a differential refractometer (DRI) as the concentration detector; column set: three Shodex HT (806M-805-804) from Showa Denko (Japan). SEC calibration: a relative calibration—Log(M) = ƒ(V): M = molecular weight, V = elution volume— built with polystyrene (PS) standards was used. The polynomial relative calibration curve (3rd order) was constructed with seventeen narrow MWD PS standards with peak molecular weights (Mp) ranging from 5,480,000 g/mol and 162 g/mol (PS monomer).



Molecular masses (Mn and Mw) and dispersities (Mw/Mn) of P(S-co-SK)s were measured by an Agilent GPC/SEC instrument (Agilent, Santa Clara, CA, USA), using THF as the eluent (1.0 mL/min.) at 25 °C. Polystyrene standard samples with narrow molecular weight distributions were used as the reference.



Thermogravimetric analysis (TGA) measurements were carried out by using a TGA Q500 apparatus manufactured by TA Instruments (Waters/TA instruments, New Castle, DE, USA) in flowing N2 (100 cm3/min). Five mg of the polymer samples was placed into platinum crucibles and heated at 10 °C/min from 20° to 800 °C.



Thermal analysis was carried out by using a TA-DSC Q20 apparatus manufactured by Waters/TA instruments (Waters, New Castle, DE, USA) in flowing N2. Five to seven mg of polymer samples was placed into aluminum crucibles and heated/cooled runs were carried out in the range 0–250 °C at 10 °C/min.



Wide-angle X-ray diffraction (WAXD) measurements were carried out on the polymer powder samples using a Bruker D8 Advance automatic diffractometer (Bruker, Germany), in reflection, by Ni-filtered Cu-Ka average radiation (1.5418 Å).



UV-vis measurement was carried out using a Varian Cary 50 spectrophotometer (Agilent, Santa Clara, CA, United States) and photoluminescence recorded by a Varian Cary Eclipse spectrophotometer (Agilent, Santa Clara, CA, USA). Polymer thin (100 nm) films, prepared on a quartz substrate, were obtained by spin coating toluene or chloroform polymer solutions (1 mg/mL) in air at 500 rpm for 60 s.



The morphologies of blend film samples were investigated by scanning electron microscopy (SEM) using a CAMBRIDGE S360 microscope (Zeiss, Germany). The cross-sections of the film samples were obtained in liquid nitrogen by brittle fractures. Prior to SEM observation, the films were sputter-coated with a thin layer of gold.




2.3. Synthesis of the Monomers N-Pentenyl-Carbazole and 4-(N-Carbazolyl)methyl Styrene


The monomers, N-pentenyl-carbazole and 4-(N-carbazolyl)methyl styrene, were synthesized as already reported in [24,25], respectively.



N-pentenyl-carbazole: 9.36 g (0.056 mol) of carbazole and 25.0 g (0.168 mol) of 5-bromo-1-pentene were introduced in a round bottom flask of 100 mL. Thirty mL of a sixteen M NaOH solution and benzyl triethyl ammonium bromide (TBEA) (4.57 g, 0.0168 mol) was added to the mixture and stirred overnight at 60 °C. Then, the mixture was poured into water and extracted with ethyl acetate thrice. The ethyl acetate solution was dried over anhydrous MgSO4 for 2 h and then filtered. The crude product was obtained by evaporation of the solvent (ethyl acetate). It was then purified on silica gel column chromatography (hexane/ ethyl acetate (8:2)) to give a white solid with an 85% yield. N-pentenyl-carbazole was dried over phosphorus pentoxide (P2O5) under vacuum and stored in a glass ampoule under nitrogen.



N-pentenyl-carbazole characterization: 1H NMR (400 MHz, CDCl3) δ: 2.01 (2H, m, CH2), 2.19 (2H, m, CH2), 4.34 (2H, t, NCH2), 5.07 (2H, dd, CH2=CH), 5.88 (1H, m, CH), 7.29 (2H, d, Ph), 7.45 (2H, t, Ph), 7.50 (2H, t, Ph), 8.15, (2H, d, Ph); 13C NMR (100 MHz, CDCl3) δ: 140.33, 137.45, 125.55, 122.81, 120.32, 118.14, 115.48, 108.61, 42.31, 31.11, 27.88.



