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Abstract

:

In this work, the use of fluorescent molecular rotors such as 9-(2,2-dicyanovinyl)julolidine (DCVJ) and 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl) phenyl)amino)phenyl)fumaronitrile (TPETPAFN) was proposed for the real-time monitoring of polyurethane (PU) formation in a solution of dimethylacetamide starting with 4,4′-methylenediphenyl diisocyanate (MDI) and different polyethylene glycols (PEG400 and PEG600) as diols. Notably, relative viscosity variations were compared with fluorescence changes, recorded as a function of the polymerization progress. The agreement between these two parameters suggested the innovative use of a low-cost fluorescence detection system based on a LED/photodiode assembly directly mountable on the reaction apparatus. The general validity of the proposed experiments enabled the monitoring of polyurethane polymerization and suggested its effective applications to a variety of industrial polymers, showing viscosity enhancement during polymerization.
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1. Introduction


Global demand for polyurethanes (PUs) is continuously growing, representing one of the main markets of polymeric materials. Indeed, PUs are employed for producing materials in different forms (adhesive, foams, elastomers, and so on), finding applications not only in the automotive sector but in the construction sector as well. Global demand for rigid PU foams, which is used primarily as an insulation material for construction and refrigeration and freezer applications, is expected to reach 5844.3 thousand tons by 2020, growing at a compound annual growth rate (CAGR) of 5.2% from 2013 to 2020 [1]. In 2013, the global bio-PU market comprised 1634 tons vs. 4074 thousand tons of rigid PU foam, with construction being the largest end-user, accounting for 35% of the total volume (572 tons) [2]. In 2014, the market size for global adhesives was 9390 thousand tons, with 27% of the overall demand being for the construction sector [3]. Adhesives in construction are used mainly in ceramic tiles, concrete, pipe cement, countertop lamination, flooring underlayment, drywall lamination, HVAC, prefinished panels, roofing, and wall coverings. The shift towards green methods of manufacturing eco-friendly PU foams and the increasing construction of green buildings, coupled with a growing consumer preference towards eco-friendly construction materials such as foams and coatings, adhesives, sealants, and elastomers (CASE), is expected to strongly increase PU’s market penetration. Considering the diverse features of PU provided by different experimental conditions (e.g., nature of the reagents and their stoichiometry), rigorous control of the polymerization parameters is crucial to obtain high-quality products and high production rates in safe conditions. Control of the polymerization process occurs by monitoring the reaction extent using parameters related to the molecular weight such as viscosity and light diffusion or infrared spectroscopy, taking advantage of the quantitative estimation of the formed urethane linkages [4,5]. This latter method previously allowed the development of the real-time monitoring of reaction progress using optical fibers and without the need for product sampling [6]. Fluorescence was also used to determine the progress of the polymerization rate of PU due to the high sensitivity of the technique, which allows the use of small amounts of inert fluorescent probes dissolved in the reaction mixture. For example, the variation in fluorescence has been experimentally related to the progress of the polymerization of epoxy resins [7], acrylic adhesives [8], PU formulations containing acrylic monomers [6], and PUs based on diisocyanates and polyether and polyester polyols [9]. The fluorescent probes utilized in these studies belong to the category of fluorescent molecular rotors (FMR), which have recently received much attention due to their easy applicability as nonmechanical viscosity sensors and local microviscosity imaging [10,11,12,13,14,15,16,17,18,19,20]. Notably, their emission characteristics are often attributed to the formation of an equilibrium between a nonemissive twisted intramolecular charge transfer (TICT) state that occurs in solutions and a strongly emissive locally excited (LE) state, which is favored in molecular aggregates or viscous environments [10,15,21,22]. Therefore, on the basis of fluorescent probe characteristics, the progressive enhancement of fluorescence intensity with an increase in the polymer molecular weight of the host polymer can be attributed to the inhibition of radiationless decay from the TICT state by rigidization of the probe by the local environment. Nowadays, the concept of FMR has been incorporated into the definition of aggregation-induced emission (AIE). The AIE effect, discovered by Tang in 2001 [23], is typical of these molecules, the structure of which consists of two or more units that can dynamically rotate against each other. Emission, therefore, arises from the restriction of the intramolecular motion (RIM) of the fluorophore that occurs with steric hindrance due to molecular aggregation or by viscosity enhancement in solutions [24,25,26,27]. Moreover, AIE with a twisted propeller-shaped conformation hampers intermolecular π–π interactions in the aggregate state, minimizing quenching of the emission in the solid state. As fluorescent molecular rotors, AIE emitters (AIEgens) have recently been utilized as fluorescent molecular probes to monitor the progress of diverse polymerization processes [28,29,30].



