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Introduction 
When reducing the size from macroscopic to nanometer dimensions, glass forming materials 
like amorphous polymers show deviations from their bulk-dynamics, if they are confined to 
dimensions comparable to the intrinsic length scale of the dynamic process. This idea has 
stimulated research activities on supercooled fluids in confinement  in the past 10 – 15 years 
with the aim to improve our understanding of the glass transition.  
Examples of suitable confined systems 
include nanoporous glasses [1], porous 
membranes [2], ultra-thin polymer 
films [3,4] or channel structures of 
zeolite host systems [5,6]. Ultra-thin 
polymer films (L < 100nm) represent a 
particularly simple model system for 
the study of size-effects on the 
dynamics because of their easy 
preparation and the fact that interfacial 
interactions are readily quantified. 
Moreover, ultra-thin polymer films are 
also increasingly used in advanced 
microelectronic and optical 
applications. The successful design of 
nano-structured materials gives the 
knowledge about dynamic properties 
in confinement an additional technological impact.  
This tutorial lecture is focused on the glass transition dynamics in ultra-thin polymer films, 
both in equilibrium (above Tg) and non-equilibrium (below Tg) (Tg: glass transition 
temperature). After an introduction to concepts for describing the glass transition, a brief 
review about glass transition phenomena in ultra-thin polymer films will be presented. 
Subsequently, a systematic description of recent results from dielectric spectroscopy on 
PMMA and PS films will be given and discussed in the framework of modern interpretation 
schemes. 
In the following a detailed outline of the lecture together with a few selected results will be 
given. 
 
Phenomenology of the glass transition 
Glass formation is a general property of many liquids (silica  and other oxide glasses, 
hydrogen bonded liquids, polymeric and metallic liquids) which are able to circumvent 
crystallization during cooling below their melting point (Tm) even under moderate cooling 
rates.  In the supercooled state the relaxation times τ(T) and the viscosity η(T) increase 
dramatically with decreasing temperature, a behaviour that can usually be described well with 
the Vogel-Fulcher-Tammann (VFT) law (τ = τ0exp{Ev/k(T-Tv)}) within the temperature range 
Tg < T < Tm.  

Fig. 1  Glass transition temperature of supported 
polystyrene films on various substrates 
(compilation of literature data from [7]).  
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The actual VFT-dependence might vary between almost Arrhenius-like and strongly curved 
τ(T) dependences which allows a common 
classification of materials into "strong" and 
"fragile" glass formers. A widely accepted 
idea  to rationalize the VFT-behaviour was 
put forward by Adam and Gibbs based on the 
assumption of cooperatively rearranging 
regions (CRR) [8,9] (cf. Fig. 2). This theory 
establishes a link between a transition 
probability w=1/τ and the temperature 
dependent configurational entropy Sc, but it 
does not make quantitative predictions about 
the characteristic length of cooperativity ξ. 
Since ξ is not accessible in a direct way, 
attempts have been undertaken to probe ξ 
indirectly by imposing a geometric 

confinement by a systematic variation of the characteristic dimension L 
of the glass forming molecular ensemble systematically such that the 
cooperative dynamics deviates from the bulk-behaviour (cf. Fig. 3). 
Such confinement effects on the glass transition have been studied 
recently e.g. for ethylene glycol (EG) or propylene glycol (PG), 
revealing substantial deviations from the bulk-VFT dependence or 
even the breakdown of the VFT law to Arrhenius behaviour [1,5,6]. 
Some examples will be discussed in detail. 
 

Polymer chains in nano-scale geometry – general issues 
Polymeric glass formers have very much in common with "simple" glass forming liquids, e.g. 
cooperativity lengths in the order of (2 < ξ <  5 nm) and a great variety in the glass transition 
temperature and the fragility. However, the macromolecular architecture provides polymers 
with another length scale, the radius of gyration Rg, which is linked to the conformational and 
orientational state of all repeating units. As a consequence, additional effects on the polymer 
dynamics are expected when polymer chains as a whole are confined to a geometry with L < 
2Rg. Chain confinement effects will thus occur, depending on the molecular weight, on much 
larger length scales (10 < L < 200 nm) than the finite size effect.  
Typical situations where polymer chains are confined are liquid crystalline polymers (smectic 
crystals, columnar phases of discotic LCP), clay-based nano-composites and thin polymer 
films. A few selected examples will be addressed in more detail.  
 
Glass transitions effects in ultra-thin polymer films – main findings and models 
Since polymers enable the formation of stable freely-standing films [3] or films on substrates, 
ultra-thin polymer films have been studied increasingly since the pioneering work of Keddie, 
Jones and Cory [10]. For freely-standing polymer films, spectacular glass transition 
reductions up to 70 K (for PS) were found depending on the film thickness and, above a 
critical molecular weight, on the end-to-end distance REE of the polymer as well [4]. In 
contrast, for supported films, much lower Tg reductions or even an increase in Tg were 
observed. These effects clearly depend on the nature of the substrate-polymer interactions 
[11].  

