Relaxational behavior of glassy polymers: experimental sorption and nonequilibrium thermodynamic model
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The nonequilibrium nature of glassy polymers is responsible for the very peculiar behaviors of such materials in terms of thermodynamic and transport properties, alone or in mixtures with gaseous or vapor solutes. These features are of great interest in many different applications in various industrial fields. For this reason, the study of anomalous kinetics for mass transport processes in glassy polymers has gained a great attention in the past. However, the clear understanding of the physics related as well as the development of a consistent and effective model for its description are still undisclosed.
In this work, specific vapor sorption measurements are carried out on thin polymer films samples below the Tg, in which the penetrant activity is stepwise increased following different ramps, spanning over two orders of magnitude.

To this aim, a Quartz Crystal Microbalance (QCM) system is considered and differential sorption experiments of toluene in glassy polystyrene are carried out. The specimens are obtained spin-coating a drop of 5 wt. % solution of PS (180 kDa - Versalis Spa) in toluene on the quartz crystal. After the deposition, the coated crystals are annealed in a vacuum over above Tg for at least 1 hour and then slowly cooled in vacuum for long time. The resulting film thicknesses are in the range 500-600 nm. The experiments consider controlled rates of penetrant activity increase, and the tests are performed raising the pressure in the QCM chamber at prescribed intervals, set to insure the polymeric sample reaches uniform conditions for penetrant chemical potential throughout its thickness, in each step. Different results for the apparent solubility isotherms are obtained for different rates of increase of penetrant activity, in view of the relaxation process in the glassy polymer, as induced by the sorption of the peentrant species.
The vapor sorption experiments return the kinetics of mass uptake in the thin glassy polymer samples, which are then interpreted in terms of relaxation times for volume dilation, and both models from nonequilibrium thermodynamics and from mechanics of volume relaxation are relevant. To this purpose, the well established nonequilibrium thermodynamic model for glassy polymers (NET-GP) [1] is used to the description of the nonequilibrium thermodynamic behavior of the PS/toluene mixtures below Tg. The lattice fluid representation proposed by Sanchez and Lacombe is thus adopted [2-3], and the nonequilibrium lattice fluid (NELF) model is employed in the glassy state. This tool allows the interpretation of the mass uptake sorption data in terms of kinetics of swelling induced by the solvent in the polymer matrix.
The behaviors of volume relaxation induced in the polymer film exposed at increasing penetrant activity at the different rates are then analyzed and discussed in terms of relaxation time as function of polymer and solute density. Results are finally compared with corresponding expression retrieved for the case of pure polymer by means of mechanical pressure or temperature jumps.
The peculiar experimental procedure considered in this work, coupled with the NELF thermodynamic analysis, is indeed able to provide the characterization of sorption kinetics of a strong swelling agent in a glassy polymer. This technique is ultimately able to highlight the relaxation phenomena induced by sorption processes, alternatively and more efficiently than traditional sorption experiments, and it provides useful data for an accurate model analysis of corresponding mechanisms.
References

[1]
F. Doghieri, G.C. Sarti, Macromolecules 29 7885 (1996).
[2]
I.C. Sanchez, R.H. Lacombe, J. Phys. Chem. 80 2352 (1976).
[3]
M. Minelli, F. Doghieri, Ind. Eng. Chem. Res.  51 16505 (2012).
