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Abstract

:

This work presents the study of the thermal degradation process of two selected polymers: nylon 6 and polyhydroxybutyrate (PHB), representatives of polyamides and polyesters, frequently used nowadays. It is extremely important to specify optimal conditions that would allow a non-toxic and fast reprocessing of polymers in the plastic industry. The Density Functional Theory (DFT) method and a set of various computational details were applied to investigate the influence of the solvent presence and the rise of temperature on the thermodynamics of the degradation process. Obtained results were compared for both of the studied polymers, highlighting observed similarities. External conditions leading to the spontaneity of the nylon 6 thermal degradation process have been estimated. The results described in this paper can be useful in future research works investigating biodegradation conditions of the studied polymers.
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1. Introduction


Polymer materials have become irreplaceable in modern life. Synthetic and natural polymers are efficient in various applications, from medical tools to food packaging. However, polymer processing can lead to the formation of toxic volatile products of the thermal degradation process. For this reason, the detailed mechanism investigation, as well as the optimal conditions description of the process is essential.



In this research, we investigate and compare two types of polymers: polyamides and polyesters. Polyamides are a group of synthetic polymers widely used in various fields due to their beneficial properties. Depending on the synthesis process and the final molecular weight, polyamides, often named nylons, exhibit chemical and thermal resistance, elasticity and stiffness. One of the most manufactured nylons is nylon 6, generally formed from caprolactam as a result of ring-opening polymerization [1]. Nylon 6 consists of a six-carbon chain with amide and carbonyl functional groups; the chemical structure of nylon 6 is depicted in Figure 1. The polymer possesses properties typical for all nylons, that is why it is frequently used in the textile, plastic, electronic and food industries [1,2].



Nylon 6 commonly occurs in the two most stable crystal forms: the α form is reported to be thermodynamically favored, while the γ form is kinetically favored. Both nylon 6 polymorphs form strong interchain hydrogen bonds, which are partially responsible for specific polymer properties [3]. Nylon 6 crystal structure was investigated by means of experimental [4,5,6] and theoretical [3,4,5,6,7,8,9] methods.



Polyesters, in contrast to polyamides, include polymers that may naturally occur—an important example is polyhydroxyalkanoates (PHAs). Some microorganisms are known to synthesize PHAs under nutrient-limited conditions. Biocompatibility, nontoxicity and thermoplasticity are valuable qualities of PHAs [10]. One of the most studied members of the polyhydroxyalkanoate polymer family is polyhydroxybutyrate (PHB)—a four-carbon linear polymer, which comprises carbonyl and hydroxyl functional groups (Figure 1). PHB is mainly applied in medicine as the biocompatible and biodegradable component of implants, artificial tissues and surgical sutures [10], as well as in the food industry as a packaging material [11].



Polyhydroxybutyrate crystallizes in two possible forms: the α helical form containing strong intermolecular interactions and the β planar-zigzag form [12]. Crystal structure and physical properties of PHB were studied both experimentally [12,13,14,15] and theoretically [12,14,16].



Polymer degradation is typically defined as a complex multi-staged process of polymer structural transformations, resulting in the formation of smaller fragments. The initial part of this process is interchain bonds’ breaking, which contributes to the release of separate polymer chains. Major structural modifications happen during the last step of the degradation process—single polymer chain degradation. This is the key step of the process as a whole, consequently, it is the one that is investigated regularly. Under high-temperature conditions, a polymer can undergo thermal degradation due to strengthened intramolecular vibrations, which, in turn, are capable of breaking intrachain bonds [17].



Thermal degradation of nylon 6 polymer is frequently studied by thermogravimetry, differential scanning calorimetry, pyrolysis-gas-chromatography and infrared spectroscopy [18,19,20]. Previous research by Holland et al. [18] and Lehrle et al. [19] highlighted the two most probable mechanisms of the process: “crosslinking” and “end-biting”. The final product of both mechanisms is caprolactam and further polymer chain, however, the difference lies in structural transformations taking place in the early steps of the process. During the “end-biting” mechanism, the polymer chain bends from the terminal side, during the “crosslinking” mechanism, the inner mers of the polymer undergo bending. In this research, we assumed the “end-biting” mechanism of the nylon 6 thermal degradation process. Model structures of nylon 6 in different stages of the process—the substrate (N1), intermediate structure (N2) and the final product (N3)—are depicted in Figure 2.



Polyhydroxybutyrate undergoes thermal degradation at a temperature near 180 °C, yielding oligomers of the polymer and crotonic acid in the random chain scission reaction [11,21]. Nevertheless, we suppose that the degradation mechanism, analogous to assumed for nylon 6, can also occur, but with the participation of two terminal mers, due to the critically small size of the PHB mer. We provide model structures of the substrate (P1), intermediate structures (P2, P3) and the final product (P4) of the PHB thermal degradation process in Figure 3.



