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Abstract. The local and cooperative dynamics of supported ultrathin films (L = 6.4−120 nm) of isotactic
poly(methyl methacrylate) (i-PMMA, Mn = 118 × 103 g/mol) was studied using dielectric relaxation
spectroscopy for a wide range of frequencies (0.1 Hz to 106 Hz) and temperatures (250−423 K). To assess
the influence of the PMMA film surfaces on the glass transition dynamics, two different sample geometries
were employed: a single layer PMMA film with the film surfaces in direct contact with aluminum films
which act as attractive, hard boundaries; and a stacked polystyrene-PMMA-polystyrene trilayer film which
contains diffuse PMMA−PS interfaces. For single layer films of i-PMMA, a decrease of the glass transition
temperature Tg by up to 10 K was observed for a film thickness L < 25 nm (comparable to REE), indicated
by a decrease of the peak temperature Tα in the loss ε′′(T ) at low and high frequencies and by a decrease in
the temperature corresponding to the maximum in the apparent activation energy Ea(T ) of the α-process.
In contrast, measurements of i-PMMA sandwiched between PS-layers revealed a slight (up to 5 K) increase
in Tg for PMMA film thickness values less than 30 nm. The slowing down of the glass transition dynamics
for the thinnest PMMA films is consistent with an increased contribution from the less mobile PMMA−PS
interdiffusion regions.

PACS. 64.70.Pf Glass transition – 77.22.Gm Dielectric loss and relaxation

1 Introduction

Recently, the dependence of the glass transition tempera-
ture Tg on the thickness of ultrathin polymer films has
been studied extensively using a variety of techniques
including ellipsometry [1,2,3], Brillouin light scattering
(BLS) [4,5,6], X-ray reflectivity [7,8] and dielectric relax-
ation spectroscopy (DRS) [9,10,11]. The large body of
results obtained for both supported and freely-standing
polymer films has revealed the influence of the free sur-
face, the underlying substrate, and confinement effects
on the measured Tg value. Different mechanisms have
been proposed to describe the variety of experimental re-
sults, including: (i) segregation of chain ends to the free
surface [12,13]; (ii) near-surface cooperative motion [14];
(iii) coupling to capillary modes [15]; (iv) a new type
of mobility (“sliding” mode) [16]; (v) reduction of in-
termolecular coupling and chain orientation near a sur-
face [17,18]; and (vi) percolation of regions of slow dy-
namics [19]. Although each of the proposed models can be
used to explain a subset of the freely-standing and sup-
ported polymer film Tg data, none of the proposed models
can describe quantitatively all of the data. In addition,
it has been suggested that the non-equilibrium nature of

Fig. 1. Schematic sample geometry of a PMMA single layer
film and a PS−PMMA−PS trilayer film with aluminium elec-
trodes for DRS experiments.

spincoated films could account for some of the observed
behavior [20,21], although it has been shown recently that
reductions in Tg with decreasing film thickness cannot be
due to reduced entanglement concentrations in spincoated
polymer films [22,23].

Dielectric relaxation spectroscopy (DRS) is a particu-
larly suitable technique for the study of dynamics in ul-
trathin films because of its broad dynamic range and be-
cause the capacitance measured in the DRS experiment
is inversely proportional to the sample thickness L such
that the DRS signal increases as L is decreased. Recently,
we have used DRS to study the dynamics in ultrathin
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polymer single layer (SL) films (4 < L < 150 nm) of
stereoregular poly(methyl methacrylate) (PMMA) which
were prepared in a sandwich configuration (Al-electrode
| PMMA film | Al-electrode) [10]. For all tacticities, we
observed systematic changes in the local (β-process) and
the cooperative (α-process) dynamics upon reduction of
the film thickness. A decrease of the glass transition tem-
perature, Tg, by up to 10 K was observed for a film of
i-PMMA of thickness between 25 nm (comparable to the
end-to-end distance, REE , of the polymer coil in bulk) and
6.4 nm. Further reduction of the film thickness to 4 nm,
which was achieved for high-molecular mass s-PMMA
(Mn = 880 × 103 g/mol), revealed another critical thick-
ness below which the dielectric α-process, i.e. the cooper-
ative glass transition dynamics, was found to disappear.
In this work we present for the first time dielectric relax-
ation data on polymer trilayer (TL) films in which a dielec-
trically active polymer (isotactic PMMA or i-PMMA) is
sandwiched between thin layers of a second, incompatible
polymer (PS) with Tg ∼ 97 ◦C which is approximately
40 ◦C higher than that of i-PMMA (Tg ∼ 56 ◦C [10]).
The purpose of the three-layer polymer film configura-
tion is to reduce effects that are typically produced at a
polymer-solid interface: specific interactions, e.g. hydro-
gen bonding of the PMMA chains with a substrate; and
local chain orientations that are typical of polymer-solid
interfaces. Instead, the central PMMA layer of the trilayer
film has diffuse but well-defined polymer-polymer interdif-
fusion layers. For the specific combination PS−PMMA,
an interfacial thickness of 4–5 nm has been determined
using neutron reflectivity [24] and direct nonradiative en-
ergy transfer (DET) fluorescence decay experiments [25].
Taking advantage of the absence of strong dielectric loss
processes in PS, the dielectric spectra of the trilayers rep-
resent exclusively the dynamics of the central PMMA film
together with PMMA chains that contribute to the diffuse
interfacial layers between the PMMA and PS films.