In this work, we proposed the use of AIEgens as fluorescent probes (i.e., 9-(2,2-dicyanovinyl)julolidine (DCVJ) and 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl) phenyl)amino)phenyl)fumaronitrile (TPETPAFN)) for monitoring the polymerization of PU in a dimethylacetamide solution starting with 4,4′-methylenediphenyl diisocyanate (MDI) and polyethylene glycol (PEG) as diols (Figure 1). Notably, the fluorescence spectroscopy was flanked by viscosity measurements and the innovative use of a photodiode, which was able to collect the light emitted by the probe and convert it into an electric current. In this way, the polymerization progress was effectively monitored without using bulky and cost-effective apparatuses, beneficial for scaling-up the process.




2. Materials and Methods


2.1. Materials


4,4′-Methylenediphenyl diisocyanate (MDI, Sigma-Aldrich (Milan, Italy), 98%) and 9-(2,2-dicyanovinyl) julolidine (DCVJ, Sigma-Aldrich) were used as received. Polyethylene glycol 400 (Sigma-Aldrich, average molecular mass of 380–420, 97–110 cSt at 20 °C, melting point of 5 °C) and polyethylene glycol 600 (Sigma-Aldrich, average molecular mass of 570–630, melting point of 17–22 °C) were dried at 50 °C under vacuum before use. N,N-dimethylacetamide (DMAc, Alfa Aesar, 99%) was distilled over calcium hydride (Sigma-Aldrich, 99.99%) and stored under nitrogen before use. 2,3-Bis(4-(phenyl(4-(1,2,2-triphenylvinyl)phenyl)amino)phenyl)fumaronitrile (TPETPAFN) [31] was a kind gift of Prof. Ben Zhong Tang and coworkers.




2.2. Polymerization of MDI with PEG: Synthesis of PU and Viscosity Measurements


A 15 g amount of MDI (0.06 mol) was dissolved under nitrogen in 15 mL of DMAc, and the solution was added to another 15 mL of DMAc containing 24 g of PEG400 (0.06 mol). The system was vigorously stirred under a hood of nitrogen at room temperature (20 °C) with a magnetic stirring bar. The viscosimeter rotor was immersed in the reaction vessel, and viscosity was measured at regular time intervals for 100 min. The crude product was then poured in a large excess of water (3 L), filtered, and dried under vacuum. The polymeric material was characterized in terms of Fourier transform infrared spectroscopy (FT-IR), proton nuclear magnetic resonance (1H-NMR), and gel permeation chromatography (GPC). The same procedure was repeated using PEG600 and, in the case of the fluorescent probe, doping by dissolving 1 mg di DCVJ (4.5 × 10−6 mol) or 4.8 mg of TPETPAFN (4.5 × 10−6 mol) in the reaction mixture.




2.3. Polymerization of MDI with PEG: Synthesis of PU and Fluorescence Measurements


A 2 g amount of MDI (8 × 10−3 mol) was dissolved under nitrogen in 2 mL of DMAc, and the solution was added in a Schlenk tube previously purged with nitrogen containing 3.19 g of PEG400 (8 × 10−3 mol) dissolved in 2 mL of DMAc with a magnetic stirring bar. A 0.6 mL volume of 10−3 M of DCVJ in DMAc was eventually added to the reaction mixture under nitrogen. The Schlenk tube was then inserted into a dark chamber and connected to an optical fiber, which was connected to the spectrofluorometer, and the system was vigorously stirred at room temperature (20 °C). The reaction was followed by monitoring the emission intensity collected at 510 nm under the excitation at 430 nm. In the case of the TPETPAFN fluorescent probe, 1.2 mL of 5 × 10−4 M of TPETPAFN in DMAc was added to 1 mL of the reaction mixture. Analogously, the reaction was followed by monitoring the emission intensity collected at 625 nm under the excitation at 500 nm. The same procedure was repeated using PEG600.