Fig. 3  Illustration of 
a CRR in a confined 
geometry  

ξ

3.0 4.0 5.0 6.0 7.0

1000/T

-10

-8

-6

-4

-2

0

τ 
[s

]

1,2-propanediol ξ

ξ

ξξ

3.0 4.0 5.0 6.0 7.0

1000/T

-10

-8

-6

-4

-2

0

τ 
[s

]

1,2-propanediol ξξ

ξξ

Fig. 2   A typical Vogel-Fulcher-Tammann 
dependence of the structural relaxation time 
(1,2-propanediol: dielectric α-process) together 
with three schematic CRR's.  
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The various experimental results, mainly based on ellipsometric or other volumetric 
measurements, suggest that the Tg reductions found in most experiments are not exclusively 
related to the size of the CRR. Chain confinement clearly plays a role in cases where 
molecular weight effects on the Tg(L) characteristics have been found. However, several other 
models have been proposed, each of them explaining particular experimental findings: i) 
segregation of chain ends to the free surface, ii) coupling of the glass transition dynamics to 
capillary waves, iii) a new type of mobility ("sliding" mode), iv) reduction of intermolecular 
coupling and chain orientation near surfaces, and v) percolation of regions of slow dynamics 
(for refs. see [12]).  
The present lecture will give an overview of these models. Generally spoken, no theory is yet 
able to explain even the majority of the experimental findings consistently, although partial 
features like the effect of surface-polymer interactions are readily understood. A great 
remaining challenge is the understanding of the influence of the polymer architecture on the 
Tg-reductions in ultra-thin polymer films as manifested in the quite different thickness 
dependence of the glass transition dynamics in PS and PMMA.  
 
Dielectric relaxations in ultra-thin polymer films – basic issues 
Dielectric relaxation spectroscopy (DRS) is perhaps one of the most suitable techniques to 
assess the dynamics of ultra-thin polymer films in a wide dynamic range and thus provides 
detailed spectral information about the dynamic glass transition. First DRS results on ultra-
thin polymer films have been reported by Fukao [13,14] who studied dielectric relaxation 
properties of PS, PVAc and atactic PMMA films as thin as ~ 10nm, which were sandwiched  
between vapour deposited aluminium electrodes. Other recent DRS studies on ultra-thin films 
were focused on thin films of stereoregular PMMA in the thickness range down to 18 nm [15] 
and 6 nm [16], as well as on PS-PMMA-PS tri-layer systems [12].  
The present lecture will give details about preparation techniques for metal-polymer-metal 
sandwich samples (spin-coating, water transfer technique) and their characterisation with 
respect of the film thickness (ellipsometry), surface roughness and topological defects (AFM) 
and electrical properties. This part is followed by an introductionary part devoted to 
theoretical and experimental fundamentals of dielectric spectroscopy.  
 
DRS results on ultra-thin PMMA films 
Systematic thickness effects were found for both the cooperative dynamics (α-relaxation, cf. 
Fig.4) and the local dynamics (dielectric β-relaxation, Fig. 5) which revealed three different 
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length scales: i) Upon reduction of the film thickness below L ~ REE (25 – 55 nm) the glass 
transition temperature, Tg, decreases by up to 10K, which is a direct consequence of a speed-
up of the α-relaxation (cf. Fig.4). ii) Corresponding changes in the local dynamics confirm a 
prominent role of chain confinement which affects the conformational statistics for L < REE. 
Further reduction of the film thickness to L ~ 5 nm results in the disappearance of the α-
process, indicating an intrinsic length scale for the cooperative glass transition dynamics in 
PMMA in the order of 5 nm. iii) The manifestation of a dielectric β-relaxation in the thinnest 
samples of PMMA (4 nm) confirmed the local nature of this relaxation mode in PMMA.  
 
Liquid-like surface mobility in supported PS-films 
This part focuses on thickness effects on the glass transition in ultra-thin polystyrene films (3 
< L < 200 nm). Due to its weak dielectric relaxation processes, DRS measurements on PS 
films allow the evaluation of both the spectroscopic [Tg(α)] and volumetric [Tg(dil) from 
capacitive dilatometry, cf. Fig.6] glass transition temperature. For PS films having a  

thickness below L ~ 20 nm, which is in the order of REE of the PS used, Tg(α) and Tg(dil) 
reveal an increasing discrepancy, which provides evidence for a distinct surface and core 
mobility across ultra-thin PS films. The results are discussed in the context of a layer-model 
and in relation to non-equilibrium processes during film preparation.  
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