2 Experimental

Ultrathin single layer (SL) polymer films were prepared
from i-PMMA (Mn = 118 × 103 g/mol, Mw/Mn = 1.12,
Polymer Source Inc., Quebec) by spincoating on cleaned
glass slides onto which a ∼(40 ± 10) nm thick layer of
aluminium had been evaporated. By varying the concen-
tration of the polymer solution between 0.2 and 4.0% and
the spin speed between 2000 and 4000 rpm, films of uni-
form thickness with thicknesses between 6 nm and about
200 nm were obtained. Following the deposition and an-
nealing of the PMMA films at 105 ◦C , Al was evaporated
at a high deposition rate of ∼10 nm/s onto the PMMA
to form a patterned top electrode [10]. For the prepara-
tion of trilayer (TL) samples, the lower PS film (75 nm,
Mn = 641 × 103 g/mol) was spincoated onto the met-
allised substrate, and the middle i-PMMA film and the
upper PS-film were spincoated on mica sheets. After an-
nealing the films under vacuum for 12 h at T = 115 ◦C
(PS) or T = 80 ◦C (i-PMMA), the i-PMMA films and the

Fig. 2. Dielectric loss ε′′(f, T ) of a relatively thick single layer
film of i-PMMA (L = 58 nm).

upper PS film were floated onto the lower PS film using a
water transfer technique [5]. After assembling, the result-
ing trilayer films were kept in a dry container prior to the
dielectric experiments, which were carried out upon slow
cooling, always starting with an annealing step for ap-
proximately 1 h at T = 120 ◦C in dry gaseous nitrogen to
remove residual moisture and relax mechanical stresses in
the TL sample. DRS experiments in the frequency range
from 10−1 to 106 Hz were performed with a custom-made
dielectric spectrometer using a RLC-meter HP4284A, and
a Schlumberger 1260 or a Stanford Research DSP lock-
in 830 in combination with a high-impedance dielectric
interface. The sample temperature was controlled by a
Novocontrol Quatro Cryosystem and a Eurotherm 808P
temperature controller.

3 Results and discussion

Figure 2 shows the 3D-representation of the dielectric
loss ε′′(f, T ) for a relatively thick i-PMMA SL film (L =
58 nm), which clearly reveals the dielectric α-process re-
lated to the dynamic glass transition, and the β-process
of i-PMMA, which is associated with local motions pre-
dominantly involving the side groups.

To analyse the dielectric spectra, various strate-
gies were employed which are described in detail else-
where [26,27]. In this paper we will restrict ourselves to
the discussion of changes in the position (e.g. peak maxi-
mum temperatures Tmax) and the width of the relaxation
process as a function of the sample thickness in both the
SL and TL geometries.

First we focus on the shape of the loss peaks which can
be visualised in masterplots obtained by horizontal shift-
ing and normalisation to ε′′max of the loss curves as shown
in Figures 3 and 4. With decreasing film thickness, the
α-peak broadens with both the low temperature and high
temperature slopes becoming smaller. A broadening of the
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Fig. 3. Normalized dielectric loss ε′′(T )/ε′′(Tmax) of i-PMMA
single layer films for f = 12 Hz additionally shifted to the peak
position Tmax of the thickest film (L = 58 nm).