2.4. Polymerization of MDI with PEG: Synthesis of PU and Photodiode Measurements


The same experimental conditions (Section 2.3) were also adopted in the case of the photodiode measurements, purposely developed for providing a low-cost, easy-to-apply alternative to the spectrophotometric measurement. In this case, the reaction was followed by monitoring the emission intensity collected on a photodiode after low-pass filtering under the excitation at 470 nm for both DCVJ and TPETPAFN. The procedure was performed using only PEG400. Details on the photodiode set-up are reported in Section 2.6.




2.5. Characterization and Instruments


Proton nuclear magnetic resonance (1H-NMR) spectra were recorded using a Varian Mercury Plus 400 MHz spectrometer (Varian Inc., Palo Alto, CA, USA). Fourier transform infrared spectroscopy (FT-IR) spectra were recorded with a Perkin Elmer Spectrum 2000 in the attenuated total reflection (ATR) mode. Gel permeation chromatography (GPC) was used to determine molecular weights and the molecular weight dispersion (Mw/Mn) of polymer samples with respect to polystyrene standards. GPC measurements were performed on samples dissolved in THF, and using a four-channel pump PU-2089 Plus chromatograph (Jasco, Easton, MD, USA) equipped with a Jasco RI 2031 Plus refractometer and a multichannel Jasco UV-2077 Plus UV–vis detector set at 252 and 360 nm. The flow rate was 1 mL⋅min−1 at a temperature of 30 °C, held through a Jasco CO 2063 Plus Column Thermostat. A series composed of two PLgel™ MIXED D columns and a PLgel™ precolumn (Polymer Laboratories, Church Stretton, UK) packed with polystyrene-divinylbenzene was used to perform the analysis (linearity range of 100 Da–400 kDa). Fluorescence spectra were recorded at room temperature with a Horiba Jobin-Yvon Fluorolog®-3 spectrofluorometer equipped with the F-3000 Fibre Optic Mount apparatus coupled with optical fiber bundles. Light generated from the excitation spectrometer was directly focused on the Schlenk tube sample using the optical fiber bundles. Emissions from the sample were then directed back through the bundle into the collection port of the sample compartment.




2.6. Photodiode Set-Up


As a low-cost, easy-to-apply alternative to the spectrophotometric measurement, a purposely developed photodiode-based device was proposed for monitoring the fluorescence emission intensity during the polymerization reaction. In detail, the Schlenk tube was equipped with a holder hosting a light source (SL162 Power LED by Advanced Illumination, Rochester, VT, USA) providing excitation at λ = 470 nm and a silicon photodiode (S1337-33BR by Hamamatsu, Hamamatsu City, Japan) to measure the fluorescence, placed perpendicularly to the LED. Between the Schlenk tube and the photodiode was placed an optical low-pass filter (cut-off λ = 500 nm, Code #66-039 by Edmund Optics, York, UK) to avoid the measurement of scattered light. The overall holder assembly prepared by an additive manufacturing process was fixed to the Schlenk tube using rubber bands. The photodiode was electronically conditioned by direct connection with a low-cost system on the chip development board (CY8CKIT-059 PSOC, by Cypress, San Jose, CA, USA) without requiring any additional component. The system on the chip included, by firmware configuration, a transimpedance amplifier with software-selectable gain resistors and a 16-bit delta-sigma analog-to-digital converter (resolution of <20 μV, sampling rate of 40 kSPS). The acquired voltage, proportional to the acquired fluorescence signal, was transmitted via USB to a PC for further visualization/recoding by ad-hoc-developed software. Other details on the photodiode acquisition system can be found in the Supplementary Information. All the material (including hardware, firmware, and software) is available as an open-source resource at https://doi.org/10.5281/zenodo.4362276.





