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Abstract

When the confining dimension is decreased in polymers films or particles, a higher proportion of the material becomes exposed to an interface resulting in a material that possesses properties not representative of the bulk.  In 1994, Keddie et al. first described the glass transition temperature (Tg)-confinement effect of thin polystyrene (PS) films supported on a silica substrate using ellipsometry by observing as much as a 29 K reduction in Tg from bulk PS for a 10-nm-thick film. Since then, numerous experiments and simulations have demonstrated that Tg reduction originates from the increased chain mobility at the free surface while any Tg enhancements observed originate from the decreased chain mobility due to secondary interactions between the polymer and its environment.
By eliminating the free surface, it is expected that the Tg-confinement effect would be suppressed.  In a study by Forrest and coworkers (Phys. Rev. Lett. 2003, 91, 235701), they observed that properly capped PS films with a thin Au layer exhibited no thickness dependence of Tg.  In another study by Priestley and coworkers (Macromolecules, 2011, 44, 4001-4006), PS particles made from surfactant-free emulsion polymerization suspended in aqueous solutions showed Tg reductions with decreasing diameter.  However, capping the particles with a hard silica shell resulted in invariant Tg with particle size. 
As an indispensible ingredient in conventional emulsion polymerization, surfactants act to lower interfacial energy between polymer particles and their environment by producing stable latexes.  Due to the amphiphilic nature of surfactants, complete removal of the surfactant is a difficult and time-consuming process.  In 2013, Zhang et al. (J. Polym. Sci. Part B Polym. Phys. 2013, 51, 574–586) acknowledged that, “the presence of surfactant molecule on the surface of polymer nanoparticles as a stabilizing agent in emulsion polymerization may significantly modify the observed confinement effects and needs to be removed prior to measurements, which could be a difficult task.”  To date, few studies have directly focused on the influence of surfactant on the Tg-confinement effect in nanoconfined films. 
In this work, we systematically study the Tg-confinement effect of PS produced via conventional emulsion polymerization (E-PS) containing 3.2, 0.023, 0.0058, and 0.0031 wt% sodium dodecylsulfate (SDS) content.  A portion of the initial latex was destabilized using a multivalent ion after polymerization and rigorously washed and purified in an attempt to completely remove all surfactant.  Using a modified Epton Method, we quantified the amount of surfactant remaining in the washed and unwashed samples.  It was discovered that each time the assay was performed and the polymer solution precipitated, the amount of SDS remaining in bulk E-PS was reduced.  Using ellipsometry and fluorescence spectroscopy, we found that bulk E-PS samples containing 3.2 and 0.023 wt% SDS showed heavily suppressed Tg-confinement effect and that each subsequent assay and precipitation led to an E-PS sample that exhibited a Tg-confinement effect closer to that seen in PS films synthesized by anionic polymerization or conventional free radical polymerization.  These results indicate that the presence of residual surfactants can have an enormous impact on the observed Tg of E-PS films. 
Finally, we have used x-ray photoelectron spectroscopy (XPS) depth profiling to demonstrate that the remaining SDS present in the film preferentially resides at the free surface following spin coating and annealing and that there is little to no SDS present in the interior of the film.  We conclude that the presence of the surfactant residing at the top surface of the film results in the formation of a capping layer that effectively constricts the mobility of chain segments at the free surface.  It is interesting to note that this suppression of the Tg-confinement effect does not occur with post-polymerization addition of SDS to PS made by anionic or conventional free radical polymerization.  
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