Fig. 4. Analogue representation of the dielectric
loss ε′′(T )/ε′′(Tmax) of i-PMMA evaluated from the
PS−PMMA−PS trilayer spectra (f = 12 Hz).

α-relaxation can generally be attributed to either changes
in the intrinsic spectral shape of the α-process (e.g. due
to changes in the intermolecular cooperativity [18]) or
to a spatial distribution of regions having different, lo-
cal non-broadened dynamics. A good criterion to distin-
guish between these two scenarios is the change in the
low-frequency slope of the loss peak (in double-logarithmic
representation) compared to the high-frequency slope. For
a given polymer structure, the fast part of the glass tran-
sition dynamics, represented by the high-frequency slope,
is determined by the short-range, intramolecular interac-
tions [28], whereas the slow dynamics (related to the low-
frequency slope) is sensitive to intermolecular interactions,
i.e. to the degree of cooperativity, which is usually corre-
lated to the fragility. Hence, changes in the fragility as
recently found by Fukao for ultrathin films of PS [29] will
most likely only have an effect on the low-frequency part of
α-peak, while the high-frequency slope remains unaltered.

Fig. 5. Apparent activation energy Eapp(T ) for i-PMMA in a
single layer geometry for various thicknesses.

In contrast, a broadened α-peak originating from individu-
ally non-broadened contributions having a distribution in
their mean relaxation time would necessarily result in a
symmetric change of the peak shape. This effect is clearly
seen for the α-process in i-PMMA SL films which strongly
suggests that there is a spatially inhomogeneous cooper-
ative mobility. Comparing Figures 3 and 4 further shows
that this peak broadening is clearly more pronounced for
PMMA single layers than for PMMA layers of compara-
ble thickness sandwiched between PS layers. This observa-
tion implies that the glass transition dynamics of i-PMMA
are more spatially homogeneous in the presence of diffuse
PS−PMMA interfaces.

The second, even more important, effect of the thick-
ness reduction is the shift in the glass transition tempera-
ture Tg. To deduce Tg values from the dielectric exper-
iments we have applied the so-called activation energy
fine-structure analysis [26] which yields the local, appar-
ent activation energy Eapp(T ) from the dielectric spec-
tra ε′(f, T ). It has been demonstrated earlier that this
technique yields a “dielectric” Tg corresponding to the
maximum position in Eapp(T ) which is usually close to
the calorimetric and dilatometric glass transition tem-
perature within 1–2 ◦C [30]. The Eapp(T ) curves for i-
PMMA are given in Figure 5 (SL films) and Figure 6 (TL
films). The Tg(L) data are displayed in Figure 7 together
with the loss peak maximum temperatures at 12 Hz and
13 kHz. Although the Tg values obtained from Eapp(T )
are systematically lower than the loss peak temperatures
T (ε′′max), Tg(Eapp) and T (ε′′max) at 12 Hz show the same
trend in the thickness dependence. However, in contrast to
the Tg-reductions with decreasing film thickness L found
for i-PMMA SL films, trilayer samples reveal the oppo-
site trend of a slight increase in Tg upon decrease in L.
This qualitative difference in behaviour must have its ori-
gin in the role of the surface regions of the PMMA films,
which is fundamentally different in the two sample geome-
tries: attractive, hard metal boundaries (Al electrodes) for
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Fig. 6. Apparent activation energy Eapp(T ) for i-PMMA in a
trilayer geometry for various thicknesses.

Fig. 7. Peak maximum temperatures T (ε′′max) at f = 13 kHz
(top) and 12 Hz (middle), and Tg obtained from the apparent
activation energy Tg(Eapp) at 6.4 Hz for SL films and 1.1 Hz
for TL films (bottom) for i-PMMA as a function of the film
thickness. The dotted lines correspond to the values measured
for the thickest films and all other lines are intended to guide
the eye.

the SL films versus diffuse polymer-polymer interfaces for
the TL films. We suggest two possible mechanisms for the
Tg(L) trend in the trilayer samples: a) a contribution of
the PS-PMMA interface region having a slower dynam-
ics because Tg(PS) ≈ 97 ◦C > Tg(i − PMMA) = 56 ◦C,
and b) a reduced role of surface-induced chain orientations
and conformational modifications due to the absence of a
hard wall boundary for PMMA chains. Further studies to
confirm these ideas are in progress.
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