3. Results and Discussion


3.1. Characterization of the Prepared PU


Polymerization was carried out at room temperature (20 °C) in a solution of dimethylacetamide (DMAc) with 4,4′-methylene-diphenyldiisocyanate (MDI) and polyethylene glycol (PEG) at different molecular weights (i.e., 400 and 600) and in a ratio of 1:1 by mol. The product obtained was purified by precipitation in 3 L of water under strong stirring. The precipitate was then filtered, washed with water, and dried under mechanical vacuum. Two other polymerization tests were carried out in the presence of the fluorescent viscosity probes, in particular by adding fluorescent probes DCVJ (0.3 mM) and TPETPAFN (0.6 mM), respectively, to the PEG solution. In all cases, weight average molecular weights of about 15,000 g/mol were recorded, with a polydispersity index of about 2.



The FTIR spectra of the solid samples after polymerization displayed the characteristic carbonyl stretching band of the urethane group formed by the reaction between the MDI and the diol (Figure S1) at 1725 cm−1. The NH stretching bands of the urethane group were clearly visible between 3200 and 3460 cm−1, and that attributed to the coupling between the CN stretching and the NH bending appeared at 1535 cm−1. These signals, along with the absence of the characteristic peak of the isocyanate group at about 2270 cm−1, confirmed the formation of the urethane bond. Other evident peaks were attributed to the symmetrical and asymmetrical stretching of the aliphatic methylene groups at 2875 cm−1, the stretching of the aromatic C = C at 1600 cm−1, and the C-OR ether and ester moieties at 1095 cm−1 and 1070 cm−1, respectively. Superimposable spectra were recorded for all the prepared polymers, suggesting that the presence of the fluorescent probe did not determine significant variations in the functional groups present in the structure of the prepared polymers. Furthermore, as shown in Figure S2, similar spectra were recorded, starting with the polymerized products using a diol with a molecular weight of 600 (PEG600, Figure S1b). Notably, for all the investigated polymerizations, it was not possible to identify the signals of the fluorescent probes, possibly due to the molecule concentration being below the sensitivity threshold of the FTIR analysis.



The 1H NMR investigations carried out on the PU samples in deuterated chloroform evidenced the signal attributed to the resonance of the hydrogen bound to the nitrogen of the urethane moiety at 7.77 ppm along with those at 7.07 and 7.42 ppm characteristic of the aromatic rings (Figure S2). Moreover, at 3.86 ppm, it is possible to identify the signal corresponding to the protons of the methyl group among the aromatic rings and those corresponding to the hydrogens of the aliphatic chain between 3.63 and 3.71 ppm. Notably, superimposable spectra were recorded for all the prepared polymers, suggesting that the presence of the fluorescent probe did not cause any significant changes in the structure of the prepared polymers. Furthermore, similar spectra were recorded, starting with the samples obtained using PEG600 (Figure S2b). Similar to the FTIR investigations, no signals of the fluorescent probes were detected due to their concentration being below the sensitivity threshold of the NMR analysis.



As the molecular weight and PU structure were unaffected by the presence of the fluorescent probe, we believe that the thermomechanical behavior would be the same. Nevertheless, future investigations will be considered to study such properties as well.




3.2. Viscosity Measurements


After having assessed the nature of the obtained products, the polymerizations were repeated under the same experimental conditions and monitored by viscosity measurements as a function of the reaction time (Figure 2). The polymerization reaction follows second-order kinetics [32,33,34], and the degree of polymerization (Xn) should increase linearly over time (t) [35]:


   X n  = 1 + k    [  N C O  ]   0  · t  



(1)




where k is the rate constant, and [NCO]0 the initial isocyanate concentration. This is true within the stoichiometric regime during the early stages of the reaction, but deviation from the linearity might occur with the reaction progress [34]. Notably, the ratio r = [NCO]/[OH] in the feed mixture can hardly be considered exactly equal to one in the present experimental conditions, especially after the first stages of the reaction. At first approximation, the overall behavior is similar to the experimental data reported in Figure 2, with viscosity variations associated with Xn increasing with time. As an indicator of the progress of the reaction relative viscosity variation, ηn(t) is considered and defined as follows:


ηn(t) = [η(t) − η(t0)]/η(t0)








where η(t) and η(t0) are, respectively, the viscosity measured at time t and at the start of reaction (t0).