Theoretical methods are known for accurate prediction of the system’s properties and are successfully used as reliable support for experimental investigations. In spite of that, these methods are rarely chosen as tools for polymer degradation investigation. Our work represents an attempt to obtain trustworthy information about the studied process. The aim of our research is to provide a detailed description of the solvent presence and rise in temperature effect on the thermodynamic profile of nylon 6 and PHB thermal degradation processes by applying quantum-chemical calculations.




2. Materials and Methods


As was mentioned above, the thermal degradation of the single polymer chain is crucial in the thermal degradation of the polymer as a whole. Therefore, the trimer of the studied polymer has been applied as a computational model. Figure 4 and Figure 5 depict the substrate, intermediate structures and final products of thermal degradation processes for both of the studied polymers, nylon 6 and PHB, respectively. Showed structures were exactly the ones used in the research. It is important to note, that the final products for both polymers, as well as the second intermediate structure of the PHB model (P3), were considered adducts in all calculations. In this case, a basis set superposition error (BSSE) was eliminated.



Quantum mechanical calculations were performed in ADF2019 [22,23,24] software. A DFT method with B3LYP [25,26] and BP86 [27,28] functionals was used, additionally taking into account Grimme’s dispersion correction [29]. Three basis sets, TZP, TZ2P and QZ4P, were used. The solvation effect was investigated by means of the implicit COSMO [30] model, where water was considered a solvent. As far as electronic energy is independent of temperature, thermodynamic calculations were also performed, resulting in entropy, enthalpy and Gibbs free energies values. The temperature ranged from 298 K to 673 K. Stationary points were proved by vibrational analysis. All calculations were carried out on the Prometheus supercomputer from ACC Cyfronet AGH. The visualization of polymer structures was performed in VMD software [31], and the graphs were created in CorelDraw2020 software.



After performing the optimization calculations, computational models (trimers) of both polymers underwent partial bending, however intermediate structures, as well as final products, remained unchanged. Corresponding energies will be discussed in the “Computational details effect” section.




3. Results and Discussion


This research is divided into several parts. In the beginning, we investigated the effect of the computational details on obtained results. This was performed as a precaution against the so-called “basis set error” in particular, and to choose computational details optimal for researched compounds. Further, we have compared the results obtained in the “gas phase”, meaning the model system without solvent, and in a presence of a solvent (solvation effect); as well as those for structures in different temperatures in the “gas phase” (temperature effect). Finally, we took into account both the presence of a solvent and the increasing temperature of the system to observe the complex effect of both external conditions on the thermodynamic profiles of nylon 6 and PHB thermal degradation processes. Enthalpy and entropy contributions to Gibbs free energy are briefly described in the last part.



3.1. Computational Details Effect


Electron energies of nylon 6 and PHB models (Figure 4 and Figure 5) related to the substrate energy in both cases, N1 and P1, respectively, are presented in Figure 6. The top panel of Figure 6 represents the relative electron energies of nylon 6 structures, while the bottom panel represents the relative electron energies of PHB structures. Full data is available in Supplementary Materials, Tables S1 and S2.



For both of the polymers, including the dispersion correction (red and green lines in Figure 6) in calculations led to the decrease in relative electron energies of the intermediate structure and the final product of the thermal degradation process. However, for nylon 6 structures, the observed decrease in relative electron energies is more significant and causes the reversal of the thermodynamic profile of the process. We suppose that it directly corresponds to the highly polarized amide bond in the nylon 6 mers. Therefore, dispersion interactions, especially van der Waals interactions, cannot be neglected and make up a huge part of total electron energy. Polyhydroxybutyrate, on the contrary, contains ester bonds in the chemical structure of each mer, which is less polarized, so that included dispersion correction does not affect the total electron energy considerably. The difference in polarization of mentioned bonds can be clearly seen in the molecular electrostatic potential maps for both polymers, depicted in Figure 7.



The results obtained for different functionals (black and blue lines in Figure 6) are approximately consistent for different basis sets; for nylon 6 structures, a slight increase in relative electron energies is observed with the increase in the size of the basis set. Whereas for different functionals with dispersion correction the results’ consistency with the size of the basis set is kept only for PHB structures, for nylon 6 structures only relative electron energies calculated by the use of BP86 functional remain nearly unchanged.



The analysis of the computational details effect allowed us to estimate, that the BP86-D3/TZP details can be considered optimal for investigated polymer structures, and thus were chosen for further research.