4-(N-carbazolyl)methyl styrene: Both 11.7 g (0.070 mol) of carbazole and 29.6 mL (0.21 mol) of 4-vinylbenzyl chloride were dissolved in toluene in a round bottom flask of 100 mL. Thirty-five mL of a sixteen M NaOH solution and benzyl triethyl ammonium bromide (TBEA) (5.72 g, 0.021 mol) was added to the toluene solution. The mixture was stirred overnight at 60 °C. Then, the mixture was poured into water and extracted with chloroform thrice. The chloroform solution was dried over anhydrous MgSO4 for 2 h and then filtered. The crude product was obtained by evaporation of the solvent (chloroform). It was then purified on silica gel column chromatography. A mixture of hexane/dichloromethane (2:1)) was used as an eluent to give a white solid with a 70% yield. 4-(N-carbazolyl) methyl styrene was dried over phosphorus pentoxide (P2O5) under vacuum and stored in a glass ampoule under nitrogen.



4-(N-carbazolyl)methyl styrene characterization: 1H NMR (400 MHz, CDCl3) δ: 5.21 (1H, d, CH2=CH), 5.53 (2H, s, NCH2), 5.67 (1H, d, CH2=CH), 6.63–6.70 (1H, m, CH), 7.11 (2H, d, Ar), 7.25–7.47 (6H, m, Ar), 8.15, (2H, d, Ar); 13C NMR (100 MHz, CDCl3) δ: 140.80, 137.09, 136.91, 136.48, 126.82, 126.06, 123.23, 120.60, 119.43, 114.14, 109.08, 46.56.




2.4. Ethylene-N-Pentenyl-Carbazole Copolymerizations


A 50 mL round bottom flask, containing a magnetic stirrer, was charged with N-pentenyl-carbazole (run 1: 0.32 mmol, 75 mg; run 2: 0.64 mmol, 150 mg) and 12 mL of dry toluene under N2 atmosphere at room temperature (20 °C). One mL of a toluene solution of MAO (10% by weight) was added. The N2 atmosphere in the reaction flask was then replaced by constant ethylene over-pressure. After 5 min, a dry toluene solution of rac-dimethylsilylbis(1-indenyl) zirconium dichloride (0.011 mmol (5.0 mg)) was injected to start polymerization. The reaction mixture was stirred for 15 min, and then the polymerization was quenched with a few milliliters of ethanol. After coagulation in an excess of acidified ethanol, the polymer was recovered by filtration, washed several times with fresh ethanol, and dried at room temperature in vacuum. Finally, the copolymer samples were extracted before with hexane to eliminate traces of unreacted N-pentenyl-carbazole monomer, and then with toluene to eliminate possible catalytic residues by using a Kumagawa extractor. The polymers were almost insoluble in hexane and soluble in toluene. The toluene soluble fraction was used for all of the analyses and tests.




2.5. Styrene4-(N-Carbazolyl)methyl Styrene Copolymerizations


In a 50 mL round bottom flask equipped with a magnetic stir bar, 4-(N-carbazolyl)methyl styrene (run 3: 0.88 mmol, 250 mg; run 4: 1.76 mmol, 500 mg) and styrene (44 mmol (5.0 mL)) were dissolved in 5 mL of dry toluene. Benzoyl peroxide (BPO) (0.41 mmol (100 mg)) was added to the reaction mixture and the flask was heated at 80 °C for 2 h. The ethanol coagulated polymer was recovered by filtration, washed with fresh ethanol several times, and dried at room temperature in vacuum. Finally, the copolymer samples were also extracted before with hexane and then with toluene by using a Kumagawa extractor. The toluene soluble fraction was used for all of the analyses and tests.




2.6. Polymerization of Ethylene


Under N2 atmosphere, in a 50 mL round bottom flask containing a magnetic stir bar, 1 mL of MAO solution (toluene, 10% in weight) was added to 12 mL of dry toluene at room temperature (20 °C). The N2 atmosphere in the reaction flask was replaced by constant ethylene over-pressure. After 5 min, a dry toluene solution of rac-dimethylsilylbis(1-indenyl) zirconium dichloride (7.0 mg (0.0156 mmol)) was injected to start polymerization, The reaction mixture was stirred for 15 min, and then the polymerization was quenched by introducing a few milliliters of ethanol. After coagulation in an excess of acidified ethanol, the polymer was recovered by filtration, washed several times with fresh ethanol, and dried at room temperature in vacuum. Finally, the copolymer samples were also extracted before with hexane and then with toluene by using a Kumagawa extractor. The toluene soluble fraction was used for all of the analyses and tests.