The relative viscosity variations displayed very similar trends for both polymerizations, i.e., a linear growth at the beginning of polymerization, followed by a leveling off after about 30 min of reaction. Aside from the analogous polymerization rate constants k, viscosity variations were more pronounced for the process involving PEG600 due to the larger molecular weight.




3.3. Fluorescence Measurements


The polymerizations were then repeated in the presence of the fluorescent viscosity probes, in particular by adding the FMR DCVJ (0.3 mM) and the AIEgen TPETPAFN (0.6 mM), respectively, to the PEG solution. Fluorophore’s concentrations were selected in order to provide fluorescence variations of at least 10% and 20% within the first 2 min of reaction when using PEG400 and PEG600, respectively. The polymerization reaction was followed by exciting the reaction mixture using an optical fiber connected to the spectrofluorometer at 430 nm and monitoring the emission at 510 nm when using the DCVJ fluorescent probe. In the case of the TPETPAFN probe, the excitation was set at 500 nm. and the emitted light was collected at 625 nm. Both PEG400 and PEG600 were used as diols. The fluorescence spectra of PEG400 recorded at the beginning and the end of the polymerization process are reported in Figure S3 as an illustrative example. As an indicator of the progress of the reaction relative fluorescence variation Fn(t) is considered, defined as follows:


Fn(t) = [F(t) − F(t0)]/F(t0)








where F(t) and F(t0) are, respectively, the intensity measured at time t and the start of reaction (t0).



In the case of DCVJ as a fluorescent probe, the relative fluorescence variation recorded as a function of the polymerization time replicated the viscosity variation when using PEG400 as a diol (Figure 3a). Both the linear growth and plateau regime were superimposed with those collected from the viscosity measurements. This behavior was not totally confirmed in the case of PU obtained from PEG600 (Figure 3b). Whereas the plateau regime occurred in the same time interval, the linear growth appeared more rapidly in the case of fluorescence measurements. This behavior could suggest that the fluorescent DCVJ probe quickly arrested the mobility of the rotors during the early stages of polymerization due to the higher starting viscosity of the reacting medium caused by the higher molecular weight of PEG600. As a consequence of the favored inhibition of radiationless decay from the TICT state [12], the fluorescence enhancement was greater than the viscosity variation and also anticipated the deviation from the linear regime. The same experiments were repeated using TPETPAFN as a fluorescent molecular probe. The fluorophore promptly enhanced its fluorescence due to the restriction of its intramolecular motions (RIM) caused by the viscosity enhancement with the reaction time (Figure 3c), as already reported in the literature for other polymerization systems [28,29]. Notably, the differences between the behavior recorded using PEG400 and PEG 600 were less pronounced with respect to the case of DCVJ (Figure 3d). This result could be possibly addressed to the different photophysics of the two investigated fluorescent probes. The higher sensitivity of the DCVJ probe with respect to the TPETPAFN AIEgen towards viscosity changes in the environment was also supported by the need for a double concentration of the latter (0.6 mM against 0.3 mM) to display the effect. Fluorescence sensitivities, determined as the slope of the plots for a given polymerizing system in the range of 0.1 (PEG400) and 1 ms−1 (PEG600), were determined for both fluorescent probes in the range of the concentration investigated. Overall, the intensity variations of fluorescence can be visible by the naked eye by merely exciting the doped polymeric samples with a long-range UV lamp at 366 nm (Figure S4).




3.4. Use of the Photodiode


Inspired by the results gathered from the fluorescence investigations of the polymerization systems and the agreement with the viscosity behavior as a function of the reaction time, we designed a low-cost fluorescence detection system based on a LED/photodiode assembly, directly mountable on the Schlenk tube (Figure 4). In these experiments, polymerization was again performed in the presence of the fluorescent viscosity probes using PEG400 only.



