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Polymer thin films have become integral to our manufacturing process for many 

industries, from electronics to pharmaceuticals, and look to only become more prominent 

in the future.1,2 Despite this, the dynamics of films with thicknesses lower than ~100 nm 

are not well understood compared to their bulk counterparts. It is known that the behavior 

of these films, specifically its glass transition temperature Tg, varies significantly from the 

bulk material at low thicknesses; there appear to be many factors influencing the change 

but the details of each remain unclear. Recently, these dynamics have been probed by a 

large variety of different experimental techniques in an attempt to deduce the dynamics 

and, in so doing, explain the behavior of these unique systems. 

The oldest, and still one of the most common, techniques for determining Tg of 

polymer films is ellipsometry.3 The refractive index and thickness of a film changes as a 

function of temperature, however the slope of this change is dependent upon whether the 

film is in its amorphous or glassy state. By looking at where the slope of the response 

changes, the glass transition temperature of the polymer can be identified. It was found 

early into the investigation of these properties that Tg varied significantly from the bulk, 

often decreasing on the order of 10 K for many types of polymers. As the field progressed, 

other methods including broadband dielectric spectroscopy (BDS) and differential 

scanning calorimetry (DSC) were used to analyze Tg, however this initially led to further 

confusion rather than clarification because different techniques often gave different results 

for the same polymer. A clear 

showcase of this is figure 1 

from a review paper by 

Kremer et al. of different 

polystyrene Tg analysis 

papers.4 In it, one can see that 

even the same technique often 

gives different results for Tg 

dependent on experimental 

conditions and film thickness. 

In recent years, the focus has 

changed from a pursuit of 

determining a single physical 

quantity, Tg, to determining the 

nature of the dynamics which 

ultimately lead to the changing 

Tg.  

One of the most interesting findings was the discovery that the polymer dynamics 

was very dependent on proximity to film interfaces as well as the composition of those 

interfaces. It is currently believed that the dynamics slow down near substrate interfaces 

Figure 1. Different reported Tg values for polystyrene films. 

Each increment represents one published paper. Total of 92 

papers represented, published between 1993 and 2014.4 
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but speed up near the free 

surface. One demonstration of 

this was performed by Glor et al. 

in a 2017 study in which an 

ultra-thin film (<16 nm) was 

found to have two separate 

Tg’s.5 In this experiment, a thin 

film of poly (2-vinyl pyridine) 

on a silicon substrate was heated 

above its glass transition then 

cooled at a rate of 1K/min. 

During this, ellipsometric 

measurements were taken and it 

was found that there was not 

one, but two different changes 

in the coefficient of thermal 

expansion suggesting that there 

were two separate Tg’s for representing two different layers of the film, as seen in figure 2. 

Other measurements made at faster cooling rates showed a broadening of Tg as the cooling 

rate decreased. It was hypothesized that the break in the two Tg's was due to a complete 

decoupling of the dynamics between the surface and substrate layers. The changing Tg 

behavior due to proximity to different interfaces supports a simulated molecular dynamics 

model made by Mangalara et al. that proposes a dynamics gradient for each interface.6  

The dynamics of polymer films are 

also dependent on the type of substrate that 

is present. For polystyrene, Zuo et al. found 

that increasing the phenyl group content of 

the surface of the substrate increased the 

viscosity of the film in its glassy state.7 

This effect was more pronounced for 

thinner films and higher Mw polystyrene 

molecules; above a certain thickness 

threshold, it was found that the viscosity of 

the polymer returned to the bulk value for 

polystyrene. By performing this kind of 

measurement for other polymer/substrate 

pairs, it is possible to get deeper insight 

into the distance over which film dynamics 

are affected by the substrate.  

In addition to cooling rate, film thickness, and polymer and substrate composition, 

there are many other parameters which can affect the dynamics of polymer films; a more 

complete analysis of these parameters was performed by Li et al. in their excellent review 

paper on the topic.8 One particularly notable parameter is the geometry of the film and its 

Figure 2. Three different regions of thermal expansion. The two 

transitions correspond to two different glass transition 

temperatures5 

Figure 3. Viscosity vs film thickness at varying 

phenyl content. PTS-1 is lowest phenyl content 

with the lowest viscosity and PTS-4 is the highest 

phenyl content with the highest viscosity 
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interfaces. For example, Unni et al. found that increasing the surface roughness caused an 

increase in the Tg of a poly(4-chloro styrene) film; they hypothesized this increase was due 

to increasing substrate-polymer interactions.9 Additionally, freestanding films and capped 

films, films sandwiched between two substrates, can have significantly different dynamics 

than films with one substrate and one free interface.10 Capped films are particularly notable 

as they are often cited as analogues to polymer nanocomposites, which are a relatively new 

material type in which nanoparticles are dispersed in a polymer matrix.11 

Currently, causes for the shift in the dynamics of polymer thin films are being 

investigated but are as of yet not fully understood. What is known, however, is that for very 

thin films, the behavior of the polymer differs greatly from what is expected of the bulk 

and can differ within the film itself depending on its proximity to various interfaces. It also 

appears to vary with many other parameters such as film confinement and substrate 

composition. As this new field matures, further exploration into the nature of the interaction 

between the film and its interfaces will be key to understanding the behavior of this 

prominent material. 
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