2.7. Polymerization of Styrene


In a 50 mL round bottom flask equipped with a magnetic stir bar, 5.0 mL (44 mmol) of styrene was dissolved in 5 mL of dry toluene. Benzoyl peroxide (BPO) (0.41 mmol (100 mg)) was added to the reaction mixture and the flask was heated at 80 °C for 2 h. Then, the polymer was coagulated in an excess of ethanol, recovered by filtration, washed several times with fresh ethanol, and dried under vacuum at room temperature. Finally, the copolymer samples were also extracted before with hexane and then with toluene by using a Kumagawa extractor. The toluene soluble fraction was used for all of the analyses and tests.




2.8. Preparation of PE/P(E-co-PK) and PS/P(S-co-SK) Polymer Blends


PE/P(E-co-PK) and PS/P(S-co-SK) polymer blend samples were prepared by dissolving 500 mg of PE or PS and 5 mg of P(E-co-PK) or P(S-co-SK) in 10 mL of toluene at 100 °C under stirring. The homogeneous polymer mixture was then poured into an excess of ethanol, the solid was recovered by filtration, and then dried under vacuum at 40 °C overnight. Polymer blend films were obtained by the solution casting method from their solution (5 mg/mL).





3. Results and Discussion


3.1. (P(E-co-PK)s and (P(S-co-SK)s Synthesis and Microstructural Characterization


Ethylene-co-N-pentenyl carbazole copolymer samples (P(E-co-PK)s) were synthesized by insertion Ziegler–Natta polymerization [26] using the catalytic system rac-dimethylsilylbis(1-indenyl) zirconium dichloride/MAO (see Scheme 2, path a). Styrene-co-4-(N-carbazolyl)methyl styrene) copolymer samples (P(S-co-SK)s) were instead prepared by free radical polymerization using benzoyl peroxide (BPO) as an initiator (see Scheme 2, path b).



Since the main aim of this study was to achieve fluorescent copolymer samples with chemico-physical properties such as those of the corresponding commercial non-fluorescent homopolymers, all of the copolymerization tests were conducted so that the percent of fluorescent comonomer units inserted into the copolymer chains never exceeds 4%. The copolymerization results are summarized in Table 1.



The copolymer microstructures were evaluated by 13C NMR analysis. All of the assignments have been made by distortionless enhancement by polarization transfer 90 and 135 (DEPT-90 andDEPT-135) 13C NMR experiments, [27,28] based on the data reported in the literature for carbons in similar environments, [25,29,30,31,32,33,34] and by using Grant and Paul additivity rules [35].



In Figure 1 and Figure 2, the 13C NMR spectra of P(E-co-PK) (run 1) and P(S-co-SK) (run 3) samples are shown. Both copolymers have microstructures presenting long non fluorescent comonomer homosequences (PE and PS, respectively) interspersed with isolated units of fluorescent comonomer (PK and SK, respectively). For the sake of clarity, the experimental carbon chemical shifts of the signals related to copolymer microstructures are listed in Tables T1 and T2 of S.I.



Two-dimensional DOSY NMR experiments were also conducted to demonstrate the successful copolymerization of all of our samples. In Figure 3 and Figure 4, the DOSY maps with the 1H NMR spectra projected on top of run 1 and 3 are depicted. Both show that 1H NMR signals of non-fluorescent comonomer homosequences and fluorescent comonomer isolated units of any copolymer sample present the same diffusion coefficient (2.02 × 10−11 m2/s for P(E-co-PK) and 3.45 × 10−11 m2/s for P(S-co-SK)), according to an efficient copolymerization of the two monomers. These data are consistent with GPC analysis showing monomodal curves for all of the copolymer samples (see Figures S1–S4 in S.I.).