The amplified signal acquired by the photodiode is directly proportional to the fluorescence, thus the relative fluorescence variation can be simply calculated by the acquired voltage V(t) analogously to the latter case, as follows:


Vn(t) = [V(t) − V(t0)]/V(t0)











Comparing the results obtained by the optical fiber spectrophotometer and those acquired with the photodiode system (Figure 5), a substantial superimposition of the curves was observed, indicating that the low-cost proposed system can work appropriately as a tool to follow the polymerization process in the presence of fluorescent molecular rotors.



As the LED/photodiode holder was obtained using an additive manufacturing process, this low-cost detection apparatus can be easily adapted to any glass reaction vessel with a different size and shape.





4. Conclusions


Fluorescent molecular rotors that experience increased emission in agreement with the viscosity of the environment were demonstrated to be easily accessible in monitoring viscosity variations during polyurethane synthesis in solutions starting with MDI and PEG as diols. Both DCVJ and TPETPAFN fluorescent probes, the latter a typical AIE fluorophore, provided a fluorescence response in agreement with the early and late stages of PU formation in the solution along with the use of diols at different molecular weights such as PEG400 and PEG600. The design of the low-cost fluorescence detection apparatus based on a LED/photodiode assembly demonstrated effectiveness in monitoring polyurethane polymerization. The perfect match between the fluorescence and potential variations flanked by the easy assembly of the detector to the reaction vessel could potentially enable the photodiode characterization system to follow the polymerization of a variety of industrial polymers and demonstrate viscosity enhancement.
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Figure 1. Synthesis of polyurethane from 4,4′-methylenediphenyl diisocyanate (MDI) and polyethylene glycol and the chemical structure of the aggregation-induced emission molecules (AIEgens) investigated in this work. 
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Figure 2. Relative viscosity variations (ηn(t)) as a function of the polymerization time using PEG400 (open black circles) and PEG600 (open blue circles) as diols. 
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Figure 3. Relative viscosity variations (ηn(t), open circles) and relative fluorescence variations (Fn(t), solid line) for the synthesis of polyurethane (PU) in the presence of ((a,b) λexc = 430 nm, λem = 510 nm) 9-(2,2-dicyanovinyl)julolidine (DCVJ) and ((c,d) λexc = 500 nm, λem = 625 nm) 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl) phenyl)amino)phenyl)fumaronitrile (TPETPAFN) fluorescent probes with (a,c) PEG400 and (b,d) PEG600 as diols. 






Figure 3. Relative viscosity variations (ηn(t), open circles) and relative fluorescence variations (Fn(t), solid line) for the synthesis of polyurethane (PU) in the presence of ((a,b) λexc = 430 nm, λem = 510 nm) 9-(2,2-dicyanovinyl)julolidine (DCVJ) and ((c,d) λexc = 500 nm, λem = 625 nm) 2,3-bis(4-(phenyl(4-(1,2,2-triphenylvinyl) phenyl)amino)phenyl)fumaronitrile (TPETPAFN) fluorescent probes with (a,c) PEG400 and (b,d) PEG600 as diols.



[image: Chemosensors 09 00003 g003a][image: Chemosensors 09 00003 g003b]







[image: Chemosensors 09 00003 g004 550] 





Figure 4. Details of the led/photodiode set-up system design. (a) Overall LED/photodiode system schematic; (b) LED/photodiode system: exploded view (left) and assembled view (right); (c) LED/photodiode holder CAD design; (d) picture of the working assembled system. All the information, electronic and mechanical schemes, firmware, and software code are available as an open-source resource at: https://doi.org/10.5281/zenodo.4362276. 
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Figure 5. Relative fluorescence variations (Fn(t), solid line) for the synthesis of PU in the presence of (a) DCVJ (λexc = 430 nm, λem = 510 nm) and (b) TPETPAFN fluorescent probes for PEG400 as a diol and the corresponding relative potential variations (Vn(t), blue curve) acquired by the sensing system based on the photodiode (λexc = 470 nm in both cases). 
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