3.2. Solvation Effect


Investigation of the solvation effect provides information about energy components from interactions between the solvent and the dissolved chemical compound. Gibbs free energies of nylon 6 and PHB structures with and without a solvent, related to the substrate energy, are represented in Figure 8. The top panel of Figure 8 shows results for nylon 6 structures, while the bottom panel—for PHB structures. Full data for all considered computational details is available in Supplementary Materials, Tables S3 and S4.



The solvation effect on the thermodynamic profiles of thermal degradation processes turned out to be rather different. For the first intermediate structure, which is a bent polymer chain in both cases, the presence of a solvent leads to a decrease in relative Gibbs energies. This observation is most probably connected to forming of stabilizing interactions between polymer and water. However, the solvation effect on relative Gibbs energies of nylon 6 and PHB thermal degradation final products is opposite: while relative Gibbs energy of nylon 6 degradation final product significantly increases when adding a solvent, relative Gibbs energy of PHB degradation final product decreases. In the first case, Gibbs free energy of the final product becomes higher than the substrate energy, thus estimating the last step of the degradation as non-spontaneous. The final product of the nylon 6 thermal degradation process is cyclic caprolactam and the dimer of the polymer. The solvent located between the caprolactam, and the dimer can interfere the electrostatic interactions between the amide group of the dimer and the carbonyl group of caprolactam, therefore causing an increase in the relative Gibbs free energy. The PHB degradation final product, oxygen atoms in its structure specifically, forms electrostatic interactions with water, decreasing the total relative Gibbs free energy of the product.




3.3. Temperature Effect


The effect of the increasing temperature on the thermodynamic profile of the thermal degradation process allows tracking total energy changes as a system’s response to the temperature. For polymers, it is extremely important to cover the melting and degradation temperatures in the investigated range of temperatures. The temperature effect on the thermodynamic profile of nylon 6 and PHB thermal degradation process is represented in Figure 9 as changes in relative Gibbs free energies of model nylon 6 and PHB structures.



The rise of temperature leads to the increase of relative Gibbs free energies of intermediate structures for both polymers; however, the increase is more considerable in the case of nylon 6 (the top panel in Figure 9). Importantly, the growth of relative Gibbs free energy is proportional to the rise of temperature and does not change even after crossing the degradation temperature of the polymer (280 °C for nylon 6 [18], 180 °C for PHB [11]). Relative Gibbs free energies of final products remain nearly unchanged during the rise of temperature. Despite expectations, the rise of temperature singly does not lead to the spontaneity of the process.




3.4. Solvation and Temperature Effect


Investigation of solvent and temperature effects separately provides valuable information about the system’s response to these external conditions. Undoubtedly, considering both conditions simultaneously yields a more accurate description of thermodynamic effects. Figure 10 illustrates the relative Gibbs free energies of nylon 6 and PHB structures in selected temperatures with and without the presence of a solvent.



The rise of temperature with an addition of a solvent causes in general a decline in relative Gibbs free energies of nylon 6 and PHB structures. This observation leads to one of the main conclusions of our research—high temperature and the presence of a solvent can cause the spontaneity of the nylon 6 thermal degradation process. However, mentioned external conditions are not sufficient for spontaneity of the whole PHB thermal degradation process, only for the last step of the process.




3.5. Enthalpy and Entropy Contributions


When analyzing the data on the above graphs, it is important to remember, that enthalpy and entropy are two main constituents of free Gibbs energy, thus having a determinative impact on the final result. While the entropy and enthalpy terms are calculated on the basis of the partition function, Gibbs free energy, in turn, is obtained as follows [32]:


  Δ G = Δ H − T Δ S  



(1)







The influence of entropy on thermodynamic profiles is decisive for nylon 6 and PHB, as it is reversing when the solvent presence is considered. On the other hand, the enthalpy contributions are not leading to significant changes in relative Gibbs energy. Relative enthalpies and entropies for both polymers are shown in Figure 11.



The relative entropy of nylon 6 increases when a solvent is added, therefore easing the reaction to proceed. The rise of relative enthalpy, on the contrary, determines the additional energy essential for the reaction’s progress. Solvent presence affects the relative enthalpy and entropy of polyhydroxybutyrate differently. The increase in relative enthalpy is nearly constant until the second intermediate structure (P3), afterwards it rapidly falls till the final product. Relative entropy changes clarify the reason for the possible spontaneity of the PHB thermal degradation last step.



Another important observation is the temperature dependence of enthalpy and entropy fluctuations and their general impact on the Gibbs free energy: the rise of temperature contributes to higher absolute values of relative enthalpy and entropy. Necessary graphs are provided in Supplementary Materials (Figures S1 and S2).