3.2. WAXD, Thermal, and Optical Characterization


In Figure 5, the X-ray diffraction spectra of runs 1 and 3 are reported. The run 1 (P(E-co-PK)) pattern shows two sharp high-intensity diffraction peaks at 2θ values of 21.6° and 23.6° as well as several lower intensity peaks as typically observed in semicrystalline PE samples [36]. Similar to the PS WAXD pattern, [37] run 3 (P(S-co-SK)) reveals at 2θ = 19.5° an intense and broad peak, to be assigned to the amorphous phase, along with a typical so-called “polymerization peak” at 2θ = 10.1°.



The results of the thermal analysis showed that all of the copolymer samples (P(E-co-PK)s and P(S-co-SK)s) have high decomposition temperatures (see Table 1 and Figures S5–S8 in S.I.), comparable with those of the corresponding homopolymers (PE and PS, respectively). The DSC analysis results of P(E-co-PK) (run 1) and P(S-co-SK) (run 3) are shown in Figure 6. As expected, the P(E-co-PK) thermogram presents an endothermic peak due to PE block melting, while in the P(S-co-SK) thermogram, only a glass transition phenomenon is detected.



UV-vis absorbance spectra on the films of all of the prepared copolymer samples were carried out. As an example, the run 1 and 3 spectra are reported in Figure 7. Although P(E-co-PK) and P(S-co-SK) copolymers contain a very low amount of PK and SK units, their UV-vis spectra clearly show two peak maxima at ~334 and ~349 nm, which are distinctive of carbazole groups [38,39].



The film emission spectra of run 1 and 3 are shown in Figure 8. All of the samples present high energy bands at 351 and 366 nm (Λecc = 300 nm) due to the carbazole emission [28,29,30,33,34,40,41]. As expected, due to the absence of two close carbazole-containing units in the copolymer chains, no excimer emission has been detected.




3.3. Fluorescence Study of P(E-co-PK)/PE and P(S-co-SK)/PS Polymer Blends


All of the synthesized copolymers, P(E-co-PK)s and P(S-co-SK)s, contain an amount of fluorescent comonomer units low enough to allow them to exhibit very similar chemico-physical properties to their corresponding homopolymers, PE and PS, but, on the other hand, they are high enough to make them fluorescence traceable. Preliminary studies were conducted to verify the effectiveness of our copolymers as fluorescent markers of their commercial homologous homopolymers. Thus, common polymer samples of linear semicrystalline PE and amorphous PS were synthesized (see experimental part and S.I. for their synthesis and characterization) to be used to prepare polymer blends. In detail, the PE and PS samples were mixed with 1% by weight of P(E-co-PK) (run 1) and P(S-co-SK) (run 3), respectively. P(E-co-PK) and PE were dissolved in toluene, while P(S-co-SK) and PS were dissolved in chloroform. Then, both mixtures were coagulated in ethanol. Finally, polymer blend films were prepared by solution casting. The SEM images of the cross section of the PE/P(E-co-PK) and PS/P(S-co-PS) blend films are presented in Figure 9. Both have a homogeneous morphology that is completely similar to the corresponding homopolymers, PE and PS, respectively (for the comparison see Figures S9 and S10 in S.I.).



In Figure 10, the fluorescence spectra of the PE/P(E-co-PK) and PS/P(S-co-PS) blend film samples, carried out at room temperature using an excitation wavelength of 300 nm, are depicted. In both spectra, the bands at 351 and 366 nm detected in the P(E-co-PK) and P(S-co-PS) copolymer samples (see Figure 8) attributable to the emission of the carbazole units are still present. Although these results are preliminary, they indicate that our copolymers are suitable for use as fluorescent markers of commercial polymers.





4. Conclusions


P(E-co-PK) and P(S-co-PS) copolymers containing a low amount of fluorescent units (PK and SK) were prepared to obtain fluorescent PEs and PSs, respectively. P(E-co-PK)s were synthesized by Ziegler–Natta polymerization using the homogeneous catalytic system rac-dimethylsilylbis(1-indenyl) zirconium dichloride/MAO, while P(S-co-SK)s were prepared by free radical polymerization using BPO as an initiator.



NMR analysis allowed us to identify all of the copolymer microstructures presenting isolated fluorescent units interspersed in long non-fluorescent comonomer homosequences. Due to the low amount of fluorescent units, never higher than 4%, both P(E-co-PK)s and P(S-co-PS)s have chemico-physical properties very similar to their corresponding non-fluorescent homopolymers (PE and PS, respectively). In particular, they have the same thermal stability. Contextually, P(E-co-PK)s and P(S-co-PS)s are optically active, thus showing the typical fluorescence of the carbazole group.



Thus, P(E-co-PK) and P(S-co-PS) copolymers were tested to verify if they could be suitable as fluorescent markers of their corresponding non-fluorescent homopolymers (PE and PS, respectively). P(E-co-PK)/PE and P(S-co-SK)/PS polymer blends containing 1% by weight of P(E-co-PK) and P(S-co-SK), respectively, were prepared and analyzed by fluorescence spectroscopy. Both of the P(E-co-PK)/PE and P(S-co-SK)/PS polymer blends results were homogeneous and fluorescence traceable.



Taking into account that the mechanical plastic recycling processes usually involve high-temperature treatments and that thermally stable fluorescent markers are therefore required, our fluorescent copolymers should be particularly suitable for the application of methods based on plastic fluorescent tagging.
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Scheme 1. Propylene-co-N-pentenyl-carbazole copolymer structure. 
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Scheme 2. Copolymer synthesis. 






Scheme 2. Copolymer synthesis.



[image: Processes 11 00515 sch002]







[image: Processes 11 00515 g001 550] 





Figure 1. 13C NMR spectrum of P(E-co-PK) (run 1). (TCDE solvent, HMDS scale, 100 °C). 
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Figure 2. 13C NMR spectrum of P(S-co-SK) (run 3). (CDCl3 solvent, TMS scale, 25 °C). 
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Figure 3. Six hundred MHz 2D DOSY NMR spectrum of P(E-co-PK) (run 1). (TCDE solvent, HMDS scale, 100 °C). 
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Figure 4. Six hundred MHz 2D DOSY NMR spectrum of P(S-co-SK) (run 3). (CDCl3 solvent, TMS scale, 25 °C). 
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Figure 5. WAXD patterns of runs 1 and 3 of Table 1. 
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Figure 6. Second DSC heating thermograms of runs 1 and 3 of Table 1. 
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Figure 7. UV-vis absorption spectra of runs 1 and 3 of Table 1. 
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Figure 8. Emission spectra of runs 1 and 3 of Table 1 (Λecc = 300 nm). 
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Figure 9. SEM images of the (a) PE/P(E-co-PK) and (b) PS/P(S-co-PS) blend films. 
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Figure 10. Emission spectra of the PE/P(E-co-PK) (top) and PS/P(S-co-SK) (button) polymer blends containing 1% by weight of P(E-co-PK) and P(S-co-SK), respectively, (Λecc = 300 nm). 
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Table 1. Copolymerization results.
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	Run a
	E c

(atm)
	PK c

(mmol)
	Yield

(g)
	PK d

(%)
	Mn e

(kDa)
	Ð e
	Tf g

(°C)
	Td h

(°C)



	1
	1
	0.32
	0.60
	1.5
	145
	3.3
	127.5
	385



	2
	1
	0.64
	1.0
	3.0
	83
	3.1
	127.9
	415



	Run b
	S c

(mmol)
	SK c

(mmol)
	Yield

(g)
	SK d

(%)
	Mn f

(kDa)
	Ð f
	Tg g

(°C)
	Td h

(°C)



	3
	44
	0.88
	2.2
	1.9
	35
	2.2
	105.4
	346



	4
	44
	1.76
	2.5
	3.8
	22
	2.8
	109.0
	317







a Polymerization conditions: [Al]/[Zr] = 140, solvent = toluene (15 mL), temperature = 20 °C, time = 15 min. b Polymerization conditions: solvent = toluene (5 mL), temperature = 80 °C, time = 2 h. c Comonomer concentration in the feed. d The % of fluorescent comonomer units in the copolymer chains was evaluated by 13C NMR. e Determined by o-dichlorobenzene size-exclusion chromatography (SEC), polystyrene standard calibrated. f Determined by tetrahydrofuranesize-exclusion chromatography (SEC), polystyrene standard calibrated. g Evaluated on second DSC heating run. h Evaluated at 5% weight loss.
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