4. Conclusions


In this paper, we described the temperature and solvent presence impact on the thermodynamic profile of nylon 6 and PHB thermal degradation process by means of quantum-chemical calculations. The received results are summarized in Table 1. Despite the similarities in the thermal degradation mechanisms of nylon 6 and PHB, the solvent presence affects the thermodynamic profiles of the process oppositely. The rise of temperature and the simultaneous effect of both conditions, on the contrary, caused comparable changes in the thermodynamic profiles of the process for studied polymers. While analyzing the results we established, that the presence of a solvent has a greater impact on the thermodynamic profiles rather than the rise of temperature, due to the development of electrostatic interactions between the polymer and a solvent. Solvent presence is essential for the spontaneity of the nylon 6 degradation process, although high-temperature conditions should also be considered. Importantly, the dispersion correction included in the calculations proved to be relevant in the nylon 6 chemical structure investigation, but not crucial in the PHB chemical structure studies.



Undoubtedly, further research on the topic should include the application of a hybrid solvation model, considering both implicit solvent and explicitly added solvent molecules simultaneously. This approach will provide a more accurate description of short- and long-range interactions between the studied polymer and a solvent. Attention should also be put on other possible external conditions, especially the acidity of the environment, capable of starting the acid hydrolysis process.
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Figure 1. Structure of nylon 6 and polyhydroxybutyrate polymers: (a) structural formula of the polymer, (b) chemical structure of polymer monomer; the colors of the spheres are as follows: black—carbon, light grey—hydrogen, red—oxygen, blue—nitrogen. 
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Figure 2. Mechanism of the thermal degradation of nylon 6: substrate (N1), intermediate structure (N2) and the final product (N3). 
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Figure 3. Mechanism of the thermal degradation of polyhydroxybutyrate (PHB): substrate (P1), intermediate structures (P2, P3) and the final product (P4). 
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Figure 4. Chemical structure of the substrate (N1), intermediate structure (N2) and the final product (N3) of the nylon 6 thermal degradation process; the colors of the spheres are as follows: black—carbon, light grey—hydrogen, red—oxygen, blue—nitrogen. 
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Figure 5. Chemical structure of the substrate (P1), intermediate structures (P2, P3) and the final product (P4) of the PHB thermal degradation process; the colors of the spheres are as follows: black—carbon, light grey—hydrogen, red—oxygen. 
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Figure 6. Relative electron energies of (a) nylon 6 and (b) PHB structures obtained using different computational details; labels of the structures correspond to given in Figure 2, Figure 3, Figure 4, Figure 5. 






Figure 6. Relative electron energies of (a) nylon 6 and (b) PHB structures obtained using different computational details; labels of the structures correspond to given in Figure 2, Figure 3, Figure 4, Figure 5.



[image: Physchem 02 00024 g006]







[image: Physchem 02 00024 g007 550] 





Figure 7. Molecular electrostatic potential map of (a) nylon 6 and (b) PHB models. 
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Figure 8. Relative Gibbs free energies of (a) nylon 6 and (b) PHB structures obtained for gas phase (black lines) and water presence (red lines) in 298 K. 
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Figure 9. Relative Gibbs free energies of (a) nylon 6 and (b) PHB structures obtained in different temperatures in gas phase; some of the data was neglected aiming the clarity of the picture. 
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Figure 10. Relative Gibbs free energies of (a) nylon 6 and (b) PHB structures obtained for gas phase (low-saturation colors) and water presence (high-saturation colors) in different temperatures; some of the data was neglected aiming the clarity of the picture. 
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Figure 11. Enthalpy (red lines) and entropy (green lines) contributions to Gibbs free energies (black lines) of (a) nylon 6 and (b) PHB structures obtained for gas phase (dashed lines) and water presence (solid lines) in 298 K. 
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Table 1. Summary of investigated external conditions’ effect on the thermodynamic profiles of nylon 6 and PHB thermal degradation processes.
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	Nylon 6
	PHB





	Solvation effect
	ΔG ↓ intermediate structure

ΔG ↑ final product

reversed process profile
	ΔG ↓ intermediate structure (P2)

ΔG ↑ intermediate structure (P3)

ΔG ↓ final product



	Temperature effect
	ΔG ↑ intermediate structure

ΔG~ final product
	ΔG~ intermediate structures

ΔG~ final product



	Solvation and temperature effect
	ΔG ↓ intermediate structure

ΔG ↓ final product

reversed process profile
	ΔG ↓ intermediate structure (P2)

ΔG ↑ intermediate structure (P3)

ΔG ↓ final product
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